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ABSTRACT 

Freshwater cyanobacterial blooms are recognized as problems, particularly in lentic 

waterbodies. These problems can include toxin production, the occurrence of taste- and 

odour-causing compounds, and low dissolved oxygen events causing fish kills. These global 

problems have prompted research into effective in-situ methods of bloom treatment and 

prevention. The phytotoxicity of terrestrial dissolved organic matter (DOM) has been 

explored as a novel and promising form of cyanobacterial bloom control. Direct application 

of whole plant material to lentic waterbodies has been found to be an effective mitigation 

against blooms, however, these results are not consistent with the existing large body of 

literature classing DOM as recalcitrant and of little ecological consequence.  

The compounds that make up a DOM pool are chemically complex and dynamic in 

nature. In freshwater ecosystems, plant-derived DOM is an important source of carbon (C) 

and nutrients to aquatic microorganisms. A major barrier to understanding the ecological 

effect of DOM rests is a chemical description of the labile versus recalcitrant DOM pools, its 

degradation rates, and in the case of cyanobacterial control, its toxicity. Furthermore, these 

chemical descriptors would also allow its sources to be described. Methodological challenges 

have meant that little progress has been made in identifying toxic DOM characteristics or 

specific compounds, and their potential persistence in the environment. While some optical 

methods now allow the main constituent functional groups of DOM to be characterized, it is 

apparent these measures have limited usefulness for predicting DOM sources or toxicity. 

Research is needed to align results from current DOM analytical methods (thus clarifying the 

DOM chemical complexity) with its ecological impact (i.e. toxicity towards cyanobacteria). 

Fundamental information on DOM toxicity is needed to establish the suitability of vegetation 

derived DOM as a targeted natural cyanobacterial bloom control in inland waterways. 

This thesis has combined ecological and chemical approaches to the study of 

terrestrial DOM, by investigating how vegetation source and environmental conditions affect 

the impact of terrestrial DOM on cyanobacteria.  

Accordingly, this study had two key areas of focus: 

1) Ecological effects of DOM 

a) Determine the potential for DOM from a range of terrestrial plants to differentially 

affect a cyanobacterial species compared with a eukaryotic alga.  



ii 

  

b) Investigate terrestrial sources (e.g. plant source at an order or family level) and 

transformation processes (i.e. as a result of exposure to bio- or photodegradation) to 

determine whether they affect DOM toxicity towards cyanobacterial species.  

2) Chemistry of DOM 

a) Assess the effectiveness of spectroscopic and elemental chemical characterisation 

methods to determine functional indicators to predict leached DOM phytotoxicity. 

b) Fractionate DOM using Preparative HPLC, and identify molecular components of 

DOM responsible for toxic activity using nuclear magnetic resonance (NMR) 1H 

NMR and 2D NMR characterisation techniques. 

This study developed a unique approach in connecting the chemistry and ecology of 

DOM. Specific pools of DOM were characterized, their associated toxicity towards a 

cyanobacterial monoculture was investigated, and measured chemical parameters were 

assessed to establish if they were predictors of its source or fate (toxicity). The specific pools 

of DOM included; DOM leached from different plant sources, before and after environmental 

degradation, and isolated groups of constituent compounds (i.e. HPLC fractionated DOM). 

DOM was spectroscopically characterized using methods ranging from relatively inexpensive 

and simple ultraviolet–visible absorption spectroscopy (UV-Vis spectroscopy) to more 

sophisticated 1H and 2-Dimensional NMR techniques, with preparative HPLC, that provided 

more specific chemical identification.  

The first data chapter (Chapter 2) showed DOM chemical characteristics depended upon 

its plant source phylogeny, as measured using UV-Vis spectroscopy and elemental methods. 

Eight DOM absorbance and concentration parameters were used in combination to be 

indicative of the DOM source it was leached from viz. non-woody angiosperm, woody-

angiosperm and gymnosperm trees. Although plant source affected the chemical 

characteristics of DOM, bioassays completed on these same DOM pools showed its toxicity 

towards the cyanobacterial species Cylindrospermopsis raciborskii (C. raciborskii) was less 

affected by its source. However, unique DOM spectral characteristics estimated toxic DOM 

samples to be dominated by C-rich, ligneous compounds.  

In separate dose-response experiments it was determined that cyanobacteria differed in 

sensitivity to eukaryotic algae, when exposed to angiosperm derived-DOM. Specifically, 

cultures of the cyanobacterium C. raciborskii had a greater reduction in photosynthetic yield 

in response to DOM leached from four of the five different terrestrial plant sources compared 
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to a eukaryotic alga (Monoraphidium spp.) isolated from the same waterbody. While plant 

species had limited effect on sample toxicity, plant species may be important when 

considering biomass production in terms of the quantity of leaf material available for 

leaching, as determined by dose response curves. Leached DOM from Casuarina 

cunninghamiana and Eucalyptus tereticornis had similar chemistry and toxicity towards the 

cyanobacteria, and thus were selected for further exploration in Chapters 3 and 4. 

In Chapter 3, dose-response bioassays were used to test the relative importance of 

DOM source versus environmental breakdown on toxicity towards a cyanobacterial species 

(C.  raciborskii). DOM was leached from Casuarina and Eucalyptus leaves, and exposed to 

photochemical and microbial degradation for periods of 24 and 120 h. Interestingly, DOM 

phytotoxicity was most affected by photochemical degradation processes, with the source of 

DOM (i.e. plant species) and microbial breakdown processes playing a lesser role. 

Combining these findings with spectroscopic and elemental chemical parameters, a statistical 

model was developed which indicated a number of parameters that were useful in estimating 

toxicity of a DOM sample (measured as DOC in units of carbon). Findings from this study 

contrast with previous paradigms that terrestrial DOM is recalcitrant and inert to bacteria and 

algae, or assumptions that active compounds were relatively short-lived after exposure to 

sunlight and bacterial degradation processes.  

A novel characterisation method, 1H and two-dimensional NMR (2D-NMR), was 

successfully applied to determine the dominant structures of leaf leached DOM. The 

similarities and differences of these structures were compared to elucidate the effects of plant 

source, or environmental breakdown. Casuarina and Eucalyptus DOM consisted mainly of α- 

and 𝛽-glucose as major components, and gallic acid was detected from both sources. The 

chemical differences in these sources were that proline was only in the Casuarina DOM and 

4-hydroxybenzoic acid in the Eucalyptus DOM. The resolution of this approach allowed 

changes to the dominant chemical profiles of the leachates after various environmental 

exposures to be identified. In both samples, microorganisms rapidly assimilated glucose. Two 

products of the bacterial metabolism were formed as a result (viz. myo-inositol and 2,3-

butanediol). However as this work was completed on bulk DOM samples (i.e. 

unfractionated), it was not possible to determine if these compounds were responsible for 

toxic action.  
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The reduction in glucose reduced the overall DOC concentration, while toxicity 

remained the same irrespective of the incubation time. These findings indicate DOC 

concentrations in water samples may not be useful as a proxy for predicting the fate of DOM. 

In isolation, DOC concentrations measured by a catalytic oxidation method do not have any 

meaning with respect to DOM concentrations or presence of toxic compounds and may 

overlook any ecological impact of DOM, i.e. microbial growth. However, in this study 

preliminary mixed effect models indicated DOC could be useful in predicting source and 

toxicity when combined with spectroscopic parameters.  

The application of a more sophisticated coupled analytical technique, preparative 

HPLC coupled with 1H and 2 D NMR spectroscopy was used to examine Casuarina and 

Eucalyptus leached DOM (Chapter 4). This allowed a more comprehensive characterisation 

of DOM than previous published approaches. These techniques were applied to determine the 

structures of compounds responsible for DOM toxicity, and their susceptibility to 

degradation. Specific compounds were eluted separately using HPLC, and added to cultures 

of C. raciborskii to determine which of the fractions were responsible for the toxic response. 

This study found that the toxic compounds were the amino acid proline in the case of 

Casuarina, and polyphenols and phenols including gallic acid in the case of Eucalyptus. 

Therefore, although Casuarina and Eucalyptus leached DOM had similar broad chemistry 

and toxicity towards the cyanobacteria (Chapter 3), the specific compounds responsible for 

this toxicity differed.  

This study also found that these chemical and biological transformation processes 

investigated did not transform or break down the compounds identified as toxic viz. proline, 

polyphenols and gallic acid, and no other toxic products were created. Therefore, it was 

concluded that sunlight and microbial activity increased the toxicity of DOM in leaf leachate 

through quite different mechanisms i.e. likely generation of reactive oxygen species in 

sunlight, and degradation of non-toxic compounds by microbes. Microbial degradation 

processes resulted in a rapid loss in sugars (carbon), while toxic compounds did not 

necessarily decrease in an analogous manner with degradation time.  

By identifying the structures and sources of the phytotoxic compounds present in 

DOM, this thesis showed that phytotoxicity of DOM towards the cyanobacterium 

(C. raciborskii) may occur irrespective of the plant source selected, and may persist 

irrespective of phototransformation and/or microbial degradation. The fate of DOM is 
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dependent upon its chemical composition, and this thesis presented novel characterisation 

methods, whereby DOM toxicity was assessed against the samples optical properties and 

elemental composition, and clarified after the identification of specific compounds. Future 

control of cyanobacteria is most likely to be successful if catchment vegetation composition 

is modified towards plant species identified as a source of phytotoxic DOM (or toxic DOM 

precursors). 
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Chapter 1. General introduction to the phytotoxicity of Dissolved Organic 

Matter 

 

 

This chapter presents an introduction to Dissolved Organic Matter (DOM), its 

characteristics and the current knowledge on its cycling in aquatic 

environments. This literature review has been undertaken with a focus on key 

DOM-algae interactions, and the two main processes that affect this viz. the 

source of DOM and its transformation processes.  

Major deficiencies in scientific knowledge on DOM include; (1) the 

ecological impacts of DOM in waterways; (2) the impacts of source and 

environmental transformations on DOM characteristics (3) DOM chemical 

composition, and 4) standardised analytical methods to fully characterize 

DOM. 
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1.1 Overview of DOM in freshwater systems 

Dissolved organic matter (DOM) plays an important role in fluvial food webs and ecosystem 

productivity in inland waterbodies (Meyer and Wallace 1998). Physiochemical characteristics 

of aquatic systems such as dissolved oxygen concentrations, pH, redox chemistry and light 

attenuation are affected by DOM (Steinberg et al. 2006; Solomon et al. 2015). Importantly, 

DOM provides energy and nutrients to microbial food webs in the form of, for example, 

dissolved organic carbon (DOC), dissolved organic nitrogen (DON) and dissolved organic 

phosphorus (DOP) (Steinberg et al. 2008a; Solomon et al. 2015; Dyhrman 2016). However, 

there is limited understanding of how the source(s) of DOM and subsequent degradation 

processes affect its chemical composition and thus its ecological impacts. A major barrier to 

better understanding both the chemical form and ecological consequences of DOM is the 

complex chemical composition of DOM, which is not readily characterized with current 

analytical tools. Unlike dissolved inorganic nutrients or anthropogenic pollutants, the in-

stream concentration of DOM (expressed as DOC, DON and DOP) is not a reliable indicator 

of ecological significance. Instead, the ecological significance of DOM is a result of the 

chemical composition of the compounds within the DOM pool, often referred to as DOM 

“quality” (Jaffé et al. 2008). For example, the elemental composition of DOM-bound C, N 

and P can indicate the nutritional value of DOM for heterotrophic and mixotrophic 

organisms. 

Leaf litter is an important source of DOM to streams and rivers flowing though 

forested catchments or though forested corridors along streams (i.e. riparian vegetation) 

(Webster et al. 1990; Webster and Meyer 1997; Duan et al. 2014). Leaf material dropped 

directly into the stream can contribute up to 30% of the dissolved organic carbon (DOC) 

exported downstream (Meyer and Wallace 1998). It has been found freshly fallen leaves can 

leach 10–130 mg DOC g-1 and 0.07–1.39 mg DON g-1 of leaf material (Duan et al. 2014). 

DOM-bound C concentrations in natural waters are highly variable (e.g. 1 to 300 mg L-1) 

(Steinberg et al. 2006). This concentration depends upon the vegetation biomass and 

assemblage, alongside the hydrology and topography of the catchment.  For example, DOC 

concentrations in Brazilian backwaters are up to 150 mg L-1, and Canadian wetlands are up to 

300 mg L-1 (Steinberg et al. 2006). 

In temperate climates, leaf material input is greatest in autumn. In other climatic 

regions, leaf material input is expected to be greatest during the first flow event after an 

extended dry period, when soils are likely to be hydrophobic (McComb et al. 2007). During 
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these events overland flow is the dominant pathway transporting dissolved and particulate 

organic material to streams. It is apparent that DOM is ubiquitous in inland waterways, and 

its main DOM source is terrestrial vegetation, however its ecological significance remains 

unclear.  

1.2 Nomenclature and definitions 

Detrital material is a principal source of DOM in freshwater environments that are drained 

from forested catchments. Operationally, DOM describes all compounds that can pass 

through a filter with <0.45 μm pore size (McDonald et al. 2004) (Figure. 1). Components of 

the DOM pool include dissolved free and combined amino acids (DFAA and DCAA 

respectively), simple sugars (i.e. monosaccharides and disaccharides), polysaccharides, 

proteins and peptides, carboxylic acids, nucleic acids (e.g. DNA, RNA), and humic 

substances (HS) (Berman and Bronk 2003). The terms DOM and DOC are often used in the 

literature interchangeably but represent two very distinct pools; DOC is an operational 

measure of the concentration of C after oxidation analysis, while DOM is used to describe all 

elements bound in the C matrix (estimated as [DOM] = 1.5[DOC]) on a mass basis 

(McDonald et al. 2004). 

 

Figure 1 Schematic flow diagram of the operational definitions used by the author based on 

definitions discussed above to describe DOM, and sub-compartments that can be incorporated 

within each group. 

In aquatic systems, DOM is typically described based on the source of the carbon (i.e. its 

photosynthetic origin): allochthonous DOM is derived from terrestrial-catchment sources 

(also termed exogenous) while autochthonous is derived from autotrophs, or 

photosynthesizing organisms, within the waterbody (also termed endogenous) (Pace et al. 

2004). The term DON (synonym, DOM-N) is used to describe any DOM compound that 
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contains at least the elements C and N (e.g. by this definition urea is a form of DON) (Sipler 

and Bronk 2015).  

In fresh water, the DOM fraction of highest concentration and ecological importance 

is HS. These may affect a freshwater site by reducing the light availability for photosynthesis, 

and providing a source of carbon to stimulate heterotrophic production (Bartels et al. 2012). 

They are also a major component of leaf leachates, and often account for 50–80% of DOM 

pools in ecosystems (Thurman 1985). Typically HS (gelbstoff or gilvin – yellow substance) 

are high molecular-mass compounds ranging from 103 to 109 Da that are fluorescent and 

adsorb light in the ultraviolet (UV) and visible regions (as defined by Thomas and Eaton, 

1996). HS commonly contain a high abundance of compounds with redox-active functional 

groups such as hydroxyl, phenolic, quinone and hydroquinone groups (Liu et al. 2014). 

Spectroscopic properties can be used to characterize DOM in different ways. For example, 

estimations of aromaticity, molecular mass and functional DOM characteristics can be made 

from DOM absorption of electromagnetic radiation at specific wavelengths, i.e. 

chromophoric DOM (CDOM) (Nelson and Siegel 2011), and the intensity of DOM 

fluorescence at specific excitation-emission wavelengths i.e. fluorescent DOM (FDOM) 

(Coble 2007). However, chemical characterisation of terrestrial DOM remains limited and 

studies are needed to improve our understanding. 

1.3 Sources and transportation of DOM in inland waterways 

1.3.1 Leaf drop and leaching 

Globally, it is estimated that rivers flowing though forested areas receive up to ten times more 

C (10 g C m-2 yr-1) than those flowing through grasslands (1 g C m-2 yr-1) (Schlesinger and 

Melack 1981). Once intact leaf material is in the stream, readily soluble substances are 

leached from leaf tissue (then classed as DOM) at relatively high rates over the first 48 h of 

submersion (Gessner et al. 1999). For example, 80 – 90 % of total leachable DOC from 

maple leaves is released over the first 24 h of submersion (Gunnarsson et al. 1988). Although, 

the amounts of DOC leached are high in this example the quantity of leaf mass loss is low 

with only 5 to 15 % loss within 48 h of submersion, because leachable DOC only accounts 

for a small proportion of total leaf mass (Campbell et al. 1992).  

Leaf derived DOM arrives in a stream from either vertical or lateral movement 

(Fisher and Likens 1973; Benfield 1997). Vertical movement includes the dropping of leaves 

during high rainfall and wind events, and the arrival via throughfall (i.e. DOM leached from 
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the forest canopy) during fog, mist and rain events. Lateral movement encompasses the 

arrival of leaves of all decomposition stages (green to detritus) transported with overland 

flow, along with leachate. In evergreen areas, storm events are a very important factor 

causing leaf drop (Gosz et al., 1972), and depending upon the severity, can export large 

amounts of vegetative biomass (leaves, branches) from terrestrial system to waterways. 

The characteristics of deposited leaf material produced in a forest canopy adjacent to 

a stream depend upon the vegetation type, successional stage, and the seasonal conditions 

(e.g. dry conditions, autumn or monsoon seasons). Differences in biomes give rise to variance 

in the yearly litterfall load to the forest floor ranging from 800 g m-2 y-1 in deciduous forests, 

to 300 g m-2 y-1 in boreal forests, and 1 g m-2 y-1 in tundra landscapes (Benfield 1997). In 

tropical to temperate areas, the plant material dropped by evergreen forests comprises 

approximately 69% leaf material, 17% twigs and 14% flowers, fruits and bark (Zhang et al. 

2014). 

1.3.2 Riverine transportation of DOM  

Fluvial and hydrological processes control stream residence time, and the contribution of 

various biotic and abiotic processes that transform DOM compounds. The distance between 

vegetated headwater streams and downstream lentic waterbodies can range from kilometres 

to hundreds of kilometres. Ecologists have long recognised that stream order affects the 

magnitude and form of DOM loading (energy inputs), as described in the ‘River continuum 

concept’ (Vannote et al. 1980). This concept proposes that headwater streams contain DOM 

compounds with greater chemical complexity due to close proximity to terrestrial inputs, and 

that biological processes alter and simplify these compounds as they as transported 

downstream (Vannote et al. 1980; Creed et al. 2015). Thus recalcitrant terrestrial DOM 

compounds are typically the dominant DOM pool transported from low order waterways 

(Creed et al. 2015), except after pulse flow conditions, where a heterogeneous pool of 

compounds are flushed downstream (Buffam et al. 2001; Yang et al. 2013; Hitchcock and 

Mitrovic 2015).  

1.3.3 Plant source effects on DOM concentration and composition 

A current hypothesis is that DOM quality varies depending on plant species from which it 

leached and the rate and type of breakdown processes (e.g. chemical or microbial) that it has 

undergone (Jaffé et al. 2008). Thus the type of vegetation surrounding a stream can have a 

large effect on the concentration of DOM delivered downstream. As an example, deciduous 
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trees leach a higher concentration of soluble substances in comparison to coniferous species 

(Nykvist 1963; Harris and Safford 1996; Hongve et al. 2000). 

Differences in DOM leached from leaves also occur within a taxonomic plant family. 

For example within the Betulaceae family, Betula nana leaves leach a third of the DOC 

leached by Betula papyrifera leaves (Wickland et al. 2007). Similarities and differences in 

leaf chemistry between three plant groups: non-woody leaves, leaves from woody 

angiosperms, leaves from woody gymnosperms, has been summarised below in Table 1.  
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Table 1. Summary of leaf chemistry and soluble compounds likely to leach from different plant 

types based on the published literature. 

Characteristic Grass leaves and 
shoots 

Leaves from angiosperms Needles from a 
gymnosperms 
(i.e. coniferous litter) 

DOC % made up with a  
HS - 65 – 74%  65 – 79%  
Low MW organic acids - 6 – 28%  5 – 6%  
Low MW substances - 3 – 5%  8 – 12%  

Markers b,c,d  
Tannins signature 
(absence compound ≠ 
absence sources) 

- Flavones and triterpenoids Propelargonidin (PP) 
tannin 

Total molecular tannin 0  0 to 5  2 to 10 
2-dimensional S:V to C:V    
S:V syringyl phenol (S) to 
vanillyl phenol (V) ratio 

1 – 1.4  0.4 – 3  0 – 0.1  

C:V cinnamyl phenol (C) to 
vanillyl phenol (V) ratios 

0.8 – 1  
 

0.4 – 1.1  0.4– 0.6  
0.2 – 0.6  

Optical properties e   
SUVA Δ (L mg-1 m-1) 0.9 1.1 0.5  
Fluorescence index 1.2  1.2  1.4  

Load f   
DOC  
(mg DOC g-1 plant material) 

20  30  15  

TDN  
(mg TDN g-1 plant material) 

0.2 0.8  0.1 

Leaf content g   
Exemplar species: Big bluestem 

(Andropogon gerardii)  
Oak (Quercus macrocarpa)  Pine (Pinus ponderosa)  

%C (fresh) 44  48  52 
%N (fresh) 0.9 1.3  0.4 
Approximate estimate of lignin 
(fresh) content (%AUR) 

8.4  18.8  24.4  

Approximate estimate of  
α-cellulose (fresh) content –
(%) 

33.4  22.4  22.9  

aHofmann et al., 2012; b Hedges and Mann 1979, c Hernes and Hedges 2004, d Jex et al. 2014; e Chow et al. 

2011; f Soong et al. 2014; g Soong et al. 2015 
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Terrestrial DOM consists of four main chemical elements, C, H, O and N. Nitrogen 

typically remains in the form of amino acids, and leaches as DON (Schreeg et al. 2013). 

DOM quality is sometimes characterized on the basis of elemental C:N molar ratios. 

Comparing this ratio in a resource (e.g. DOM) to the C:N demands of the consumer (e.g. 

algae) can provide insight into the effects of source chemistry on consumer growth and 

consumer community structure (Sterner and Elser 2002). If this is the case, then we can 

classify vegetation based on leachate C:N to predict the use by consumers (e.g. algae). DOP 

is minimal in terrestrial DOM, as during leaf senescence the breakdown of lipid membranes 

and nucleic acids results in P remobilization converting P into an inorganic form 

(orthophosphate) prior to leaching loss (Lim et al., 2007, Schreeg et al. 2013). 

The elemental composition of leached DOM does not correlate to the elemental 

composition of plant tissue. There are three suggested reasons as to why this appears to be 

the case. Firstly, different forms of nutrient elements e.g. K, N, P, C have characteristic 

leaching rates, related to nutrient-specific solubility patterns (Schreeg et al. 2013). 

Secondly, different types of plant tissue (e.g. fruit vs. leaf) exhibit different elemental 

composition (Zhang et al. 2014). Thirdly, the elemental composition of DOM is dependent 

on where vegetation is grown (i.e. the climatic conditions) (Reich et al. 2004). Geography 

also affect leaf tissue C:N ratios, although it’s unclear if this is due primarily to the location 

or the composition of vegetation growing in an area (Reich et al. 2004). 

There are large differences in elemental composition between the leaf and wood 

tissue with senesced leaves having a much lower C:N ( 71:1) than wood (352:1) 

(Mooshammer et al. 2014). Leaf material is the main source of vegetative biomass to the 

forest floor and stream (Yang et al. 2015), but it has not been certain how DOM leached 

from leaves differs between different vegetation types. 

1.4 DOM-Algae interactions 

CyanoHABs can produce high concentrations of toxins and/or biomass in waterways that 

are problematic to humans and/or the aquatic ecosystem (reviewed in Burkholder et al. 

2008). In recent decades CyanoHAB occurrence has increased in frequency around the 

world, due to anthropogenic eutrophication and climate change (O’Neil et al. 2012). 

Eutrophication is the enrichment of a waterbody with N or P (Paerl and Otten 2013), that 

may be measured as the bioavailable N (TDN minus refractory DON) and total P (TDP) 

loads (Lewis et al. 2011). In Section 2.5.4, I will review current strategies employed to 
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reduce overland nutrient loads to mitigate downstream CyanoHABs. An unintended 

consequence of one of these mitigation strategies is increased terrestrial DOM levels 

downstream. In this work, the term ‘algae’ will be used to describe all unicellular, 

planktonic phototrophs (including cyanobacteria and eukaryotic algae).  

1.4.1 DOM toxicity effects on cyanobacteria and algae 

Classically, terrestrial DOM has been considered recalcitrant and inert to bacteria and algae 

(Wetzel 1983; Geller 1985a; Geller 1985b). DOM derived from detrital sources, such as the 

plants that line headwater streams, was thought to have no effect on downstream food 

webs. The premise was that only recalcitrant DOM compounds would be discharged into 

lentic waterbodies, after labile DOM was used by in-stream microbial communities 

(Vannote et al. 1980), and therefore that DOM entering lakes and reservoirs would be 

chemically complex and unavailable for energy (i.e. C) or nutrition (e.g. N, P) to bacteria or 

algae. This theory was supported by lake studies that found DON concentrations remained 

elevated, while algae exhibited stress responses associated with N limitation (reviewed in 

Lewis et al. 2011). However, more recent studies have cast doubt on the universal 

application of this theory. 

Some research has identified that algae may use DON to augment N stores when 

dissolved inorganic N (DIN) availability is low (Berman and Chava 1999; Seitzinger et al. 

2002; Bronk et al. 2007; Burkholder et al. 2008). Prima facie, DON bioavailability and use 

by algae appears at odds with findings that DOM leached from some plants contain 

compounds that inhibit algal growth through algicidal (decreasing algal cell concentration) 

or algistatic (unchanged algal cell concentration) mechanisms (Laue et al. 2014). The 

contribution of DOM leached from riparian vegetation to downstream bioavailable DON 

pools remains unclear, as do the effects on reservoir algal growth in freshwater systems. 

This review will now cover these two contrasting effects of terrestrial-DOM on algal 

growth.  

It has been apparent since the early 1990’s that DOM derived from plant leachate 

consists of compounds that exert biochemical stress on cyanobacteria. This DOM could 

potentially control blooms (Saito et al. 1989; Newman and Barrett 1993; Pillinger et al. 

1995; Caffrey and Monahan 1999). These inhibitory compounds often originate from HS 

(Ridge et al. 1999; Steinberg et al. 2006; Bährs and Steinberg 2012). Anecdotal evidence 

indicates that surface waters blooms can be treated or prevented by leaching of terrestrial 
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plant material in-situ (eg. Caffrey and Monahan 1999; Ridge et al. 1999; Ball et al. 2001). 

A plant material commonly used for such treatments is barley straw (Ball et al. 2001; 

Ferrier et al. 2005). However, 20 years later there is still insufficient understanding of the 

biochemical pathways that link terrestrial sources of DOM to algal growth suppression. The 

following briefly reviews what is known on DOM composition in relation to inhibition of 

algal growth. 

1.4.2 DOM chemical composition and algal growth inhibition 

HS compounds responsible for algae inhibitory effects on algae are phenolic or products 

from reactions of phenolic compounds (e.g. quinones) (Appel 1993). Phenolic compounds 

are aromatic with a hydroxyl (−OH) group attached to a carbon atom. Quinones are cyclic, 

unsaturated diketones with conjugation, which are readily converted to and from phenolic 

compounds (Figure 2). The main sources of phenols are compounds classed as secondary 

plant metabolites. Secondary plant metabolites that commonly contain phenolic compounds 

can be categorized into the following groups; terpenoids, alkaloids, flavonoids and 

glycosides (Appel 1993). 

 

Figure 2 Phenolic forms (Source; Appel, 1993). 

Growth inhibition does not affect eukaryotic algae in the same way as prokaryotic 

algae. HS commonly contain polyphenol and quinone moieties and a current hypothesis is 

that HS has algicidal or algistatic potency to cyanobacteria, as prokaryotic algae are more 

sensitive to HS than eukaryotic algae (Bährs et al. 2012; Steinberg and Eds. Fernando 

2014). This is supported by laboratory bioassays (Bährs and Steinberg 2012) and agrees 

with field results (Caffrey and Monahan 1999), however, it is uncertain why prokaryotic 

algae are more susceptible.  

Hormesis in regard to DOC describes a biphasic concentration-response scenario for 

algal growth stimulation and inhibition. Specifically, hormesis states that low 

concentrations are beneficial but high concentrations inhibitory for algal growth (Calabrese 

and Baldwin 2003; Steinberg et al. 2006). Ecotoxicological studies have long applied 
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measured concentration thresholds to identify hazards (Breitholtz et al. 2006). Such an 

approach has also been employed to describe the effects of varying DOC concentrations on 

algal growth (e.g. Leunert et al. 2014). DOC concentrations range from 2 to 14 mg L-1 in 

South-East Queensland reservoirs, (Leigh 2009), 15 mg L-1 in Swedish lakes (von 

Wachenfeldt et al. 2008) and up to 160 mg L-1 in Brazilian lagoons (Farjalla et al. 2009). 

However, as detailed in the previous section, DOM exists as a complex pool, and although 

concentrations of DOC are often used, this does not necessarily represent the concentration 

of the active compound.  

In particular, the positive vs. negative effects of terrestrial DOM on algae have not 

previously been systematically studied. In the following sections I will review DOM 

compounds with phytotoxic potential.  

Plant derived compounds that inhibit algal growth often do so at concentrations near 

their analytical detection limit. For example, for anthraquinone, the photosynthetic yield 

inhibition effective concentration (EC50) towards Microcystis aeruginosa was 0.016 mg L-1 

(Shao et al. 2013). In addition, Shao et al. 2013 found that quinones, alkaloids and trans-

cinnamic acid all had Lowest Observed Effect Concentrations for algal growth inhibition 

under 0.03 mg L-1. However, algal species-specific effects may be overlooked with single 

EC50 values (Shao et al. 2013). For example, the EC50 for the monoamine alkaloid, 

tryptamine was of 9.22 mg L-1 for the filamentous cyanobacterium, Planktothrix rubescens, 

but an order of magnitude lower (EC50 =1.05 mg L-1) for the unicellular, colonial 

cyanobacteria, Microcystis aeruginosa. Detrimental effects of DOM on cyanobacteria 

include: disorganization of thylakoid membranes; intrathylakoidal vacuolization; increased 

cytoplasmatic granules and cell lysis. This contrasts with the response of the green algae, 

Ankistrodesmus falcatus, that was able to recover once removed from the presence of a 

phytotoxin (tryptamine) (Churro et al. 2010). However, it should be emphasized that 

terrestrial DOM is not always phytotoxic to algae.  

1.4.3 DOM bioavailable to algal growth  

Nitrogen is among the most important elemental nutrients for cyanobacterial growth, 

supporting the production of proteins and nucleic acids. The use of DON by algae in the 

absence of DIN was described over 30 years ago (Landymore and Antia, 1977), and may be 

a key component in CyanoHAB growth and persistence (Bronk et al. 2002; Fiedler et al. 

2015). Utilizing N bound in DOM may be more energetically favourable than N fixation: 
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breaking the N2 triple bond requires 942 kJ mol−1 (Schlesinger 1997) compared to the bond 

dissociation energy of the C─N single bond 305 kJ mol−1 that is likely present in DON 

(Jørgensen 1979). Thus, while diazotrophic (N fixing) CyanoHABs are thought to be only 

P limited (Howarth et al. 1988), scavenging DON for N nutrition may present diazotrophs 

with a favourable alternative to N fixation, which is energetically expensive. 

A wide range of algal species have been found to use simple DON compounds such 

as urea and amino acids as a source of N (Antia et al. 1975; Bronk et al. 2007; Solomon et 

al. 2010; Fiedler et al. 2015). Increasingly, dissolved combined amino acids (DCAA) and 

vitamins are also being reported as being bioavailable to algae (Droop 2007; Fiedler et al. 

2015). Specific scientific knowledge of terrestrial DON bioavailability to freshwater algae 

is however largely inconclusive. Thus, the ability of DON derived from riparian vegetation 

to act as a source of N to freshwater algae remains uncertain.  

1.5 Transformations of DOM  

DOM composition varies depending upon its source and also the duration and type of 

transformation processes DOM undergoes, which in turn is affected by the prevailing 

environmental conditions (e.g. temperature, sunlight intensity, bacterial abundance and 

composition, pH).  

The chemical characteristics of DOM in the water column are affected by bacterial 

and sunlight processes (bio- and photodegradation) that degrade relatively complex DOM 

molecules, altering the quality and quantity of DOM (Jonsson et al. 2001; Benner and 

Kaiser 2011). These two processes have contrasting characteristics. Biodegradation can 

occur in a less predictable manner on many different molecules, unlike photodegradation 

that is chemically selective, and likely to degrade aromatic molecules in contrast to 

aliphatic ones for example (Benner and Kaiser 2011).  

The environmental enhancement of DON and DOC bioavailability to algae is 

accompanied by a potential increase in DOM phytotoxicity. In addition to source specific 

effects, these processes are modulated by time, often defined as the water residence time in 

a lentic waterbody. Increased residence time increases the exposure time of DOM to 

sunlight and bacteria.  
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1.5.1 Photodegradation of DOM 

Aged DOM may not be as phytotoxic to algae as freshly leached compounds. During 

photodegradation toxic products may be released. This would be manifested as a temporary 

increase in toxicity, since after any short-lived compounds have reacted it may be expected 

that the remaining DOM is inert (Leunert et al. 2014). Aromatic DOM chromophores 

absorb sunlight to produce reactive oxygen species (ROS) such as singlet oxygen, hydrogen 

peroxide, hydroxyl radical (•OH) and DOM triplet states (Sharpless et al. 2014). Oxidation 

states are altered due to sunlight, oxidants in the environment and enzymes (Appel 1993). 

However, the age of the DOM compounds also affects its chemical composition as 

progressive oxidation results in polymerization of quinoid compounds and loss of free 

hydroxylic groups that in-turn reduce growth inhibition effects (Lyr 1965). 

A current conceptual model developed by (Amado et al. 2015) illustrates source-

dependent mechanisms that are chemically selective, in contrast to source-independent 

mechanisms that produce reactive oxygen species (ROS) (Figure 3). 

 

Figure 3 Example of DOM source-dependent and –independent photodegradation processes 

(direction indicated by arrows), which will in turn affect the bacterial community. Solid lines 

denote compound production or consumption, and dashed lines represent formation of 

reactive oxygen species (ROS) (Source; Amado et al., 2015). 

 

Sunlight and bacterial degradation of DOM would occur in a sequence, where 

sunlight may first transform aromatic DOM compounds, which will determine the 

subsequent bacterial community processes operating on the DOM pool. 
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Photochemical mineralization of DOM describes the photodegradation of DOM and 

production of CO2 (Farjalla et al. 2009) and NH4
+ (Jeff et al. 2012) in the water column. 

These processes can be important, as annually for example, photochemical mineralization 

of DOC is estimated to convert 12-16 × 1015 g C to carbon dioxide (CO2) (Moran and Zepp 

1997). Photochemically-mediated release of ammonium and low molecular weight DOM 

can promote increased algal growth (Vähätalo et al. 2011). DOM degradation to 

ammonium can account for up to 92% of the water column ammonium in lakes (Jeff et al. 

2012), and this can then be complexed with other DOM molecules, such that it is no longer 

bioavailable (Stedmon et al. 2007). In marine waters, DOM can be photodegraded into 

bioavailable compounds that are present in a higher concentration than the remaining 

recalcitrant DOM (Moran and Zepp 1997). Moran and Zepp (1997) propose four main 

categories of photodegraded DOM products: 1. Low molecular weight (LMW) compounds 

(< 200 Da); 2) carbon gases; 3) unidentified bleached organic matter; and 4) N and P rich 

compounds. 

Sunlight plays a major role in the composition of DOM and understanding the 

mechanisms of the DOM pool pre- and post-sunlight exposure is essential for 

understanding DOM dynamics in aquatic environments. Photochemical degradation 

converts recalcitrant DON into bioavailable forms (Berman and Bronk 2003) (i.e. free 

amino acids and/or ammonium), which can be readily assimilated by algae (Vähätalo and 

Zepp 2005; Vähätalo et al. 2011). In addition, sunlight can alter HS resulting in radical 

formation (Mill et al. 1980) and production of ROS such as hydrogen peroxide and 

superoxide (Cooper and Zika 1983; Leunert et al. 2014). Rates of photoammonification 

(defined as the conversation of DON to ammonium during irradiation) have been found to 

range from 220 and 4,700 nmol L-1 h-1 (Jeff et al. 2012), with reduced pH conditions 

resulting in three-fold increased production rates (Wang et al. 2000). Iron and pH are two 

potential parameters that may affect the observed high variability in ammonium 

photoproduction from DOM (Jeff et al. 2012). 

1.5.2 Biodegradation of DOM 

Heterotrophic bacteria by definition can use DOM-bound C as a source of energy. Thus, 

heterotrophic bacteria can affect algae by altering the DOM pool in two ways. Firstly by 

breaking down DOM structures into simpler forms that also incorporate N that can then be 

taken up by algae and secondly by bacterially respired CO2 providing a C source for 
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photosynthesis. Direct uptake of DOM by algae is generally accepted to be negligible 

compared to bacteria, that are coined ‘superior competitors’ for labile DOM-N or C 

compounds compared to algae (Klug 2005; Wenzel 2012; Jingjing et al. 2015). However, 

this does not exclude algae being able to uptake terrestrial DOM, and further work is 

needed to clarify the importance of bacterial processes on DOM affecting algal growth. 

1.6 Analytical methods  

Ecological impacts of DOM depend on the mixture of chemical compounds present and 

their concentrations, but identification and quantification is often extremely difficult. There 

is a direct relationship between costs in terms of time and money, and the quality of the 

chemical information acquired. Relatively low cost and simple estimates of DOM chemical 

composition based on its optical properties, or elemental composition may provide low-

resolution information on bulk DOM characteristics. There is increasing evidence that 

inexpensive, non-destructive spectroscopic measures are accurate estimators of broad 

features of DOM chemistry (Helms et al. 2008; Stedmon and Bro 2008; Helms et al. 2014; 

Minor et al. 2014). Spectroscopic measures of bulk DOM characteristics have facilitated 

some understanding of the behaviour of riverine and marine DOM (Baker 2002; Baker and 

Spencer 2004; Mladenov et al. 2007), and more recently, leaf leachates (Cuss and Guéguen 

2013). Absorbance measures estimate CDOM molecular mass and aromaticity using single 

ultraviolet–visible absorption spectroscopy (UV-Vis spectroscopy) measures, the slope of a 

series of absorbance readings or absorbance readings combined with measured DOC 

concentration (e.g. Helms et al. 2008; Weishaar et al. 2003).  

Conversely, high interest in DOM has been sparked by the emergence of the non-

destructive fluorescence excitation–emission matrix spectroscopy with parallel factor 

analysis (EEM-PARAFAC) as an analytical technique. This has initiated interest in its 

application to DOM characterization (Andersen and Bro 2003; Stedmon and Bro 2008; 

Murphy et al. 2013). Early fluorometry analyses simply apportioned DOM structure into 

three to four groups, often consisting of humic-like, fulvic-like, tryptophan-like and 

tyrosine-like fluorophores (Baker and Inverarity 2004), or used fluorescence-intensity 

indices to infer the extent of decomposition of organic precursors (McKnight et al. 2001; 

Ohno 2002). However EEM-PARAFAC can be used to classify DOM components into five 

to nine categories (Bro and Vidal 2011), though limitations include sample quenching by 

metal ions (Baker 2002), fluorophore overlap (Li et al. 2014), and skill levels required in 
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regard to instrumental operation and interpretation of spectra (Bro and Vidal 2011). 

Although these methods can be used to detect relative changes in DOM composition, they 

do not give enough information to determine DOM source, transformations or whether it 

can provide energy and nutrition to algae or act as a toxin.  

More advanced, complex and relatively expensive analytical techniques (e.g. solid-

state 13C nuclear magnetic resonance (NMR) and Fourier Transform Infrared Spectroscopy 

(FT-IR)) have enabled more detailed characterization of the molecular-characteristics of 

DOM. Two techniques that have markedly advanced our understanding of DOM chemical 

composition are Mass Spectrometry and solid-state NMR. The basis of these two methods 

is the acquisition of spectral information on a carbon type or functionality present, based on 

their mass to charge (m/z) ratio, or magnetic spin resonance, respectively. For details of 

methods of accepted analytical approaches to measure HS in riverine systems including 

techniques such as NMR see McDonald et al. (2004).  

Such techniques may be used to complement the relatively simple and inexpensive 

optical/absorbance approaches. Significant progress has been made on DOM chemical 

composition by combining optical measures (such as fluorescence and optical signatures) 

with advanced and relatively expensive analyses such as solid-state 13C NMR and/or FT-IR 

(Chen et al. 2003; Helms et al. 2008; Pautler et al. 2012). Developments in natural product 

chemistry have advanced NMR capabilities beyond the estimates of functional groups 

present and their relative proportion. DOM chemistry is a key requirement for ecologists to 

determine its effect on algal growth, and the role of processes such as photodegradation.  

1.7 Future considerations for DOM 

The ‘browning effect’ is the term used to describe an increased input of terrestrial DOM to 

lentic waterbodies, which is measured as increased DOC concentration and water colour 

(e.g. colourless water increasing to yellow – brown coloured water) (Roulet and Moore 

2006; Monteith et al. 2007; Temnerud et al. 2014). It is hypothesized that terrestrial DOM 

loads will increase in lentic waterbodies (e.g. lakes, reservoirs, ponds) where there is an 

increased risk of high flow events (Wipfli et al. 2007), restoration of vegetation along 

headwater streams, and reductions in deposition of sulfate aerosols. Specifically, decreased 

sulphate-containing acid deposition in parts of Europe and North America has resulted in 

increased pH of soil solutions and hence decreased levels of multivalent ions e.g. Ca2+, 

Mg2+ from carbonate minerals for example. This reduces the ionic strength of soil solutions 



17 

  

and in turn increases DOM solubility (Monteith et al. 2007). Although described as a 

modern phenomenon, it has been postulated that this “browning effect” is simply returning 

lakes to levels of DOM that existed prior to industrialisation (Monteith et al. 2007). 

However, while sulfate aerosols emissions have been reduced there have also been 

concomitant increases in extreme weather events and the extent of woody vegetation along 

waterways, in these areas. Climate-change scenarios are predicted to increase the frequency 

and magnitude of high flow events (Grimm et al. 2013). High flow events increase the flux 

of plant-derived DOM to lakes and waterways (Wipfli et al. 2007). This is because the 

hydrological flow paths that exist during stormflow events are both spatially different and 

stronger to that of base flow events, and thereby increase the potential for leaf leaching and 

transport downstream (Hitchcock and Mitrovic 2015).  

Terrestrial DOM loads in lentic waterbodies may increase as a result of projects that 

restore woody vegetation alongside upper tributaries. These land use change projects are 

often aimed at improving downstream water quality (Hassett et al. 2005). Specifically, 

many riparian revegetation initiatives aim to reduce downstream eutrophication (nutrient 

enrichment), and thus reduce algal bloom occurrence and persistence. Vegetation as a 

source of DOM to inland waterways is often overlooked in such projects designed to 

improve water quality. It is well-established that after vegetation matures, increased plant 

biomass can contribute larger loads of detritus and DOM to streams (Tank et al. 2010; 

Gonçalves et al. 2014). Overall, it is apparent that for a variety of reasons, we can expect an 

increased concentration of terrestrial DOM in ponds, lakes and reservoirs. This therefore 

emphasizes the understanding the interactions of terrestrial DOM with downstream 

organisms, such as algae, as an important area of research. 

1.8 Thesis aims and outline 

This review has shown that plant source, environmental conditions (e.g. sunlight intensity) 

and microbial activity all affect DOM composition, however it remains unclear how these 

factors affect the ecological impact of DOM in waterways. A major barrier to better 

understanding the ecological of terrestrial DOM in waterways is its complex chemical 

composition and dynamic nature.  

This thesis aims to increase the understanding of connections between the chemistry 

and ecology of DOM. Understanding will be gained with regards to the chemical 

composition of specific pools of DOM, and how these associated characteristics may be 
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used to predict its source (plant species, or toxic DOM precursors) or fate (toxicity, or 

transformation). 

Accordingly, this study has two key areas of focus: 

1. Ecological effects of DOM 

a) Determine the potential for DOM from a range of terrestrial plants to 

differentially affect a cyanobacterial species compared with a eukaryotic alga.  

b) Investigate terrestrial sources (e.g. plant source at an order or family level) 

and transformation processes (i.e. as a result of exposure to bio- or 

photodegradation) to determine whether they affect DOM toxicity towards 

cyanobacterial species.  

2. Chemistry of DOM 

a) Assess the effectiveness of spectroscopic and elemental chemical 

characterisation methods to determine functional indicators to predict leached 

DOM phytotoxicity. 

b) Fractionate DOM using HPLC, and identify molecular components of DOM 

responsible for toxic activity using proton NMR (1H NMR). 

It is hypothesised that different plant sources leached DOM with a distinct chemical 

compositions, which in turn, have varied phytotoxicity towards cyanobacteria. In addition, 

it is hypothesised that the phytotoxicity of DOM is reduced after exposure to sunlight and 

bacterial breakdown processes over a 5 d period. 

Combined ecological and chemical approaches will be applied to investigate 

specific pools of DOM. The specific pools of DOM include DOM leached from different 

plant sources, before and after environmental degradation, and isolated groups of 

constituent compounds (i.e. HPLC fractionated DOM). A variety of analytical methods will 

be explored and applied to gain a deeper understanding on links between DOM chemistry 

and its ecological effect. DOM will be spectroscopically characterized using methods 

ranging from relatively inexpensive and simple ultraviolet–visible absorption spectroscopy 

(UV-Vis spectroscopy) to more sophisticated 1H and 2-Dimensional NMR techniques, with 

preparative HPLC, that provided more information on specific chemical identification and 

their associated toxicity.  
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Chapter 2. Phytotoxicity of terrestrial dissolved organic matter on a 

freshwater cyanobacterium and green alga as affected by plant source and 

DOM chemical composition  

 

 

This chapter was published as a research article in Chemosphere in 2017. It 

presents experimental data on the phytotoxicity of DON from nine common 

riparian plants on a cyanobacterium, and five on a cyanobacterium and a 

green alga. Work by Helms et al. (2014) found degraded terrestrial DOM 

loses all chemical characteristics of its source and resembles autochthonous 

DOM. In this paper we build upon the direction of Cuss and Guéguen (2013, 

2015) in defining DOM chemical characteristics at the source (plants) 

rather than mixed in river water, additionally determining sources and 

transformations associated with increased DOM bioavailability or 

phytotoxicity to algal growth. 

The manuscript’s supplementary information is attached to this thesis as 

Appendix B1. 

 

- Neilen A. D., Hawker D. W., O’Brien K. R., and Burford, M. A., 2017, 

‘Phytotoxicity of terrestrial dissolved organic matter on a freshwater 

cyanobacterium and green alga as affected by plant source and DOM chemical 

composition’, Chemosphere, 184, pp. 969-980. Doi: 

10.1016/j.chemosphere.2017.06.063. 

 

- In Chemosphere (2017) 

- Copyright Elsevier B.V.  
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2.1 Abstract 

Here we link plant source phylogeny to its chemical characteristics and determine 

parameters useful for predicting DOM phytotoxicity towards algal monocultures. We found 

that DOM characterisation using UV-Visible spectroscopic indices and elemental analysis 

is useful for distinguishing DOM plant sources. Specifically, combined values of 

absorbance at 440 nm and coefficients for the spectral slope ratio were used to distinguish 

between gymnosperm-leached DOM and that from angiosperms. In our bioassays, DOM 

leached from 4 g leaf L-1 resulted in over 40% inhibition of photosynthetic yield for the 

cyanobacterium Cylindrospermopsis raciborskii for eight of the nine plants tested. 

Significant variables for predicting inhibition of yield were DOM exposure time and plant 

source, or using an alternate model, exposure time and spectroscopic and elemental 

measures. Our study proposes spectroscopic indices that can estimate a plant source's 

contribution to aquatic DOM, and may provide insights into ecological outcomes, such as 

phytotoxicity to algae. The cyanobacterium (C. raciborskii) was more sensitive to DOM 

than a green alga (Monoraphidium spp.), as identified in a subsequent dose-response 

experiment with five different DOM plant sources. Low-level additions of angiosperm 

derived-DOM (i.e. 0.5 g L-1) were slight phytotoxic to Monoraphidium spp. causing 30% 

inhibition of yield, while C. raciborskii was not affected. Higher DOM additions (i.e. 

2 g L -1) caused 100% inhibition of yield for C. raciborskii, while Monoraphidium spp. 

inhibition remained under 30%. The divergence in algal sensitivity to DOM indicates that 

in aquatic systems, DOM derived from catchment vegetation has the potential to affect 

algal assemblages. 

2.2 Introduction 

Dissolved organic matter (DOM) is involved in major biogeochemical processes of the 

carbon cycle, and modulates the structure and function of freshwater ecosystems (Steinberg 

et al. 2006; Jansson et al. 2007). For example, DOM can cause changes in algal 

communities (Jones 1992; Scharnweber et al. 2014). DOM can both inhibit and stimulate 

algal growth depending on its chemical composition. Small molecular mass DOM may 

function as a nutrient source to algae, providing an accessible source of carbon, nitrogen 

and/or phosphorus (Berman and Chava 1999; Fiedler et al. 2015; Qin et al. 2015). 

Conversely, some DOM forms have been found to inhibit algal growth. Mechanisms 

include adsorption of inorganic nutrients which limits their availability for uptake (Murray 

et al., 2010); reduced light availability for photosynthesis (Bährs and Steinberg 2012); or 
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acting as a natural biocide (Park et al. 2009a). These DOM-algal interactions are highly 

unpredictable as DOM chemistry is dependent on the source in which it is derived.  

Compound-specific bioassays have identified that phenols and quinones may act as a 

natural biocides towards algae (Nakai et al. 2001; Bährs et al. 2013). These compounds 

arise naturally from the breakdown of lignin in leaves (Nakai et al. 2001), and these 

phenolic substances are commonly used for tracing DOM sources (e.g. Bährs et al., 2012; 

Pillinger et al., 1994). This is attributed to their relatively inert characteristics, contributing 

to environmental persistence, and their distinct composition enabling source identification 

(Jex et al. 2014). New rapid and cost effective methods using UV-Visible (UV-Vis) 

spectroscopy have recently been applied to characterize DOM. These includes an 

estimation of DOM lignin phenol content and aromaticity that have been employed to 

estimate DOM source and quality in marine water samples (Helms et al. 2008; Cuss and 

Guéguen 2013; Qin et al. 2015). However, the application of spectroscopic methods for 

identifying sources of lignin compounds and associated phenolic characteristics in 

freshwater systems remains unclear.  

The chemical composition of leaf litter is species-specific, thus soil-derived DOM 

characteristics are related to forest community composition (Gartzia-Bengoetxea et al. 

2016; Moingt et al. 2016). These between-species differences in soil DOM chemistry are 

useful for predicting nutrient turnover rates (Wieder et al. 2008), toxicological effects on 

soil microbes e.g. microbial activity (Gartzia-bengoetxea et al. 2016), and can also be used 

to trace the source of soil DOM (Jex et al. 2014). However in comparison to terrestrial 

environments, few studies in aquatic systems have investigated if plant phylogeny affects 

the chemical composition of DOM. Exceptions include recent work tracing the origin of 

DOM. These studies have identified broad differences between DOM originating from 

angiosperms versus gymnosperms, and woody versus non-woody parts of plants (Maie et 

al. 2006; Cuss and Guéguen 2013; Seki et al. 2014). However it is uncertain whether such 

methods are able to distinguish between individual plant species and, in addition, predict 

phytotoxicity of plant leachates. Use of spectroscopic indices for the characterisation of 

DOM may provide a useful method to link the DOM plant source to its effect in an 

ecosystem measure, which in our case study, is toxicity to algae.  

The main stress response often measured in toxicological studies to estimate 

phytotoxicity of DOM to algae is reduced photosynthesis (Bährs et al. 2012; Gattullo et al. 
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2012). This is because DOM is proposed to inhibit algal photosynthesis by quenching 

electrons or binding to the bio-quinones in PSII, to prevent electron transfer (reviewed in 

Prokhotskaya and Steinberg, 2007). Active DOM compounds appear to be phytotoxic to 

prokaryotic algae (i.e. cyanobacteria), but harmless to eukaryotic algae (i.e. green algae) at 

the same concentration (Prokhotskaya and Steinberg 2007; Park et al. 2009b; Bährs et al. 

2013). Research is required to establish under what conditions DOM is a nutrient source or 

an algicide. 

Our study investigates the effect of plant source on DOM characteristics, and DOM 

chemistry on inhibition of algal photosynthesis, to determine if it is viable to predict DOM 

phytotoxicity. Further, this study compares the differing sensitivities of a prokaryotic algae 

and a eukaryotic algal species to DOM. 

2.3 Methods 

Dissolved organic matter was leached from leaves, characterized and then supplied to algal 

monocultures in two bioassay experiments. The first experiment examined the effects of 

DOM plant source phylogeny and chemical composition of DOM on the photosynthetic 

yield of the cyanobacterium, C. raciborskii, over 15 d. The second experiment compared 

the sensitivity of two different algal species, using a prokaryotic alga (cyanobacterium, 

C. raciborskii) versus a eukaryotic alga (a green algae, Monoraphidium spp.), over a 

concentration gradient of DOM exposure loads, for five different DOM plant sources. 

2.3.1 Terrestrial DOM collection and preparation 

Terrestrial leaf material was collected from vegetation commonly found along rivers and 

creeks in southeast Queensland, Australia. The plants selected consisted of seven distinct 

families that represented a phylogenetically distinct suite of terrestrial leaf types. These 

consisted of three non-woody angiosperms, Poaceae (Digitaria didactyla, Leersia 

hexandra), Cyperaceae (Schoenoplectus litoralis) and Asparagaceae (Lomandra hystrix), 

two woody-angiosperms, Myrtaceae, and Casuarinaceae (Casuarina cunninghamiana, 

Allocasurina littoralis), and two woody-gymnosperms, Araucariaceae (Araucaria 

cunninghamii, Araucaria bidwillii) and Pinaceae (Pinus radiate, Pinus ponderosa). Due to 

the highly distinct characteristics of oils released from within the Myrtaceae family, this 

group was further explored at the genus level; Melaleuca spp., (M. linariifolia, M. 

quinquenervia), Eucalyptus spp., (E. tereticornis, E. grandis) and Lophostemon spp., 

(L. suaveolens, L. confertus).  
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Green leaves from plants were collected in the field seven days prior to use. Leaves 

were taken from three different individual plants of each species, and stored in individual 

paper bags. In Expt. 1, the leaf material from two plant species of each family was 

combined to make one treatment ready for subsequent leaching (Table 1). However, for two 

of the treatments, viz. Cyperaceae and Asparagaceae, only one plant species was used, as a 

second similar species was not found in abundance within any of the plant collection areas. 

In Expt. 2, leaf material from each plant species was leached separately, to increase 

reproducibility of experiment design and results. On arrival at the laboratory, leaf material 

was rinsed (2 - 5 s) under running distilled water and patted dry. Large leaves were cut into 

5 - 7 cm pieces, and oven dried at 50°C for 48 h (Martin and Ridge 1999). Leaf material 

was soaked in deionized water (autoclaved, 18.1 MΩ cm, Arium® 611 UV system, 

Sartorius) at a ratio 1: 20 w/v for 24 h. This was conducted in dark conditions preventing 

growth of photosynthetic microbes and photochemical modification of the DOM (e.g. 

production of ammonium or reactive oxygen species, Stedmon et al., 2007; Wang et al., 

2000).  

Leachates were separated from the solid material by successive filtration; first 

through a 0.20 𝜇m bottle top filter (Filtropur BT 50, Sarsted Inc, USA) under light vacuum, 

and then through a 0.22 𝜇m membrane filter syringe under sterile conditions (Minisart, 

Sartorius). Leachates were diluted with autoclaved deionized water (1:40 w/v), and the pH 

adjusted to 6 by the addition of sterile 1 N sodium hydroxide (NaOH). DOM leached 

directly from the leaf source was used rather than river water DOM, as the latter consists of 

DOM at various stages of diagenesis and can be from mixed origins (Cuss and Guéguen 

2013). The leachates were used within 2 h of filtering to avoid any effects of storage on 

DOM chemical properties (Cuss and Guéguen 2013). In this study, sterilising agents, such 

as sodium azide, were not used as they can cause chemical changes in DOM that will 

interfere with its spectroscopic properties due to fluorescence quenching (Pisani et al. 2011; 

Cottrell et al. 2013; Cuss and Guéguen 2013). In addition, collected leachates were used in 

bioassays, therefore the use of agents such as sodium azide was unadvisable as it can impair 

photosynthetic performance (Nultsch et al. 1983) or cause minor growth retardation 

(Zalogin and Pick 2014) of cultures. Details of quality control practices performed for this 

Chapter are given in Appendix 3.
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Table 2 Summary of elemental composition of DOM leached from a variety of plant sources (mg g-1 dry leaf material, mean ± SD for instrument 

error) used in Experiment 1 and 2. In Expt. 1 the nine treatments each consisted of two plants species^, selected from three different individual 

plants within close proximity. In Expt. 2, each bioassay A to E consisted of only one plant species, selected from three different plants. 

Class Taxa Family Genus Species Common name Exp. 1 leaf leachates Exp. 2 leaf leachates 

      # DOC  
(mg g-1) 

TDN 
(mg g-1) 

C:N # DOC 
(mg g-1 ) 

TDN 
(mg g-1 ) 

C:N 

Non-woody Angiosperm Poaceae Digitaria didactyla Grass 1 31.0±1.4 3.9±0.1 7     
    Leersia hexandra         

  Cyperaceae Schoenoplectus litoralis Sedge 2 19.4±0.2 0.8±0.1 21     
                

  Asparagaceae Lomandra  hystrix  Rush 3 20.9±1.3 1.2±0.2 15     
               

Woody  Myrtaceae Melaleuca quinquenervoa Swamp paperbark 4 13.4±2.1 0.2±0.1 56 A  35.1±2.0 0.21±0.01 54 

     linariifolia  Narrow-leaved 
paperbark 

       

   Eucalyptus tereticornis Queensland Blue gum 5 61.4±3.2 0.8±0.4 85 B 55.1±1.8 0.44±0.04 92 

      grandis Flooded gum        

   Lophostemon suaveolens Swamp Mahogany 6 35.2±5.6 0.2±0.0 150 C 38.6±0.1 0.23±0.01 110 

      confertus Queensland Brush Box        

  Casuarinaceae Casuarina cunninghamiana River sheoak 7 37.1±2.9 1.0±0.1 33 D 30.9±1.9 1.78±0.13 15 

    Allocasurina littoralis Black sheoak        

 Gymnosperm Araucariaceae Araucaria cunninghamii Hoop pine 8 23.9±2.2 0.1±0.1 160 E 18.5±3.3 0.17±0.08 91 

      bidwillii Bunya pine         

  Pinaceae Pinus radiata Slash pine 9 19.0±0.3 0.2±0.0 32     
      ponderosa          

^ Exceptions to this were the treatments for the Cyperaceae and Asparagaceae families, where a second similar plant species could not be easily located within the area, therefore only one species was used to 

represent the treatment. 
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 However, the protocol adopted does mean that microorganisms (<0.22 𝜇m, i.e. post 

filtration) that inhabit the surface and interior of leaves would be present in bioassays. DOM 

characterisation and nutrient analyses were undertaken completed on aliquots of leachates for 

each plant (see details in Section 2.03.05). 

2.3.2 Cyanobacterial and algal cultures 

To investigate DOM effects on algae, we selected the cyanobacterium, Cylindrospermopsis 

raciborskii (C. raciborskii, strain CS-505, isolated from Solomon Dam (18°43ʹ27ʺS, 

146°35ʹ38ʺE), obtained from the CSIRO Algal Culture Collection in Hobart, Tasmania, 

Australia, as the prokaryotic organism in Expt. 1 and 2. In Expt. 2 only, we used the 

eukaryotic alga, Monoraphidium spp. originally isolated from Wivenhoe reservoir (27°24ʹS, 

152°36ʹE), southeast Queensland, Australia. Non-axenic cultures were used. Cultures were 

grown under cool, fluorescent light on a 12 h light/12 h dark cycle at 301 K for 10 d in either 

Jaworski's Medium (JM, Thompson et al. 1988) minus nitrate (JM-N) (Expt. 1), or Jaworski's 

Medium (JM) (Expt. 2). Bioassays were conducted after monocultures were subcultured and 

in exponential growth phase (Bährs et al. 2012). Experiments were carried out under with 

photosynthetic photon flux density of 15 µmol photons m-2 s-1 from cool, white light (LED) 

with a 12 h light/12 h dark cycle at a temperature of 301 K. 

2.3.3 Experiment 1 - Cyanobacterial response to terrestrial DOM 

An algal bioassay was undertaken to determine the effects of DOM plant source phylogeny 

and consequent DOM chemical characteristics, on inhibition of photosynthesis. Cultures of 

C. raciborskii in log-phase growth with no nitrogen addition were exposed to DOM, in 

sterile, tissue culture flasks (75 cm2 flask volume, vented cap, Falcon). Experimental 

treatments consisted of 40 mL of leachate from each of nine plant treatments (Table 1, seven 

family treatments and one of these split into three genus treatments), added to 210 mL of 

cyanobacterial cultures diluted 1:5 in nitrogen-free growth media (JM-N). This final level of 

dilution was equivalent to 1:250 w/v of leaf material to solution (algae-water-media). 

There was a positive control with nitrogen added at 1:5 dilution of JM media, and 

blanks without cultures for each plant treatment. The initial concentration of C. raciborskii in 

each flask was approximately 20 000 cells mL-1. All treatments and controls were run in 

triplicate. For the duration of the bioassays, samples were collected every 2 days for analysis 

of photosynthetic yield as well as being preserved with Lugol's solution for subsequent cell 
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counts and examination under microscope. On days 0 and 15, samples were also collected for 

carbon and nutrient analyses. 

2.3.4 Experiment 2 - Dose-Response bioassay 

We compared differences in sensitivity (i.e. inhibition response) between a prokaryotic and 

eukaryotic alga, exposed to DOM from five different DOM plant sources. A series of dose-

response bioassays was undertaken on two different algal monocultures using five different 

plant sources (Table 1). We tested the hypothesis that eukaryotic phototrophs are less 

sensitive to the toxic effects of DOM than prokaryotic phototrophs (Bährs and Steinberg 

2012). In our case, we hypothesised the green unialgal Monoraphidium spp. would have a 

lower or reduced inhibition value compared to the cyanobacteria, C. raciborskii, over a 

gradient of concentrations. We selected five plants as a subset of those used in Expt. 1. Plants 

selected for leaching were viz. four woody-angiosperms, Melaleuca quinquenervia, 

Eucalyptus tereticornis, Lophostemon suaveolens and Casuarina cunninghamiana, and one 

woody gymnosperm, Araucariaceae cunninghamii. 

Cultures of C. raciborskii and the green alga, Monoraphidium spp., in log-phase growth 

were exposed to leachates for 5 d. To equilibrate subcultured cells, cultures were maintained 

for 3 d prior to addition of plant leachates in settled tissue culture flasks (25 cm2 flask 

volume, Falcon). Each plant treatment consisted of dilutions (16%, 8%, 4%, 2%, 1% and 0%) 

of the leaf leachates added to cultures in nitrogen-free, diluted (1:5) growth media (JM-N). 

The concentration of DOM in the 16% treatment (i.e. 4 mg dry leaves L-1) was equal to what 

the algae were exposed to in Expt. 1. Controls and blanks were used (see Section 2.3). 

Cultures were maintained under the same temperature and light conditions as described in 

Section 2.3. Samples were collected after 3, 24, 72 and 120 h for measurement of 

photosynthetic yield, and preserved with Lugol's solution. The initial concentration of cells in 

each flask was approximately 10 000 cells mL-1. 

2.3.5 Analyses 

2.3.5.1 Determination of DOM characteristics and elemental composition 

Bulk DOM was characterized through elemental analysis together with a series of spectral 

coefficients, spectral slopes, and indices. Spectroscopic characteristics were determined using 

UV-Vis absorbance (Shimadzu UV-2450 UV-Vis Spectrophotometer (Kyoto, Japan) (based 

on Helms et al. 2008). Absorbance spectra were recorded over the wavelength range 290 to 
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750 nm at intervals of 1 nm. Absorption coefficients (ag m
-1) were derived from measured 

absorbance values as: 

 ag = 2.303 𝐴(𝜆)/𝐿         (1) 

where A(λ) is the measured absorbance and L is the cell path length (0.01 m).  

Several spectroscopic indices were used to infer DOM composition. These included 

absorbance coefficients at 350 nm (a350) as a proxy for lignin phenol concentration (Benner 

and Kaiser 2011), and 440 nm (a440) as an indicator of gilvin content (water colour due to 

DOM) (McDonald et al. 2004). Specific UV absorbance at 254 nm (SUVA254; L mg-1 m-1) 

values were determined from the ratio of absorption coefficient (a254) and the concentration 

of dissolved organic carbon (DOC) (mg L-1) and are taken as an indicator of aromaticity of 

DOC (Helms et al. 2008): 

SUVA254 = a254 (m
-1) / DOC (mg L-1) × 100 (cm m-1)   (2) 

The gradient for the spectral slopes from 275–295 nm (Slope295_Coef) were used as a proxy for 

DOM composition, and from 350–400 nm (Slope400_Coef) as a proxy for relative molecular 

mass. The ratios of spectral slopes (SR) calculated as SR = Slope295_Coef / Slope400_Coef was 

used as an inverse estimate of molecular weight (MW) (Helms et al. 2008). The three spectral 

slopes (nm-1) themselves were derived from linear regression of natural log transformed 

absorption coefficient spectra over each wavelength interval (Twardowski et al. 2004; 

Yamashita et al. 2010). 

DOM elemental analysis was undertaken to determine the proportions of carbon and 

nitrogen, together with the molar ratio of carbon to nitrogen (C:N). Total dissolved nitrogen 

(TDN) and DOC concentrations were determined using a high temperature catalytic 

oxidation method (platinized alumina catalyst) on a Shimadzu TOC-TN Analyser (Chen et al. 

2005). 

2.3.5.2 Sampling of algal cultures 

Algal subsamples were collected from culture flasks and each analysed for photosynthetic 

yield, optical density, and cell count. Photosynthetic yield was measured using pulse 

amplitude modulation fluorometry with a Phyto-PAM fluorometer (Phyto-PAM, Emitter 

Detector Phyto-US, Software PhytoWin v 2.0, Walz, Effeltrich, Germany), following the 

protocol of Bährs et al. (2012). 
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Samples were analysed after dark acclimation (minimum 20 min). Photosynthetic yield 

(Fv/Fm) was calculated as the ratio of variable fluorescence (Fv) to the maximum fluorescence 

(Fm) where Fv/Fm = (Fm-Fo)/ Fm and Fo is initial fluorescence (Maxwell and Johnson 2000). 

We derived data for the photosynthetic yield data specific for each alga: cyanobacteria, 

C. raciborskii, yield in the blue range; and the green alga, Monoraphidium spp, yield in the 

green range. This used previously measured and stored reference spectra within the software 

of the Phyto-PAM, based on the distinct pigment compositions of these two algae. Culture 

growth was examined at an absorbance of 750 nm (Pharmacia Biotech Novaspec II Visible 

Spectrophotometer). Samples were preserved in 1% acidified Lugol's solution for later 

analysis of algal growth (cell count) and morphological characteristics (trichome length and 

heterocyst dominance). 

2.3.5.3 Inhibition as a measure of DOM phytotoxicity 

DOM phytotoxicity towards algal cultures was calculated as the proportion of photosynthetic 

yield inhibited after exposure to leached DOM, compared to control treatments. Inhibition of 

photosynthetic yield was calculated after 𝑡 h of DOM exposure using the formula;  

I = (1 −
𝑁𝑡

𝑁0
)        (3) 

where N0 is the photosynthetic yield of algae in the control treatment, and Nt, is the 

yield of algae in the DOM treated flask. The subscript t represents the value of N after a set 

time t (h) of leachate exposure to algae. Increased inhibition (i.e. lower primary production) 

results in slower C. raciborskii growth rates (Figueredo et al. 2007). Consequently, we used 

increased inhibition to indicate higher DOM phytotoxicity or allelopathic potential. This 

same principle was applied to inhibition for the green alga, Monoraphidium spp. 

2.3.6 Data analysis 

The effects of DOM plant source on DOM characteristics, and DOM phytotoxicity towards 

algae, were evaluated using a number of statistical analyses. The effect of DOM plant source 

on various DOM chemical parameters was evaluated using the nonparametric Kruskal-Wallis 

rank test with pairwise comparisons using Tukey and Kramer (Nemenyi) tests. These tests 

were selected since the explanatory variable (plant source) had unequal sample sizes in each 

of the three groups. Principal component analyses (PCA) were used to determine the key 

explanatory DOM chemical variables, and to evaluate how DOM plant sources were 

distributed in the PCA space for the Expt. 1 dataset. For each plant sample, the value used 



31 

 

was the mean of three instrument replicates (i.e. one sample subset six times viz. three 

replicates for DOC analysis and three replicates for UV-Vis analysis). 

Inhibition (i.e. inhibition of algal photosynthetic yield) was evaluated using a series of 

beta regression models with a logit link function. This modelling approach was chosen 

because the response variable, inhibition, had a non-Gaussian distribution, even under 

transformation. Hence, linear mixed effect models were not suitable to evaluate the 

relationship between inhibition and predictor variables. The approach employed is suitable 

for univariate, proportional, response variable (in our case ‘inhibition’) and it is also suitable 

for the analysis of unbalanced experimental designs (Ferrari and Cribari-neto 2004; Cribari-

Neto and Zeileis 2010).  

To evaluate parameters useful for predicting DOM phytotoxicity, measured as 

inhibition of algal photosynthetic yield, four beta models were created. Predictor variables 

were: (Model 1) DOM plant source and exposure time; (Model 2) DOM chemistry and 

exposure time, and algal species exposed to DOM, DOM dosage and exposure time for 

angiosperm DOM (Model 3-AW) and gymnosperm DOM (Model 3-G). Where Model 1 and 

2 were based on the Expt. 1 dataset, Models 3-WA, and -G were based on the Expt. 2 dataset. 

All statistical analyses were performed using ‘R’ statistical software (R Development Core 

Team 2017), with statistical significance determined at α = 0.05 level. Each beta model was 

built using a logit link under package “betareg” in program R (Cribari-Neto and Zeileis 

2010). We compared Pseudo R2 measures to indicate the relative performance of Model 1 

and Model 2. 

2.4 Results 

2.4.1 Terrestrial DOM chemical characteristics 

Each DOM plant source had a unique combination of spectral parameters (Treatments 1 to 9, 

Figure 4b). Specifically, a440 varied substantially as denoted by colour change from colourless 

to orange-red across the samples (Example of visible differences in leachate colour are found 

in Appendix A1 Figure S1). Non-woody leachates were light yellow to yellow, with a440 

values of 14.76, 8.50 and 1.99 m-1, for the Poaceae, Cyperaceae and Asparagaceae 

treatments, respectively. Leachate colour of the woody-angiosperm treatments was highly 

variable. For example, Melaleuca sp. leachates were colourless (a440 4.1 m-1), while 

Eucalyptus sp. leachates were transparent red (a440 23.1 m-1). Leachates from gymnosperms 
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were colourless to light yellow with the lowest a440 values (0.9 and 1.4 m-1) for the plants 

from Araucariaceae and Pinaceae, respectively.  
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Figure 4 Multivariate statistical analyses, performed on the Expt. 1 dataset. (a) Principal 

component analysis (PCA) loadings to describe the relationships between DOM absorbance 

and concentration variables and (b) scores used to describe DOM composition clustered into 

three groups. Black circles denote non-woody angiosperms, triangles are woody angiosperm 

and squares are woody-gymnosperm. Numbers 1 to 9 refer to source of leaf leachates: (1) 

Poaceae family; (2) Cyperaceae family; (3) Asparagaceae family; Myrtaceae family, (4) 

Melaleuca spp.; (5) Eucalyptus spp.; (6) Lophostemon spp.; (7) Casuarinaceae family; (8) 

Araucariaceae family and (9) Pinaceae family. 
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DOM plant sources (grouped as non-woody angiosperms, woody angiosperms and 

gymnosperms) had a non-significant (p = 0.06) effect on a440 and SR (Table 2). Post-hoc tests 

though revealed woody angiosperms had significantly higher a440 values (indicative of 

relatively higher gilvin content) than gymnosperms, and non-woody angiosperms had 

significantly higher SR values (indicative of a relatively smaller DOM-MW) than 

gymnosperms treatments. TDN (mg g-1 leaf), a350 (proxy for lignin phenol content) and 

Slope400_Coef (proxy for relative MW) were lower in gymnosperm DOM than the angiosperm 

treatments, although this difference was not significant.  

The first two axes of the PCA accounted for 80.8% of the total variation in the DOM 

spectroscopic and elemental data (Figure. 4a). Component 1 axis was positively related to 

a350 (lignin phenol proxy), a440 (gilvin proxy), a255 (coloured DOM proxy) and Slope400_Coef 

(relative MW proxy) (Table 3). The component 2 axis was positively correlated with C:N 

molar ratio, and Slope295_Coef (proxy for DOM composition), and negatively correlated with 

SR (inverse relationship with MW).  

Principal component analyses were also used to reduce the dimensions between DOM 

sources (three groups), and family-genus (nine groups), and to identify how DOM absorbance 

variables were distributed in the PCA space. The main differences in the PCA scores for plant 

sources were noted between gymnosperm- and angiosperm-derived DOM, whereas woody 

and non-woody angiosperms were not easily distinguished. Specifically, gymnosperm DOM 

was located in the top left quadrant, thus indicative of relatively low a350 (lignin phenol 

proxy), a440 (gilvin proxy), a255 (coloured DOM proxy) values and Slope400_Coef (relative MW 

proxy), compared to the angiosperm DOM (Figure 4b). Furthermore, gymnosperm DOM was 

similar to angiosperm DOM for C:N molar ratio, Slope295_Coef (DOM composition proxy), 

and SR (inverse relationship with MW), compared to non-woody DOM. Data from individual 

plant samples were plotted in the PCA space. 
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Table 3 DOM characteristics (mean ± SD) for leachates from three groups of plants generated 

in Expt. 1. Replicate numbers in brackets. 

DOM Chemistry DOM Plant Source  

  Non-woody 

Angiosperm (3) 

Woody 

Angiosperm (4) 
Gymnosperm (2) 

Significance of 

plant source 

DOC (mg g-1 leaf) 23.77 (±6.34) 23.34 (±14.97) 21.54 (±3.3) NS 

TDN (mg g-1 leaf) 1.97 (±1.67) 0.37 (±0.40) 0.15 (±0.01) NS 

pH 6.0 (±0.1) 6.1 (±0.2) 5.0 (±0.3) NS 

SUVA254  (mg C L-1 m-1)(Proxy for aromatic 

carbon) 

2.80 (±0.65) 4.18 (±3.11) 3.00 (±0.45) NS 

a255(m-1) (Proxy for coloured DOM) 217 (±121) 264 (±93.0) 169 (±42) NS 

a350 (m-1) (Proxy for lignin phenol) 62.4 (±43.4) 63.5 (±23.7) 7.3 (±0.14) NS 

a440 (m-1) (Proxy for gilvin) 8.42 (±6.39) a b 15.39 (±8.02) a 1.17 (±0.31) b NS 

Slope295_Coef (Proxy for DOM composition) -10.85 (±6.34) -6.8 (±4.4) -9.3 (±0.6) NS 

Slope400_Coef (Proxy for relative MW) -59.4 (±28.2) -63.5 (±19.0) -430.4 (±56.8) NS 

SR (Inversely correlated with the MW) 0.18 (±0.05) a 0.10 (±0.4) a b  0.02 (±0.00) b * 

 Significance tested using Kruskal-Wallis rank sum test with pairwise comparisons using Tukey and Kramer (Nemenyi) test. Values sharing 
different letters in each column differ significantly from each other at P < 0.06 
^Equal sample sizes are not required in Kruskal-Wallis 
 

 

Table 4 Correlation coefficient between DOM chemical variables generated in Expt. 1 and the 

first two principal dimensions in the PCA. 

Variables a  Correlation coefficient 

 PC1  PC2  

DOC (mg g-1 leaf) 0.35  0.41  

CN molar ratio -0.37  0.75 * 

a255(m-1) (Proxy for Coloured DOM) 0.90 *** 0.35 * 

a350 (m-1) (Proxy for Lignin phenol) 0.97 *** -1.10  

a440 (m-1) (Proxy for Gilvin) 0.92 *** 0.13  

Slope295_Coef (Proxy for DOM composition) 0.66  0.71  

Slope400_Coef (Proxy for Relative MW) 0.78 *** -0.51  

SR (Inversely correlated with the MW) 0.29  -0.92 *** 

 
***P < 0.001, **P < 0.01, *P < 0.05. 
a Absorption coefficient (ag m-1) of dissolved organic matter measured at x nm (e.g. absorbance at 350 nm, a350). 
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2.4.2 Experiment 1. Cyanobacterial response to terrestrial DOM 

Algal cultures were exposed to 4 g L-1 leaf leachates from eight plants, and 0.8 g L-1 leaf 

leachate from the Myrtaceae family: Eucalyptus sp. treatment. This treatment was diluted due 

to high visible colour (i.e. transparent orange leachates), and concerns this colour may 

interfere with the bioassay (e.g. light available to the algal cultures, and detection of yield in 

the PAM). Even at these lower dosages we found this treatment (i.e. Myrtaceae family: 

Eucalyptus sp.) to be phytotoxic to C. raciborskii. The resulting DOC concentrations ranged 

from 50 to 150 mg C L-1 (Figure 5). Bioavailable DOC and TDN concentrations (i.e. DOCL, 

TDNL) were calculated by subtracting final concentrations after 15 days of culture exposure, 

from initial concentrations of C and N, respectively. DOCL values were high in the non-

woody treatments (> 70%), the highest being in the Poaceae Family (80%) treatment. In 

contrast, the lowest DOCL values were found in leachates from leaves of the Myrtaceae 

Family (3%), viz. the Lophostemon sp. and Eucalyptus sp. 

Comparison of DOM phytotoxicity between DOM plant sources showed >80% yield 

inhibition of C. raciborskii occurred in eight of the nine plant treatments, and 100% 

inhibition in seven of the nine treatments within the first 120 h (Figure 6). Inhibition was only 

less than 100% for cultures exposed to DOM leached from Asparagaceae family and 

Melaleuca sp. DOM. The least toxic treatment, Asparagaceae treatments, had inhibition 

values under 50% for the duration of the bioassay experiment. The shortest response time 

between DOM addition and inhibition was 3 h, and occurred in cultures of C. raciborskii 

exposed to gymnosperm DOM (Figure 6c). Once inhibition had occurred, minimal recovery 

(denoted by decreased inhibition) was measured over the remainder of the exposure period 

(i.e. 15 days). Details of photosynthetic yield results can be found in Appendices (Appendix 

A1 Figure 2). Light brown biofilms formed on the bottom of the culture flasks within 120 h 

of exposure. Further, bacterial contamination was observed in treatments, but not present in 

the blank controls (e.g. treatments without culture added). 
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Figure 5 DOC concentration (mean ± SD, n = 3) (mg L-1) leached from 4 g of dry leaf material 

diluted in growth media, from nine groups of plants. Concentrations measured on Day 1 prior 

to exposure, with the percentage removed over 15 days shown above each bar. Treatments 

refer the following families – Poa: Poaceae family, Cyp: Cyperaceae family, Asp; Asparagaceae 

family. From the Myrtaceae family, Myr-M: Melaleuca species, Myr-E: Eucalyptus species, Myr-

L: Lophostemon species. Cas: Casuarina family, Ara: Araucariaceae family, and Pin: Pinaceae 

family. 
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Figure 6 Inhibition of C. raciborskii photosynthetic yield (% control treatments) (mean ± SD, n = 

3) after exposure to DOM leached from 4 g dry leaf L-1 from one of nine plant treatments, over 

15 d†. DOM sources shown for (a) DOM leached from non-woody angiosperms leaves viz. (1) 

 Poaceae family; (2) Cyperaceae family; (3)  Asparagaceae family. (b) DOM leached from 

woody angiosperm leaves viz. (4)  Myrtaceae family Melaleuca spp.; (5)  Myrtaceae family 

Eucalyptus spp.. (c) DOM leached from woody angiosperm leaves viz. (6)  Myrtaceae family 

Lophostemon spp.; and (7)  Casuarinaceae family. (d) DOM leached from woody-

gymnosperm leaves viz. (8)  Araucariaceae family; and (9)  Pinaceae family.  

†except for Myrtaceae family: Eucalyptus sp. treatment were diluted 1:5, thus 0.8 g dry leaf  L-

1. 
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2.4.2.1 DOM plant source to predict inhibition  

Plant DOM source and algal exposure time were both significant predictor variables in Model 

1. There was a positive relationship between gymnosperm DOM and inhibition, rather than a 

DOM sourced from woody angiosperms (Table 4). Although increased exposure duration (24 

to 120 h) increased inhibition, we found over time gymnosperm DOM (i.e. gymnosperms) 

became slightly less phytotoxic. Diagnostic plots are given in Appendix A1 (Figure S4). 

Chemical composition of DOM and algal exposure time were significant predictors of 

inhibition (i.e. a phytotoxic response), in beta Model 2 (Table 4, diagnostic plots in Appendix 

A1 Figures S6, S7). Specifically, inhibition was predicted to increase with increased a255 

(coloured DOM), a350 (lignin phenol proxy), and DOC concentration, while inhibition was 

predicted to decrease with increased SR (inverse relationship with MW), a440 (gilvin proxy), 

and Slope295_Coef (proxy DOM composition). This second model had a higher Pseudo R2 (𝑅p
2) 

in comparison to Model 1, indicating predictor variables describing DOM chemistry 

produced a closer model fit to our dataset than DOM plant source. 
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Table 5 Estimated regression coefficients (mean ± standard error) from beta regression models 

on yield inhibition predicted by parameters related to algal exposure time, DOM plant source, 

DOM chemistry, DOM dosage and species of exposed algal. Models 1 and 2 were applied to the 

Expt. 1 dataset, while Model 3-WA for woody angiosperm DOM and Model 3-G for 

gymnosperm DOM were applied to the Expt. 2 dataset.  

Predictor variables Categories  β (±𝑺𝑬)   

Model 1 (AIC -166, 𝑅p
2 0.49, Log-likelihood 90.0, Df 7) 

Intercept  -1.00 (±0.48) * 

Source Non-woody angiosperm 0   
 Woody angiosperm -0.17 (±0.62)  
 Woody gymnosperm 2.67 (±0.78) *** 
Time (h)  0.02 (±0.01) *** 
Source: Time Non-woody angiosperm: Time 0   
 Woody angiosperm: Time 0.01 (±0.01)  
 Woody gymnosperm: Time -0.02 (±0.01) * 
Φ Intercept  1.52 (±0.23) *** 
     
Model 2 (AIC -182, 𝑅p

2 0.65, Log-likelihood 100, Df 9) 

Intercept  -14.18 (±2.29) *** 
DOC (mg g-1 leaf)  0.01 (±0.01) ** 
a255 (m-1) (Proxy for Coloured DOM)  0.02 ±0.01) ** 
a350 (m-1) (Proxy for lignin phenol)  0.08 (±0.03) *** 
a440 (m-1) (Proxy for Gilvin)  -0.09 (±0.03) ** 
Slope295_Coef (Proxy for DOM composition)  -1.08 (±0.23) *** 
SR (Inversely correlated with the MW)   -52.72 (±13.05) *** 
Time (h)  0.02 (±0.00) *** 
Φ Intercept  2.21 ±0.37) *** 
 
Model 3-WA (AIC -392, 𝑅p

2 0.58, Log-likelihood 201.1, Df 5) 

Intercept  -0.58 (±0.25) * 
Algal Species C. raciborskii 0   
 Monoraphidium spp -1.44 (±0.25) *** 
Time (h)  0.01 (±0.00) *** 
Leaf mass leached (mg L-1)  0.01 (±0.00) ** 
 
Model 3-G (AIC -163, 𝑅p

2 0.41, Log-likelihood 86.8, Df 5) 

Intercept  -4.15 (±0.29) *** 
Algal Species C. raciborskii 0   
 Monoraphidium spp 1.14 (±0.30) *** 
Time (h)  0.01 (±0.01)  
Leaf mass leached (mg L-1)  0.01 (±0.01) . 
     

Statistical significance is indicated using asterisks: ***P < 0.001, **P < 0.01, *P < 0.05. Pseudo R2 is symbolised as 𝑅p
2. 
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2.4.3 Experiment 2 - Dose-Response bioassay 

2.4.3.1 DOM dose affecting inhibition of two different algae species 

The two algal species differed in sensitivity to plant leachate. Angiosperm DOM was more 

phytotoxic to the cyanobacterium, C. raciborskii, than green algae, Monoraphidium spp., for 

higher values of leaf addition (Figures 7a, b, c, d). Specifically, DOM (2 g L-1) leached from 

angiosperm leaves caused 100% inhibition for C. raciborskii, whereas the green algae, 

Monoraphidium spp. did not exceed 50% inhibition, after 120 h of exposure. However, at 

lower DOM concentrations it appeared that Monoraphidium spp. was more sensitive to 

DOM. The divergence in algal species’ sensitivity to DOM occurred between leaf leachate 

additions of 0.5 g L-1 and 2 g L-1. DOM (0.5 g L-1) from M. quinquenervia and E. tereticornis 

resulted in approximately 30% inhibition for Monoraphidium spp, with similar levels of 

inhibition (±10%) observed on exposure to a higher DOM concentration (2 g L-1). In contrast, 

0.5 g L-1 of DOM resulted in 0% inhibition for C. raciborskii, which increased to 100% 

inhibition at 1 g L-1 (Appendix A1 Figure S3). 

DOM in leachates from woody-angiosperms viz. M. quinquenervia, E. tereticornis 

and L. suaveolens, all caused a relatively rapid inhibition response with C. raciborskii yield 

occurring within 24 h following exposure (Appendix A1 Figure S4). 

A further comparison of leachate from woody-angiosperms and gymnosperms woody 

showed DOM from C. cunninghamiana (>8 mg DOC L-1) resulted in 100% inhibition in C. 

raciborskii yield, but had no inhibitory effect for Monoraphidium spp. Gymnosperm DOM 

(A. cunninghamii 74 mg DOC L-1) did not produce a phytotoxic effect on C. raciborskii and 

Monoraphidium spp. in this bioassay. 

2.4.3.2 Algal species and DOM dosage to predict inhibition 

Algal species, and leaf mass leached were both significant predictor variables in beta 

regression Models 3-WA and 3-G (Table 4, and diagnostic plots Appendix A1 (Figures S6, 

S7). The algae species coefficient was significant in both models, but indicates two opposing 

sensitivities. In Model 3-WA the algal species coefficient for Monoraphidium spp. was 1.44, 

indicating inhibition would be decreased if the algal species exposed to DOM is 

Monoraphidium spp., rather than C. raciborskii. The opposite was found with the Model 3-G 

where inhibition would be increased if the alga exposed to DOM is Monoraphidium spp., 

rather than C. raciborskii. The time coefficient in both models suggests inhibition would 

increase with time (i.e. DOM became slightly more phytotoxic), however, time was only a 
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significant predictor variable in Model 3-WA. The significance of the time parameter in 

Model 3-WA supported earlier findings that angiosperm potency relies on C. raciborskii 

having extended exposure time. Leaf mass leached (i.e. dosage) can also be used to predict 

increases in inhibition. Comparing the intercepts of these models, while both are negative 

(i.e. no inhibition), a subtle difference is that the negative intercept of the Model 3-G was 

four times larger than the Model 3-WA. This was determined in the dataset used to generate 

this model (e.g. Figure 7).  
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Figure 7 Inhibition of photosynthetic yield (% of control treatments) (mean ± SD, n = 3) for 

C. raciborskii symbolised with a black square   , and Monoraphidium spp. symbolised with a 

black circle  , after 120 h of exposure to DOM leached from one of five plant sources. DOM 

leached from leaves of one of four angiosperms plants (a) M. quinquenervoa, (b) E. tereticornis, 

(c) L. suaveolens, (d) C. cunninghamiana, and one gymnosperm plant, (e) A. cunninghamii.  
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2.5 Discussion 

DOM from each plant source had a unique chemical composition measured by its elemental 

and spectroscopic properties. Specifically, DOM leached from angiosperm versus 

gymnosperm leaves was chemically distinct, using combined values from eight spectroscopic 

and elemental variables, or measures of a440 and SR (i.e. proxies of gilvin content and MW, 

respectively). Interestingly, most of these same elemental and spectroscopic measures, along 

with algal exposure time were significant predictor variables of DOM phytotoxicity. 

Alternatively, we identified DOM phytotoxicity towards C. raciborskii may be estimated to 

occur simply based on catchment vegetation, as plant source and algal exposure time were 

significant predictor variables in our second model. The prokaryotic alga (i.e. C. raciborskii) 

used in our study was more sensitive (i.e. higher % inhibition) to DOM from angiosperm 

sources, than the eukaryotic alga (i.e. Monoraphidium spp.) species when exposed DOM 

leached from the same mass of leaf material. 

2.5.1 DOM chemistry to distinguish plant source phylogeny 

We found each plant source in our study had a unique DOM chemical composition as 

characterised by the suite of elemental and spectroscopic properties. Specifically, these 

differences were for a440 values between gymnosperm-DOM and woody angiosperm-DOM, 

and SR values between gymnosperm-DOM and non-woody angiosperm-DOM. PCA analysis 

revealed eight different chemical parameters could be used to distinguish plant DOM sources 

in multivariate space, with the predominant differences being between the gymnosperm and 

angiosperm leached DOM characteristics. These differences between angiosperm and 

gymnosperm DOM is understandable as substances leached from leaves are a product of the 

associated species effect on the plant material chemical composition (Maie et al. 2006). 

Additionally, these sources have long been known to have distinct leaf chemistry (i.e. 

composition) amongst the lignin and associated phenolic groups (Jex et al. 2014). 

Angiosperm leaves have a relatively high content of flavones and triterpenoids when 

compared with gymnosperm needles (Hernes and Hedges 2004), and angiosperms leaves 

only produce phenol groups containing the syringyl moiety which occurs in syringaldehyde, 

acetostringone and syringic acid (Jex et al. 2014). Considering the chemical distinction 

between these sources, it is no surprise that prior tracer studies have found spectroscopic 

indices, such as a440 and SR, useful for estimating DOM sources (Helms et al. 2008; Seki et 

al. 2014). In our study, the DOM chemical composition of angiosperm leaf leachates had 

more variation than that of gymnosperm needles which was relatively similar between both 
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plants investigated (i.e. Araucariaceae and Pinaceae). Prior research has found that the tissue 

chemistry of gymnosperm needles was nearly identical between different species (Hernes and 

Hedges 2004). 

2.5.2 DOM phytotoxicity 

DOM leached from eight of the nine plant treatments was toxic to C. raciborskii. This is 

consistent with the prior research that has revealed a wide taxonomic variety of terrestrial 

plants, ranging from non-woody to woody, leach DOM that may be phytotoxic to some algae 

(Ridge et al. 1999; Park et al. 2009b; Lu et al. 2013). Furthermore, aquatic cyanobacterial and 

algal assemblages were affected by a range of phylogenies of DOM plant sources (i.e. 

vegetation types), using DOM leachate derived from forest, pine plantation, macrophyte and 

herbaceous area (Verb et al. 2001). Our study indicated however, that there were some subtle 

differences in photosynthetic inhibition depending upon the plant source phenology, inferred 

from effectiveness of inhibition (%), and the speed of action (i.e. minimum time to measure 

inhibition). DOM derived from angiosperm leaves had more variation in effectiveness (40 to 

100%) and action time (24 to 120 h) on C. raciborskii. This contrasted with DOM derived 

from gymnosperm needles that demonstrated a high effectiveness (100 % inhibition) and a 

relatively rapid action (within 24 h), compared to other plant sources. Furthermore, our 

results suggest the composition of cyanobacteria - algal assemblages may be affected by the 

phylogeny of the DOM plant source, as monocultures of C. raciborskii and 

Monoraphidium spp. differed in sensitivity to DOM. (This topic will be discussed below, in 

Section 2.5.4). 

Our findings lend support to the proposal of Abrosca and co-authors (2006) to plant 

vegetation along waterways that leaches potentially phytotoxic DOM to streams. Some 

coarse estimates for DOM phytotoxicity can be made based on our results on the minimum 

leaf biomass (i.e. rounding up to ~4 g L-1) required to inhibit C. raciborskii photosynthetic 

yield by 100%, along with yearly leaf fall estimates from previous research. For example 

above-ground leaf fall biomass from non-woody vegetation (100 to 400 g m−2 y-1) (Parton et 

al. 2007) is typically much less than leaf fall from woody vegetation in mid-successional 

forests (approximately 1,720 g m-2 y-1) (Köhler et al. 2008). Therefore, when comparing 

vegetation along a stream, we estimate angiosperm trees may have the potential to drop 

sufficient litter to have an impact on aquatic cyanobacterial/algal composition, compared to 

grasses. Thus, grasses are unlikely to contribute sufficient DOM per unit area to inhibit algal 

photosynthesis. These are only estimates and further refinement is required. The method of 
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cutting leaves and oven-drying is likely to accelerate leaching: thus our results might be 

expected to over-estimate leaching in the natural environment. Longer term, field studies are 

required to add to this body of knowledge, and allow us to better understand differences in 

plant species in riparian buffers to potential control problematic algae. 

2.5.3 DOM chemistry to predict inhibition 

It appears that elemental and spectroscopic values may be useful for estimating DOM source 

and phytotoxicity, the importance of which varies depending upon the algal species exposed. 

Specifically, Model 2 indicated DOC concentration, C:N molar ratio, SR, a255, a350, a440, 

Slope295_Coef, and exposure time were significant predictor variables of photosynthetic 

inhibition for C. raciborskii. Based on these measures, we suggest phytotoxic leachates will 

consist of: relatively high DOC concentrations; be C-rich (i.e. large C:N ratio); have 

relatively high MW; be coloured; have a high lignin phenol content; and reduced gilvin 

content. C-rich, ligneous compounds are likely to increase allelopathic potential, in contrast 

to N-rich compounds such as peptides and proteins. Rather, peptides and proteins may 

provide a source of nutrients (e.g. Anderson et al. 2002), and have not been discussed in the 

literature in terms of  phytotoxicity to algae. Spectroscopic indices of a255 and a350 were 

indicative of coloured DOM, and lignin content (Fichot and Benner 2012). These variables 

point to the presence of phenols and quinones, or related compounds acting as natural 

biocides for cyanobacteria (Nakai et al. 2001; Bährs et al. 2013). Coloured DOM often is 

indicative of aromatic, phenolic compounds (Qiu et al. 2005), and lignin-based compounds 

are a source of oxidizable phenolic material (Pillinger et al. 1994; Nakai et al. 2001). This 

suite of elemental and spectroscopic indices provides sufficient discrimination between DOM 

sources for the purposes of estimating phytotoxicity. 

2.5.4 Algal species and DOM dosage to predict inhibition 

Our study found that cyanobacteria differed in sensitivity to angiosperm derived-DOM 

compared to green algae, based on exposure concentration. At low leaf mass additions (i.e. 

0.5 g L-1), angiosperm DOM was phytotoxic to the green alga, Monoraphidium spp. causing 

~30% inhibition. However, this value did not increase with further leaf mass additions. In 

contrast, high leaf mass additions (i.e. 2 g L-1), inhibited yield of the cyanobacterium 

C. raciborskii by 100%. In our study the minimum time required for DOM to have an effect 

on cyanobacterial photosynthetic yield was from 24 h to 5 d. Additional stress responses 

exhibited by the C. raciborskii culture included discolouration of cells and biofilm formation, 

all which were not observed with the green alga, Monoraphidium spp. It is well documented 
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that prokaryotic algae are more sensitive to DOM compared to eukaryotic algae 

(Prokhotskaya and Steinberg 2007; Park et al. 2009b; Bährs et al. 2013). This increased 

sensitivity to phytotoxins is attributed to the relatively simple ultrastructure of prokaryotic 

cells and their larger surface-area-to-volume ratio compared to eukaryotic cells 

(Prokhotskaya and Steinberg 2007; Steinberg et al. 2008b). The selectivity of cyanobacteria 

to DOM may be useful for cyanobacterial bloom mitigation (Bährs et al. 2013). 

In Experiment 1, gymnosperm DOM caused 100% inhibition of C. raciborskii yield 

However, a contradiction was observed in the inhibition response of C. raciborskii to DOM 

leached from gymnosperm DOM between the first and second experiments. Specifically, 

DOM leached from 4 g L-1 of A. cunninghamii leaves resulted in < 10% inhibition of 

C. raciborskii and Monoraphidium spp. This difference in phytotoxicity was not explained by 

chemical parameters, as DOM elemental and chemical parameters revealed a pattern of 

relatively consistent measures (i.e. similar values for each chemical parameter measured 

between the two plant treatments). Therefore, there were some discrepancies in the scale of 

effect of leachates between our experiments. Further work is required to explore the limits of 

DOM phytotoxicity. 

2.5.5 DOM collection and experimental limitations 

Undertaking leaf leaching in the laboratory has limitations when considering the applicability 

to natural systems. In our study we chose to control the aging process by cutting leaves, and 

oven drying them instead of using leaf material in a natural state (i.e. green fresh leaf 

material, or decomposed litterfall). We are cognizant that oven drying and especially cutting 

leaves may change the leaching rate compared with natural conditions, especially from 

healthy green leaves.  

The chemically dynamic nature of DOM means that time affects if and when 

phytotoxic responses are measured, thus the time lag between DOM leaching and algal 

exposure may alter its effectiveness. Diagenesis of DOM may increase phytotoxic chemical 

species by the release of hydroxyl radicals (Leunert et al. 2014), and at the same time 

increase the bioavailability as a DOM nutrient source (Stedmon et al. 2007). In our 

experiment we minimised the time between leaching and algal exposure (24 h) and assumed 

that the chemical composition of DOM would remain sufficiently constant so as not to 

compromise the experiment. We also ran relatively short bioassays, with optimal exposure 

times found from 24 to 120 h. However, additional research into the conditions under which 
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DOM transitions from a phytotoxicant to a nutrient source would improve the understanding 

of interactions between DOM, and cyanobacteria and algae. 

Quantification of DOM may be estimated based on mass of leaf material leached, or 

aqueous DOC concentration, because DOM itself cannot be measured (McDonald et al. 

2004). In our study, phytotoxicity was observed at leached leaf masses of 0.5 to 4 g L-1, with 

DOC concentrations of 8 to 80 mg L-1. Our DOC values are relatively high compared to 

previous studies where DOC concentrations as low as 1 mg L-1 have been shown to reduce 

cyanobacterial growth (Prokhotskaya and Steinberg 2007). However, our measured toxicity 

values were consistent with reported values for plant application rates used in cyanobacterial 

bloom mitigation efforts, which range up to 1 g L-1 (Everall and Lees 1996; Ridge et al. 

1999). 

2.5.6 DOM plant, chemistry and ecological outcomes 

Plant taxonomy affects DOM chemical composition in terrestrial systems, which produces 

predictable effects on microbial processes (e.g. Gartzia-Bengoetxea et al., 2016; Jex et al., 

2014; Wieder et al., 2008). Our study is the first, to our knowledge, to identify plant source, 

and DOM chemistry, and use it to predict an ecological outcome, in our case, phytotoxicity to 

algal monocultures. This application in aquatic systems mirrors findings in soil environments, 

where plant species affect the chemical composition of toxins in decomposing leaf litter, and 

subsequent allelopathic interactions between soil DOM and microorganisms (González et al. 

1995; Nilsson et al. 2000). However, aquatic environments do have some differences to 

terrestrial environments regarding processes controlling formation of DOM and prediction of 

associated DOM-algal interactions. For example, in terrestrial systems, soil DOM in a patch 

of soil is relatively localized to where the original leaf source decomposed, thus releasing a 

relatively high phytotoxin concentration in a localized area of topsoil. However, in aquatic 

environments, leaf material may fall directly into or be transported to a stream to be leached.  

The associated DOM is diluted and dispersed in the water column, prior to algal contact. 

Therefore, physical processes affecting DOM availability in aquatic settings needs to be 

defined, understood and quantified. 

2.6 Conclusions 

We linked plant source phylogeny to DOM chemical composition, characterized using 

spectroscopic and elemental methods. We also found that these same measures may be used 

to predict inhibition of photosynthetic yield for the cyanobacterium, C. raciborskii. 
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Angiosperm and gymnosperm DOM sources were distinguished using spectroscopic indices, 

a440 and SR, where gymnosperm DOM was considered more phytotoxic due to its relatively 

rapid speed of action (minimum 24 h) and capacity to cause 100% inhibition of C. raciborskii 

photosynthetic yield. Algal sensitivity to DOM differed between prokaryotic and eukaryotic 

algae, whereby DOM was more phytotoxic to monocultures of C. raciborskii, and less so to 

Monoraphidium spp. These findings give insights that riparian plant assemblages not only 

affect the amount of DOM delivered to a stream, it will also affect DOM chemical 

composition, and we suggest the release of phytotoxic DOM is likely to affect the 

composition of algal assemblages. 
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Chapter 3. Microbiological and photochemical processes limit phytotoxicity of 

dissolved organic matter towards cyanobacteria  

 

In Chapter 2, results indicated DOM leached from plants was phytotoxic to 

cyanobacteria, while green algae remained relatively unaffected. Dose-

response assays described in Chapter 2 show most plants leach DOM that was 

phytotoxic towards cyanobacteria. However, DOM is susceptible to 

transformation from microbiological and photochemical processes (Steinberg 

et al. 2006). Furthermore, toxic moieties may be short-lived.  

Spectroscopic (NMR and UV-Vis) and elemental analyses were all used to 

complement algal bioassays in order to explore how DOM phytotoxicity can 

be understood based on plant source, sunlight duration and exposure 

conditions, and consequently, chemical composition. Photochemical-induced 

transformation of DOM leached from two plant sources (Casuarina 

cunninghamiana and Eucalyptus tereticornis), was found to be the most 

important process in determining toxic effects on monocultures of the 

cyanobacterium Cylindrospermopsis raciborskii. However microbial 

processes also had some role in transformation of DOM. 

In this chapter, data from proton (1H) and carbon (13C) nuclear magnetic 

resonance (NMR) investigations of the chemical composition of leachates are 

presented. In addition, novel 1H-13C two-dimensional heteronuclear 

correlation (2D HETCOR) NMR techniques were used to further characterise 

DOM samples. Components such as α- and β-glucose, products of bacterial 

transformation of glucose, amino acids and gallic acid were identified in 

leachate treatments. However there were no compounds known to be 

phytotoxic or specifically toxic to cyanobacteria after exposure to sunlight. 

Therefore, it is suggested that production of reactive oxygen-containing 

species such as hydrogen peroxide) was responsible for phytotoxicity under 

these conditions. 

 



51 

 

3.1 Introduction 

Dissolved organic matter plays a number of contrasting roles in biogeochemical processes 

occurring in inland waters e.g. providing a source of energy and nutrients for cyanobacteria 

and acting as a toxin to inhibit their growth (Williamson et al. 1999; Ball et al. 2001; Berman 

and Bronk 2003; Frost et al. 2006; Steinberg et al. 2006; Neilen et al. 2017). The dominant 

DOM source in many inland aquatic ecosystems is catchment vegetation, rather than 

periphyton and detritus (Meyer and Wallace 1998; Duan et al. 2014). During rainfall events, 

catchment vegetation may leach DOM from attached leaves (throughfall) or leaf litter 

deposited on the forest floor (Stubbins et al. 2017). In the absence of rainfall, standing stocks 

of deposited leaf material may leach in-stream and provide a continual source of DOM (Duan 

et al. 2014).  

Evidence from others and results presented in this thesis suggest that cyanobacteria 

have lower tolerances to DOM exposure than eukaryotes such as green algae (Prokhotskaya 

and Steinberg 2007; Bährs and Steinberg 2012). This difference in susceptibility indicates 

DOM may be useful for the control of problematic cyanobacteria while having little effect on 

green algae. DOM chemical composition and consequent phytotoxicity to cyanobacteria may 

be related to a number of factors. The first is the plant species from which the leaf material 

originates (Park et al. 2006; Leunert et al. 2014; Neilen et al. 2017). However, details on the 

effects of a specific plant species on the chemical composition of DOM and its subsequent 

role as a nutrient source or phytotoxin are largely unclear (Cuss et al., 2014; Neilen et al., 

2017). A second factor is the mechanisms and extent of DOM degradation (Steinberg et al. 

2006). Short-term sunlight exposure is expected to increase reactive oxygen-containing 

species (ROS) e.g., singlet oxygen (1O2 or 1Δg), superoxide anion (O2
-), hydroxyl radical 

(OH) and hydrogen peroxide (H2O2), that are toxic to cyanobacteria, causing direct damage 

to cellular macromolecules (Scully et al. 1996, Prokhotskaya and Steinberg, 2007). 

Conversely, long-term sunlight exposure may result in a loss of many aromatic components 

of DOM, by, for example, the conversion of lignin derived phenolic components into lower 

molecular weight DOM (Franke et al. 2012). Compound groups thought responsible for 

phytotoxicity to cyanobacteria include phenols, with alkaloids also recently emerging as 

contributors (Blom et al. 2006; Hong et al. 2009; Laue et al. 2014). Overall, the relative 

influence of plant source, as well as photochemical and microbiological transformation 

processes and how this varies temporally, remains a challenge for advancing understanding 

of DOM phytotoxicity.  
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The freshwater cyanobacterium, Cylindrospermopsis raciborskii, a nitrogen- fixing 

filamentous species, has attracted considerable attention over recent years due to its tendency 

to proliferate in lakes and reservoirs over an expanding geographical range (Sinha et al. 2012; 

Antunes et al. 2015; Burford et al. 2016). In some countries it is toxic, resulting in increased 

water treatment costs where water supplies are used for potable purposes (Burford et al. 

2016). Chemical control of this species, such as the dosing of a potable water supply with 

copper sulphate, has caused considerable human health concerns (Antunes et al. 2015). 

Therefore, novel mitigation options that provide a less intrusive control mechanism are 

highly sought after. One option may be to utilise the bacteriotoxic properties of DOM (Ridge 

et al. 1999; Murray et al. 2010).  

One approach to characterization DOM is to use spectroscopy to provide simple, cost 

effective methods to estimate bulk DOM chemical composition, and infer sources or 

ecological outcomes such as phytotoxicity to cyanobacteria (Helms et al. 2008; Cuss et al. 

2014; Helms et al. 2015; Neilen et al. 2017). Studies have shown UV-Vis absorbance 

spectroscopy may be useful in this regard (Ma et al., 2010; Neilen et al., 2017). Furthermore, 

this technique may be a useful means of tracking the aging of DOM. In clearwater lakes, 

DOM is found to lose colour resulting in decreased UV-Vis absorbance, when exposed to 

environmental UV radiation, due to chromophores in DOM being transformed into optically 

more transparent moieties (Koehler et al., 2012). In fact, mineralization of DOM, i.e. 

conversion to dissolved inorganic carbon (DIC), has been quantified kinetically in a brown 

water (i.e. dystrophic or humic) lake exposed to UV radiation (Koehler et al. 2012). Another 

promising technique to characterise temporal changes in DOM composition profiles is NMR 

spectroscopy (Kaiser et al. 2003; Mao et al. 2011; Mao et al. 2017). 1H and 13C NMR 

techniques offer the ability to distinguish between and identify different functional and 

compound groups present in DOM, and relate this information to aging and phytotoxicity. 

This is useful because the relationship between chemical characterization of DOM and 

phytotoxicity to enable prediction of the latter is relatively unexplored. (For examples of 

current characterization approaches see e.g. Her et al. 2003; McDonald et al. 2004; Li et al. 

2017).  

In this current work, we investigate the effect of plant source, microbial and 

photochemical exposure history on DOM transformation and phytotoxicity towards C. 

raciborskii with time, as measured by photosynthetic inhibition. We hypothesised that initial 

short-term, e.g. 24 h, solar exposure would result in higher phytotoxicity, relative to a dark 
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control due to an increase in concentrations of ROS (Scully et al. 1996). However, with 

longer term exposure we postulated that the photochemical transformation of many aromatic 

DOM components, specifically the conversion of phenolic moieties into lower molecular 

weight DOM components may result in reduced phytotoxicity (Franke et al. 2012).  

UV-Visible spectroscopy, together with elemental analysis were used to broadly identify 

the principal chemical components of DOM samples from two different plant sources, and 

examine temporal changes in these on exposure to sunlight and microorganisms. In addition, 

a preliminary NMR investigation identified some of the DOM constituents present and how 

these changed with time and exposure with a view to discerning those active constituents 

responsible for a toxic effect on C. raciborskii. An example of how DOC toxicity may be 

predicted based on DOM characteristic is then presented by exploring a series of mixed effect 

models.  

In this chapter, the chemical environment of protons and carbons and their relative 

proportions present will be determined with 1H and 13C NMR facilitating more detailed 

structural assignment. To provide even more detailed assignment by determining the 

structural connectivity and proximity of specific functional groups, two-dimensional NMR 

techniques such as heteronuclear single quantum coherence NMR (HSQC-NMR) and 

correlation spectroscopy NMR (COSY-NMR) were employed. Samples used originated from 

the work described in the previous chapter.  

3.2 Materials and methods 

DOM leached from leaves of Casuarina and Eucalyptus sp. trees were incubated, 

characterized and then tested against cyanobacterium monocultures. Cyanobacterial 

bioassays allowed the effects of DOM plant source and photochemical exposure history on 

phytotoxicity to be evaluated, through measures of reduced algal yield (i.e. photosynthetic 

capacity). The effects of photochemical and microbiological changes in DOM on its 

phytotoxicity towards C. raciborskii were quantified using a 2 x 2 x 2 factorial experiment 

design in replicates of three for each DOM plant source (Appendix A2 Table S1). The factors 

were 1) incubation duration (24 and 120 h), 2) transformation process (light (microbiological 

+ photochemical) and dark (microbiological), with and without sunlight) and 3) plant species. 

3.2.1 DOM collection, preparation and aging  

Plant leaves were leached to obtain DOM from a defined source, rather than using DOM 

from mixed origins or at mixed stages of degradation, as found in a natural water sample. 
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This single source approach followed Cuss and Guéguen 2013, who proposed that greater 

repeatability may be achieved in comparison to collecting DOM from natural waters that 

consists of mixed origins and stages of degradation. This was to add clarity for the 

interpretation of toxicity outcomes. Leaf material was collected from two Australian native 

species, Casuarina cunninghamiana (River she-oak) and Eucalyptus tereticornis 

(Queensland blue gum). These plants are commonly found along rivers and creeks in 

southeast Queensland, Australia (Olley et al. 2014). Compounds from these leaves have been 

found (Chapter 2) to have allelopathic effects on cyanobacteria (Neilen et al. 2017), and 

terrestrial plants such as crops and weeds (Scognamiglio et al. 2013).  

Collection and preparation of DOM was completed using a leaching protocol 

described in Chapter 2 (Neilen et al. 2017). Material leached directly from the leaf source 

was used, as DOM from natural waters has mixed origins and stages of degradation (Cuss 

and Guéguen 2013). In brief, green non-senescent leaves were taken from three different 

individual plants of each species. This leaf material was rinsed (2 – 5 sec) under running 

distilled water and patted dry. Large leaves were cut into 5 – 7 cm pieces, and oven dried at 

50°C for 48 h (Martin and Ridge 1999). Leaf material was soaked in deionized water 

(autoclaved, 18.1 MΩ cm, Arium® 611 UV system, Sartorius) at a ratio 1: 20 w/v for 24 h, in 

darkness and under controlled temperature (298 K) conditions. Leached material was 

separated from the solid material by successive filtration; first through a 0.20 µm bottle top 

membrane filter (Filtropur BT 50, Sarsted Inc, USA) under light vacuum, and then through a 

0.22 µm membrane filter syringe under sterile conditions (Minisart, Sartorius). Leachates 

were diluted with autoclaved deionized water (1:40 w/v) then subsequently distributed into 

two 500 cm3 tissue culture flasks for aging, with one flask acting as the light treatment and 

the other as a dark control.  

Temporal aspects of transformation processes were simplified by controlling duration 

of exposure to sunlight of the bacteria and cyanobacteria cultures employed. This allowed 

degradation processes to be monitored and characterising under controlled conditions. In 

contrast to source-sink tracer studies often employed, the method used enables DOM-algal 

interactions to be investigated with DOM derived directly from leaf leaching (i.e. cold water 

extraction). Incubations were conducted outdoors, where flasks containing DOM were placed 

in a water bath for 24 or 120 h, exposed to a natural cycle of sunlight-darkness (light 

treatment), or wrapped in foil and exposed to only dark conditions (control). Water 

temperature and light intensity were monitored continuously over the duration of the 
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incubation using a Smart-Button data logger (Smart-Button; ACR System, Surrey, Canada) 

and a PAR 4-pi sensor (Licor, Lincoln, NE, USA), respectively. Two different leaching 

batches were used to ensure incubations finished at the same time. For each plant species, 

120 h treatment flasks were first incubated in the incubation bath, and on the second last day, 

the 24 h treatment flasks were incubated. This allowed bioassays to commence on fresh 

leachates, thus avoiding any modification to the DOM profile from freezing and defrosting 

stored samples.  

Due to logistical constraints, Casuarina cunninghamiana and Eucalyptus tereticornis 

(hereafter referred to as Casuarina and Eucalyptus) DOM leachates were incubated 

consecutively over two weeks and thus were not exposed to identical temperature and 

sunlight conditions. Mean temperature and daily photon flux for the 24 h incubation were 

similar for both plant sources (Casuarina 16°C and 15 mmol m-2 d-1; Eucalyptus 18°C and 20 

mmol m-2 d-1). However there were some differences for the 120 h incubations (Casuarina 

mean daily 21°C and 37 mmol m-2 d-1; Eucalyptus 24°C and 60 mmol m-2 d-1).  

Following incubation, bacterial growth in light and dark treatments were estimated 

using oxygen fluxes measured over 3 h from 30 mL of sample solution. Remaining leachates 

were filtered to ensure sterility (0.20 µm bottle top filter under light vacuum), and added to 

flasks containing cyanobacterial cultures within 2 h to avoid any effects of storage on DOM 

chemical properties (Franke et al. 2012; Cuss and Guéguen 2013). A subsample from each 

flask was collected for DOM characterization. Details of quality control practices performed 

for this Chapter are given in Appendix 3. 

3.2.2 Cyanobacterial cultures 

Cyanobacterium cultures were maintained as described by Neilen et al. (2017) (detailed in 

Chapter 2, Section 2.3.2 – Cyanobacterium Cultures). Non-axenic cultures of the nitrogen 

fixing species Cylindrospermopsis raciborskii (C. raciborskii, strain CS-505, isolated from 

Solomon Dam, Queensland, Australia (18°43ʹ27ʺS, 146°35ʹ38ʺE)) were obtained from the 

CSIRO Algal Culture Collection in Hobart, Tasmania, Australia. Cultures were grown under 

cool, white light (LED; 15 µmol photons m-2 s-1 photon flux) on a 12 h light/12 h dark cycle 

at 28℃ for 10 d in JM. 

3.2.3 Experimental design 

Cultures of C. raciborskii in log-phase growth were exposed to DOM samples in sterile tissue 

culture flasks (75 cm3, vented cap, Falcon) for 5 d. The growth media had no nitrogen 
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addition in order to determine growth enhancement from the leachate. To equilibrate 

subcultured cells, cultures were maintained for 3 d prior to addition of plant leachates in 

tissue culture flasks (25 cm3, Falcon). The relative importance of microbiological and 

photochemical transformation processes in altering DOM phytotoxicity to C. raciborskii was 

determined using the dose-response protocol described in Chapter 2 (Neilen et al. (2017).  

Each treatment consisted of a series of DOM leaf leachate dilutions (Casuarina - 

16%, 8%, 4%, 2%, 1%, and Eucalyptus - 4%, 3%, 2%, 1.5%, 1%, 0.5%), added to 

C. raciborskii cultures in diluted media, JM/5-N. Cultures of C. raciborskii were poured into 

sterile, 5 mL cell culture wells (Greiner TC plate), and exposed to DOM fractions, for 5 d. 

Concentrations of DOM (w/v) were later converted to DOC concentrations (w/v) by 

measuring the concentration of DOC in an undiluted sample (prior to addition to 

cyanobacteria), and calculating the diluted DOC (mg L-1) concentration from the dilution 

factor. Although the DOM is typically coloured DOM, at the concentration exposed to 

cyanobacteria, it is in fact colourless to the naked eye. 

Control treatments had no leachates added (i.e. 0%), and consisted of 1) a negative 

control without nitrogen, and 2) a positive control with nitrogen added in a 1:5 dilution of JM 

media. In addition, there were leachate blanks without cultures for each treatment. Upon 

addition of leachate to media, we observed no change in pH. The diluted media (JM/5) had a 

pH of approximately 4.5, and with leachate addition the final pH was 4.5 to 5. The extraction 

protocol employed aimed to mimic a natural leaching event, where DOM has minimal 

modification (Stubbins et al. 2017). Given rainfall is slightly acidic, modifications to buffer 

leachates up to 7 were not made. 

The initial concentration of C. raciborskii in each plastic well was approximately 

20 000 cells mL-1. Cultures were maintained in the same temperature and light conditions as 

described in Section 2.2. Samples were collected after 24, 72 and 120 h for measurement of 

photosynthetic yield (see below), and preserved with Lugol’s iodine solution.  

3.2.4 Calculation of DOM toxicity 

Effective concentration (EC) is the DOC concentration required to cause 10, 50 and 90% 

inhibition of photosynthetic yield (EC10, EC50, and EC90) for cyanobacteria exposed to DOM 

for 5 days, compared to a healthy control (Bährs et al. 2013). Inhibition of yield was 

calculated as the percentage reduction in photosynthetic yield after exposure to leached 
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DOM, compared to control treatments (Neilen et al. 2017) (See Chapter 2, Section 2.03.07 - 

Inhibition as a measure of DOM phytotoxicity). 

3.2.5 DOM characterisation by elemental composition 

Total dissolved nitrogen and DOC levels in leachates were determined using a high 

temperature catalytic oxidation method (platinized alumina catalyst) on a Shimadzu TOC-TN 

Analyser (Chen et al. 2005).  

3.2.6 DOM characterisation by UV-Visible spectroscopy 

Spectroscopic characteristics were determined using UV-Vis absorbance spectrophotometer 

(Shimadzu UV-2450, Kyoto, Japan). Absorption coefficients at wavelength λ (aλ m
-1) were 

calculated from measured absorbances by: 

𝑎𝜆 = 2.303𝐴(𝜆)/𝐿 

where A(λ) is absorbance and L is the cuvette path length (0.01 m). Proxy measures 

to describe DOM included: 1) aromaticity determined as SUVA254 (L mg-1 m-1) from the ratio 

of UV absorbance at 254 nm and DOC concentration (mg L-1) (Helms et al. 2008); 2) 

coloured DOM ( from absorbance at 255 nm i.e. a255); 3) lignin derived phenol concentration 

(a350) (Benner and Kaiser 2011); and 4) gilvin (DOM responsible for imparting a yellow 

colour to natural waters) content (a440) (McDonald et al. 2004). Absorbance coefficients over 

various wavelength ranges were used to generate gradients (i.e. slope). The slopes of 

absorbance coefficients between 275 and 295 nm were used as a proxy for the extent of DOM 

degradation (Slope295_Coef), the slopes of absorbance coefficients between 290 to 350 nm were 

used to determine DOM source and degradation (Slope350_Coef), and the slopes of absorbance 

coefficients between 350 to 400 nm were used to determine Relative Molecular Weight 

(MW) (Slope400_Coef). In addition, we calculated a slope ratio (SR) as an inverse estimate of 

molecular weight (MW) using slopes of absorbances obtained from two regions (275– 295 

nm and 350–400 nm (i.e. Slope295_Coef and Slope350_Coef, respectively)), calculated as 

Slope295_Coef / Slope350_Coef. 

3.2.7 DOM characterisation by nuclear magnetic resonance spectroscopy 

Samples of DOM leached from Casuarina and Eucalyptus leaves as described above (Section 

3.02.01 and Chapter 2) were analysed using NMR to determine the principal chemical 

structures and features of leaf-leached DOM components. Freeze-dried DOM samples were 

dissolved in deuterated dimethyl sulfoxide (DMSO) and placed into sealed 3 mm diameter 

NMR tubes.  
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NMR spectra were obtained at 25°C with an 800 MHz Bruker® Avance III HDX 

spectrometer equipped with a 5 mm triple-resonance cryoprobe (TCI). Details on the pulse 

program, scan number, relaxation delay, pulse width, spectral width, and spectra resolution 

are found in Hayton et al. (2017). The 1H and 13C chemical shifts were referenced to the 

residual proton and carbon resonances in d6-DMSO (Cambridge isotope Laboratory, Inc.) at 

δH = 2.50 and δC = 39.52 ppm. Relative concentrations of compounds were determined by 

comparing resonance peak areas of various compounds to that of DMSO. 

Previous freshwater DOM characterisation studies have applied NMR spectroscopy to 

identify functional group, compound class, and elemental formula (Kaiser et al. 2003; Lam et 

al. 2007; Mao et al. 2011). What distinguishes this study from this previous work that has 

mainly used 13C NMR spectroscopy is that we used proton detected 1-D and 2-D NMR 

experiments. This dual approach is a technique commonly used in the field of natural product 

chemistry (such as in Carroll et al. 2012, Buedenbender et al. 2016, Senadeera et al. 2017). 

This methodology provides a very significant increase in sensitivity and a level of detail on 

structural information for all components within the mixture not available through 13C NMR 

spectroscopy alone. As a result this allowed us to identify specific compounds present in 

DOM. 1H NMR spectroscopy was initially used to analyse the DOM samples giving us 

information on the general structure classes of molecules present in the complex DOM. For 

those samples where there was sufficient material we further acquired data using a series of 

proton detected 2-D NMR experiments (1H-1H correlation spectroscopy (1H-1H COSY) and 

heteronuclear multiple-bond correlation spectroscopy (HMBC) and from this we were able to 

identify the molecular structures of dominant components present in the DOM. For samples 

where there was insufficient material to acquire HSQC and HMBC spectra we acquired 

COSY data alone and through comparison of this data to that of the other samples, this 

allowed us to identify the same dominant components in these samples.  

3.2.8 Data analysis 

Data from chemical DOM characterisation methods were used to investigate which 

constituents were responsible for the phytotoxicity, and examine how exposure of DOM to 

sunlight and microorganisms altered the relative amounts of these components. PCA was 

used to reduce the dimensions between DOM absorbance and elemental measures, and 

differences in sunlight exposure treatments of the four leaching events (two plant sources at 

two time stages). This analysis was repeated for the particular DOM chemical constituents 

identified from the NMR analysis.  
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The potential for linear mixed models to be applied for the investigation into the 

effect of DOM plant source, incubation duration, and exposure conditions (sunlight or 

darkness) on phytotoxicity responses in C. raciborskii cultures was explored. In addition, we 

assessed the ability of models using DOM chemical composition to predict toxicity, applying 

both raw measures of absorbance and elemental parameters, and coefficients resulting from 

PCA that reduced the number of key absorbance and elemental composition variables to two. 

All statistical analyses were performed using ‘R’ statistical software (R Development Core 

Team, 2017) with statistical significance determined at α = 0.05 level. 

3.3 Results 

3.3.1 Leaf leachate quality and quantity  

Leachate DOM pH was similar between sources (Casuarina 5.2 ± 0.1 and Eucalyptus 4.6 ± 

0.1), with little fluctuation (< ± 0.1 SD) across treatments, indicating a minimal effect of 

sunlight and time post-leaching on pH. Changes in dissolved oxygen levels, over 3 h, taken as 

a measure of bacterial growth, were similar across treatments (Appendix A2 Table 2). 

However, leachate filtration times were three times higher (i.e. 30 min versus 90 min) in the 

120 h incubation, than those from 24 h incubation for both plants, likely reflecting bacterial 

or fungal growth during the aging process. 

3.3.2 Plant source and sunlight exposure  

The lowest DOM addition to cause inhibition of photosynthetic yield ≥ 50% ranged between 

effective DOC concentrations ranging between 13.8 ± 1.1 and 32.0 ± 19.3 mg L-1, for both 

plant sources (Figures 8 and 9). These concentrations were derived from dilutions of 

leachates for 120 h sunlight exposed Eucalyptus and 24 h dark Casuarina treatment, 

respectively. Details of the effective DOC concentrations to cause 10, 50 or 95% inhibition of 

yield are summarized in Appendix A2 (Table S4). 

For each plant source, leachates with short-term (i.e. 24 h) sunlight exposure caused a 

reduced phytotoxic response by C. raciborskii cells compared with dark controls, whereas 

longer-term exposure (i.e. 120 h) caused increased phytotoxicity, compared to the relevant 

dark controls (Figures 8 and 9).  

There were major differences in initial leached DOC and TDN concentrations (time 0 

h) within each plant source which made direct comparisons between the two experiments, i.e. 

sunlight 24 h versus sunlight 120 h, and dark 24 h versus dark 120 h treatments challenging  

(Appendix A2 Table S2). Therefore, leachate additions were converted into DOC 
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concentrations, based on measurements zero time of the sunlight-dark incubations (Figures 8 

and 9). ). In addition, the modelled outputs from generated dose-response curves are shown. 

The results indicated leachate additions (DOM % added to media) from 1.5 to 5% might 

contribute to yield inhibition of EC50 for C. raciborskii, irrespective of DOC concentration 

(Appendix A2 Table S6).  
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Figure 8 Yield inhibition for C. raciborskii (% of control, mean±SD) after (a, b) 1, (c, d) 3 and (e, 

f) 5 days of exposure to Casuarina cunninghamiana aged for (a, c, e) 24 h, and aged for 120 h 

(b, d, f), to DOM leachates over a range of concentrations converted into effective DOC 

concentrations (mg L-1). DOC concentrations were calculated based on measures of 

concentrated DOM prior to dilution and exposure to cyanobacteria. ^ Symbol colour indicates 

light-dark treatments, where black colour symbols denote dark treatments, and grey symbols 

denote light exposed treatments.  
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Figure 9 Yield inhibition for C. raciborskii (% of control, mean±SD) after (a, b) 1, (c, d) 3 and (e, 

f) 5 days of exposure to Eucalyptus tereticornis aged for (a, c, e) 24 h, and aged for 120 h (b, d, 

f), to DOM leachates over a range of concentrations converted into effective DOC 

concentrations (mg L-1). DOC concentrations were calculated based on measures of 

concentrated DOM prior to dilution and exposure to cyanobacteria. ^ Symbol colour indicates 

light-dark treatments, where black colour symbols denote dark treatments, and grey symbols 

denote light exposed treatments. 
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3.3.3 DOM chemical characteristics 

3.3.3.1 Elemental analysis of carbon and nitrogen content  

The C and N content of DOM of plant species varied between leaching events (using leaf 

material from the same trees leached first for 24 h treatment, and then separately for the 120 h 

treatment; Appendix A2 (Table S2). This indicated that the concentration of individual 

constituents in leachate might differ between batches of leaf material. Further, changes in C 

and N content were not proportional, since variability in DOC was not related to that in TDN.  

Reduction in concentrations of DOC and TDN from leachate over time was decreased 

by sunlight exposure, compared to dark treatments. This unexpected result may be due to 

more complete mineralization under dark conditions. The total reduction in DOC 

(∆DOC mg L−1) was generally up to two orders of magnitude greater in the dark treatments 

for all DOM plant sources and incubation time treatment combinations (Appendix A2 Table 

S3). Loss of TDN in all Casuarina treatments typically ranged from 1 to 8%, which was 

estimated to equate to a loss rate of 0.01 to 0.02 mg N L-1 h-1. Results were more variable for 

Eucalyptus treatments, with TDN losses of 2 to 60%. This translated into sunlight exposed 

treatments losing nitrogen at rates of 0.02 and 0.09 mg N L-1 h-1 for 24 h and 120 h 

incubation treatments, respectively. Dark treatments lost N at a rate approximately one order 

of magnitude faster (0.13 and 0.17 mg N L-1 h-1, respectively). 

3.3.3.2 DOM Characteristics from UV-Visible Spectroscopy 

Using UV-Vis spectroscopy, Casuarina leachates had: 1) higher values of indicators for 

lignin derived phenol content (a350); 2) higher molecular weight (Slope400_Coef); and 3) 

reduced breakdown of molecules (Slope295_Coef.), in comparison to the Eucalyptus leachates 

(Appendix; A2 Table S5). For a given plant source, a number of proxy measures including 

colour (a255), lignin derived phenol concentration (a350), and gilvin content (a440) typically 

varied between sunlight exposed and dark control treatments. However, in a number of 

instances there was little difference in proxies between the treatments.  

3.3.3.3 PCA Analysis  

Principal Component Analysis was used to show that the variation of DOM chemical 

composition due to incubation time (24 versus 120 h) was greater than that between light and 

dark control treatments, for each plant source (Figure 10). The first two axes of the PCA 

accounted for 80% of the total variation in the DOM spectroscopic and elemental data 
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(Figure 10a). Component 1 axis was negatively related to source and processing 

(Slope350_Coef), MW (Slope400_Coef), and positively related to lignin- derived phenol content 

(a350) gilvin (a440) and DOC concentration. The component 2 axis was positively correlated 

with TDN, and negatively correlated with C:N molar ratio and the ratio of Slope295_Coef / 

Slope400_Coef that is taken as an inverse estimate of MW. 

 

Figure 10 (a) Principal component analysis (PCA) loadings to describe the relationships 

between DOM absorbance and concentration variables and (b) scores used to describe DOM 

composition clustered into eight groups. Symbol colour indicates light-dark treatments, where 

black colour symbols denote night treatments, and grey symbols denote light exposed 

treatments. Square symbols represent 24 h aged Casuarina DOM, circles 120 h aged Casuarina 

DOM, triangles 24 h aged Eucalyptus DOM and upside down triangles 120 h aged Eucalyptus 

DOM. 

3.3.3.4 DOM Characteristics from NMR Spectroscopy 

Two-dimensional NMR techniques such as COSY, HSQC and HMBC complement the use of 

UV-Vis spectroscopy by providing more specific structural information on DOM 

composition. Compounds were identified based on their 1H and 13C spectroscopic data in 

comparison with published literature (Table 6). Major components in Casuarina DOM were 

the anomeric stereoisomers α- and β-glucose (whose concentrations decreased with aging in 

both sunlight exposed and dark control leachates). The amino acids tyrosine and 

phenylalanine showed similar temporal behaviour. The presence of other components, such 

(a) 
(b) 
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as the cyclic polyol myo-inositol (cis-1,2,3,5-trans-4,6-cyclohexanehexol) and 1,2-butanediol 

increased with exposure to sunlight (Table 1), comparing resonance peak areas of compounds 

to that of DMSO in these treatments. Both cyclic polyol myo-inositol and 1,2-butanediol are 

metabolites of glucose and their increase with time is qualitatively consistent with the 

measured loss of glucose over the same time period (for an example of this process see Chen 

et al. 2015). 

Eucalyptus leachates showed similar compositional changes over time for glucose, 

myo-inositol and 1,2-butanediol (Table 7). In addition, resonances characteristic of the 

tannins, gallic acid (3,4,5-trihydroxybenzoic acid) and 4-hydroxybenzoic acid were found. 

 

Table 6 1H and 13C NMR chemical shift assignment of DOM leached in water from Casuarina 

cunninghamiana and Eucalyptus tereticornis leaves. 

  Casuarina Eucalyptus 

Compound  δ1H (ppm) δ13C 
(ppm) 

 δ1H (ppm) δ13C (ppm) 

       

Proline  1.69/1/75 23.8    

 

 1.90/2.02 28.9    

 3.00/3.14 45.2    

 3.68 55.6    

myo-Inositol 

 

 2.92 (t, J = 8.9 Hz) 75.0  2.92 (t, J = 8.9 Hz) 75.0 

 3.36 (dd, J = 8.9, 9.4 
Hz) 

71.7  3.36 (dd, J = 8.9, 9.4 Hz) 71.7 

 3.13 (dd, J = 2.7, 9.4 
Hz) 

72.6  3.13 (dd, J = 2.7, 9.4 Hz) 72.6 

 3.73 (t, J = 2.7 Hz) 72.4  3.73 (t, J = 2.7 Hz) 72.4 

2,3-Butanediol  1.01 (d, J = 5.9 Hz) 19.1  1.01 (d, J = 5.9 Hz) 19.1 

 

 3.35 (q J = 5.9Hz) 71.0  3.35 (q J = 5.9Hz) 71.0 

      

β-Glucose (anomeric 
position) 

 4.27 (d, J =7.2 Hz) 964  4.26 (d, J = 7.2 Hz) 96.4 

α- Glucose (anomeric 
position) 

 4.91 (d, J = 3.4 Hz) 91.6  4.91 (d, J = 3.4 Hz) 91.63 

Gallic Acid 

 

 6.92 (s) 109.2   6.92 (s) 109.2 

      

  138.3   138.3 

  146.2   146.2 

  168.2   168.3 

4-hydroxybenzoic acid 

 

    6.88 (d, J = 8 Hz) 115.4 

    8.04 (d, J = 8 Hz) 130.4 

     160.3 
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Table 7 Changes in DOM composition with duration of exposure (0, 24 and 120 h) to a sunlight-

dark cycle, or only dark conditions identified from elemental analysis of DOC and TDN, and 

subsequent NMR spectra. Specific functional groups were identified band by band from 

downfield to upfield signals (left to right). 

 Casuarina 
cunninghamiana 
leaves 

24 h 120 h  

 Initial Sunlight Dar
k 

Initial Sunlight Dark Possible process 

 Removal of TDN (%)  
 

0.7 18 
 

5 8  

 Removal of DOC (%) 
 

0.1 16 
 

0 6  

 Upfield region        

 Proline 
 

Present + + Present + +  

 myo-inositol 
 
2,3-Butanediol 

Present + + Present + + Products of bacterial 
metabolism product 
from glucose 
precursor. 

 Centre        
 α- and β-glucose Present - - Present - - Sugars were lost 

over time, especially 
over 120 h. 

 Downfield region        
 Aromatic Amino acids 

– tyrosine and 
phenylalanine 

Present - - Missing 
 

+ 
 

(NC) no change observed, (-) Loss and (+) Enhancement 

  

 Eucalyptus 
tereticornis leaves 

24 h 120 h  

 Initial Sunlight Dark Initial Sunlight Dark Possible process 

 Removal of TDN 
(%)  

 
2 19 

 
47 61  

 Removal of DOC 
(%) 

 
0 6   34 40  

 Upfield region        

 Myo-inositol Present NC NC Present + + Bacterial 
metabolism 
product from 
glucose precursor. 

 2,3-Butanediol Present NC NC Present + + 

 Central region       

 α- and β-glucose Present NC - Present - - 

 Downfield region 
Tannin related 
signals  

       

 Gallic acid Present NC NC Present - -  

 4-hydroxybenzoic 
acid 

Present NC Minimal 
- 

Present NC NC  
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3.3.4 Mixed effect models relating phytotoxicity and DOM characteristics 

A series of models were developed to predict inhibition of photosynthetic yield for 

C. raciborskii (EC50 after 120 h exposure). The first assessed the effect of sunlight versus 

dark treatment, and plant source, and captured this variation in a regression model (Table 8, 

Model 1). Exposure to a sunlight-dark cycle had no predictable effect on yield response to 

leachate in the mixed effect model (χ2 = 0.89, P > 0.05), determined using a comparison 

between the light and null mixed effect models.  

A mixed effect model (Table 8, Model 2) was constructed to determine how useful UV-

Vis absorbance and elemental measures were to predict yield responses (R2 = 0.98, 

P < 0.001). Values of a350 and a440 were significant predictors of yield responses, meaning 

increasing gilvin and lignin derived phenol content of DOM was associated with decreasing 

C. raciborskii photosynthetic yield.  

An alternate way to predict DOM phytotoxicity from absorbance and elemental measures 

is to reduce these variables down to two dimensions using PCA (Figure 10). Therefore, the 

first two components from the PCA analysis were input into a model (Table 8, Model 3). 

Only component 1 was significant (R2 = 0.72, P <0.001) with higher component 1 values 

indicating reduced phytotoxicity of DOM is associated with increased molecular mass, lower 

C:N ratio and lower gilvin, and lignin derived phenol content of DOM. This is consistent 

with interpretations from Model 2 regarding gilvin and lignin derived phenol content, but 

Model 3 has additional information about the effect of elemental composition (i.e. molar C:N 

ratios), and was an improved model for predicted phytotoxicity of DOM (χ2 = 5.21, 

P > 0.05). 
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Table 8 Estimated regression coefficients (mean ± standard error) from beta regression models 

for phytotoxicity (EC50) to C. raciborskii after 5 d of exposure to leachates. Predictor variables 

are related to DOM plant source, sunlight exposure and DOM chemical composition. 

Predictor variables Categories  Estimate (±𝑺𝑬)    

Model 1 (R2 = 0.99, P <0.001) 
Toxicity predicted by plant source and light exposure 

 

Intercept  1.83 (±0.04) ***  

Source Casuarina cunninghamiana  0    

 Eucalyptus tereticornis -2.23 (±0.04) ***  

Light exposure  Dark 0    

 Sunlight-dark cycle -1.19 (±0.06) ***  

  

Model 2 (R2 = 0.98, P <0.001) 

Toxicity predicted by chemical composition 

 

Intercept  -56.7 (±4.3) ***  

a350 (m-1) (Proxy for lignin phenol) 
 

-0.36 (±0.03) ***  

a440 (m-1) (Proxy for gilvin) 
 

-3.23 (±0.25) ***  

C:N ratio  0.16 (±0.01) ***  

Slope350_Coef (Proxy for lignin–phenol content)  130.22  (±9.04) ***  

TDN (mg L-1)  0.76 (±0.57) ***  

      

Model 3 (R2 = 0.72, P <0.001)     

Toxicity predicted by chemical composition      

Intercept  3.12 (±0.10) ***  

Component 1 from PCA analysis  0.35 (±0.04) ***  

Component 2 from PCA analysis  -0.11 ±0.06) 
 

 

Statistical significance is indicated using asterisks: ***P < 0.001, **P < 0.01, *P < 0.05. 
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3.4 Discussion  

The two terrestrial plant species in this study, Casuarina sp. and Eucalyptus sp., leached 

phytotoxic DOM that inhibited the photosynthesis of the cyanobacterial species, 

C. raciborskii. Phytotoxicity was increased by photochemical degradation processes with 

plant species and microbial breakdown processes playing a lesser role. This contrasts with 

previous theories that terrestrial DOM is recalcitrant and its presence has little effect bacteria 

and algae, and hence ecosystem metabolism (founding ideas of Geller, 1985a, 1985b; Wetzel, 

1983). In addition, findings that DOM toxicity was increased after longer-term sunlight 

exposure (i.e. 120 h) compared to the relevant dark controls, contrasts our initial hypothesis 

that DOM toxicity would be reduced after exposure to sunlight, due to the DOM leachate 

composition being broken down by microbial processes into a refractory pool.  

The dominant chemical profiles of Casuarina and Eucalyptus leached DOM were 

distinguished using 2D-NMR techniques. The major component of Casuarina and 

Eucalyptus DOM was α- and 𝛽-glucose, and both these sources also contained gallic acid. On 

the other hand, differences between these sources included proline as the second most 

abundant compound in the Casuarina DOM, while for Eucalyptus DOM 4-hydroxybenzoic 

acid was present. Changes to the dominant chemical profiles of the leachates after various 

environmental exposures were also identified. Glucose was rapidly assimilated by 

microorganisms, as demonstrated by the production of two compounds from bacterial 

metabolism (viz. myo-inositol and 2,3-Butanediol).  

The characterisation of DOM and its subsequent toxicity were explored in unison. 

The NMR results indicated most (~90%) of the DOM was composed of glucose followed by 

its bacterial breakdown products. These results were relatively more consistent with DOC 

concentration measures than UV-Vis measures. However, this correspondence did not extend 

to the sample toxicity. Instead, toxicity was more related to UV-Vis properties. These 

phenolic compounds were found in trace levels in the DOM samples. Future research should 

investigate DOM fractionation before NMR analysis to characterise the nature of phytotoxic 

DOM. 

3.4.1 Photochemical induced changes in composition and toxicity of DOM  

The photochemical degradation process was the most important single factor affecting the 

phytotoxic effect of DOM on C. raciborskii, this being greatest after 120 h. The 

concentration threshold for a photosynthetic yield effect of DOM, as measured by DOC, was 
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lower when the DOM was exposed to sunlight, compared to dark conditions. Exposure to 

light also had the greatest effect on the following proxy DOM measures: colour (a255); lignin-

derived phenol concentration (a350) and gilvin content (a440). Additionally, the statistical 

model using the parameters to predict DOM toxicity showed that the above parameters were 

the most highly correlated with DOM toxicity. Previous studies have shown that colour (a255), 

lignin-phenol concentration (a350), and gilvin content (a440) are suitable indicators of photo-

oxidation (Suhett et al. 2007; Niu et al. 2014). The reason for these changes in colour is likely 

to be transitions of phenolic moieties to quinones (Zuo and Jonesi 1997) and this has been 

linked to toxicity (Pillinger et al. 1994). 

This study found measures of DOM colour (i.e. absorbance) and DOC concentration 

were inversely related. Both these measures are important after sunlight exposure but the 

ratio of the two can provide insights into the characteristics of the water. For example, UV-

radiation reactions are responsible for DOC loss and a colour gain in brown-water lakes, 

while the opposite is true for DOM collected from clear-water lakes (Koehler et al. 2012). 

Additionally, the findings of this study indicate DOM from Casuarina and Eucalyptus plants 

have a similar chemical composition to that found in northern hemisphere brown-water lakes 

(i.e. Koehler et al. 2012). 

The NMR analyses in this study showed that sunlight exposure did not result in 

changes in the presence of compounds phytotoxic or specifically toxic to cyanobacteria, 

despite the measured increase in phytotoxicity. Therefore, it is suggested that production of 

ROS (such as hydrogen peroxide) or trace levels of phenolic compounds were responsible for 

the increased phytotoxicity although NMR could not substantiate this without fractionation. 

Previous studies have concluded that photochemically mediated degradation of chromophoric 

components of CDOM, in the presence of molecular oxygen, creates ROS which are toxic to 

cyanobacteria (Cooper and Zika 1983; Iredale et al. 2012; Leunert et al. 2014). 

Photochemical reactions have also been found to cause ongoing accumulation of ROS, 

manifesting as long-lasting toxic effects in many natural water bodies (Hessen and Van Donk 

1994). The activity of peroxidase enzymes catalyzing the oxidation of substrates by hydrogen 

peroxide in some lake waters has only been detected after a minimum of 5 d exposure of 

sunlight, and this has been proposed as a likely pathway to degrade DOM pools (Münster et 

al. 1998). This provides an explanation for why the 120 h DOM samples showed a response, 

but the 24 h DOM samples did not, as there was insufficient time for induction of significant 

peroxidase activity. 
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3.4.2 Microbial induced changes in DOM composition  

In this study, microbial processes were also responsible for transforming components of the 

DOM pool, however, this was primarily into non-toxic compounds. NMR analysis revealed 

that after leaching (i.e. 0 h treatment) there was a significant glucose pool. Over time, two 

compounds, myo-inositol and 2,3-butanediol, appeared in the NMR spectra. They increased 

in concentration as glucose concentrations decreased. These compounds have previously 

been shown to be products of bacterial glucose metabolism (Reynolds 2009; Zhu et al. 2015). 

It is of interest that some tannins are reported to hydrolyze to gallic acid and glucose. 

Therefore, there may be a preliminary step of tannin conversion to glucose occurring in the 

early stages of DOM leaching. Exploration of co-occurring processes was however not within 

the scope of this study. 

Assessing DOM quality in terms of its C:N molar ratio may have some interesting 

consequences in regard to toxicity (Sterner and Elser 2002). Glucose (a source of C) 

concentrations decreased while proline (a source of N) did not in the treatments with 

microbial activity, suggesting that the microorganisms were more likely to be N limited, 

rather than C limited. Developing this idea, it may be proposed that DOM processing would 

be enhanced with addition of glucose as a source of C. It is plausible that C additions may 

decrease proline (N) content by microbial uptake and as proline was identified as a toxic 

compound in Casuarina leached DOM, a decrease in its concentration would reduce DOM 

toxicity towards C. raciborskii.  

Simple DOM constituents, such as glucose and other sugars, as well as amino acids, were 

lost relatively quickly from Casuarina and Eucalyptus leachate, as indicated by NMR 

spectra. Therefore, the measured DOC concentration represents a highly variable pool of 

simple, bioavailable compounds, phytotoxic compounds and refractory compounds. It is clear 

that one simple measure such as DOC concentration does not accurately reflect the variation 

and changes in chemical composition that occur as a result of microbial processes.  

3.4.3 Effect of plant source on phytotoxicity of DOM  

DOM leached from the two plant species differed in their characteristics as determined from 

spectroscopy and phytotoxicity. Differences in DOM chemical composition are known to 

affect its microbial processing, and ultimately its fate (Wieder et al. 2008). For example, 

Casuarina DOM exerted a phytotoxic effect more rapidly (1 to 3 d) compared to Eucalyptus 

DOM (5 d), at a dosage of 1 mg leaf L-1. Therefore Casuarina DOM may be a more effective 
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algicide and it may be feasible to add plant material to waterbodies to control cyanobacteria 

(Ridge and Pillinger 1996; Ridge et al. 1999; Park et al. 2009b). Furthermore, efforts may be 

made to ensure strategic planting of such species in catchment riparian zones as well as 

around the perimeter of the actual water body. 

Additionally, in Chapter 2, Neilen et al. (2017) identified that leaf leachates 

differentially affected the cyanobacterium, C. raciborskii, compared with a green alga, 

Monoraphidium. This is consistent with previous findings that the effect of leached DOM on 

prokaryotes is greater than eukaryotes, and points to a targeted management option for 

cyanobacterial blooms (Bährs et al. 2012; Neilen et al. 2017). Casuarina sp. are also known 

to produce a relative larger percentage of leaf biomass (25% leaf biomass, at ~10 m high after 

4 y), compared to Eucalyptus (8% leaf biomass at ~15 m high after 4 y) (Hopmans et al. 

1990). This is also a factor that would suggest the benefits of Casuarina sp. DOM leachate 

are superior to that of Eucalyptus sp.  

3.4.4 Application of NMR spectroscopy 

Solid-state NMR has been an important tool for characterising complex DOM samples 

(Conte et al. 2004; Simpson et al. 2011; Helms et al. 2015). To date, the vast majority of 

NMR DOM characterisation studies have applied 13C NMR spectroscopy, rather than 1H 

NMR, to provide information on the functional groups present and molecular composition of 

DOM (Engelhaupt and Bianchi 2001; Mash et al. 2004; Schwede-Thomas et al. 2005; Kohl et 

al. 2007). This chapter described a novel approach using both 1H and 13C NMR to produce 

spectra that showed the types of protons and carbons in each sample, with high time 

efficiency and signal robustness. Additionally, to circumvent overlapped 1H NMR signals, 

two-dimensional techniques such as heteronuclear single quantum coherence (HSQC) 

spectroscopy were applied (Kim et al. 2010; Goldberg et al. 2015).  Seven key compounds in 

Casuarina and Eucalyptus DOM samples were identified. This contrasts one dimensional 13C 

NMR studies on DOM where sample complexity causes 13C spectra to exhibit broad 

overlapping resonance peaks and poor spectral quality (Kaiser et al. 2003). Other advantages 

of 1H over 13C detection are that 1H NMR requires a smaller sample size to produce a 

spectrum, and shorter analysis time (approximately 5 min verses 20 to 30 min per sample), 

therefore reducing instrumental running costs. 

NMR complements the use of simpler spectrophotometric measures in the understanding 

of DOM chemistry, transformations and ecosystem effects. NMR allows us to identify 
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individual compounds, products of biological processes, e.g. conversion of glucose to 

bacterial metabolism products, and deduce that light enhanced ROS generation was likely the 

key pathway sunlight exposure increased DOM toxicity towards C. raciborskii. 

Spectrophotometric measures provide quick and simple indicators of toxicity, e.g. combined 

measures of colour (a255), lignin-phenol concentration (a350), and gilvin content (a440) but do 

not provide the rich structural resolution of NMR. 

3.4.5 The use of DOC for assessing environmental impact of DOM 

Concentrations of DOC are often used as a proxy for terrestrial DOM content in a water 

sample, as it is relatively simple to measure (McDonald et al. 2004). However, this study has 

shown that there are a number of issues with this method because while the chemical 

characteristics of DOM change in response to environmental conditions, its ecological effect 

remained constant (based on % DOM addition). In particular, in our study glucose was 

transformed into other organic carbon compounds and was converted to CO2, and this was 

reflected in reduced DOC concentrations. However, this decrease over time was not 

consistent which is likely to reflect that different processes and transformations alter the 

measured DOC concentrations in unpredictable ways. In fact the unpredictability increased 

over time as DOM was transformed into more heterogeneous compounds. In this study, it is 

therefore proposed that DOM spectral characteristics should always be acquired alongside 

DOC. There are currently few examples of where this is done (Her et al. 2003; Jaffé et al. 

2008). 

3.4.6 Application of findings 

Our results indicate that environmental factors such as water residence time and sunlight 

exposure of leached DOM affect its characteristics and the degree to which blooms of 

problematic cyanobacteria can be controlled. The composition of the catchment vegetation 

(e.g. foliage shade cover of streams and rivers) and catchment geomorphology (e.g. the 

presence or absence of upstream lakes (Larson et al. 2007)) will also impact on the 

downstream effects. Microbial and photochemical transformations of leached DOM, leading 

to phytotoxicity to cyanobacteria such as C. raciborskii, can have important wider 

implications for aquatic food webs. There may be increased heterotrophic bacterial numbers 

due to increased substrate availability, e.g. glucose in the DOM pool, and a decrease in 

cyanobacterial abundance, due to exposure to toxic constituents of DOM. This may increase 

the potential for other algal species to exploit the resources. We recommend future research 

focus on the elucidation of leaf leached constituents and determine conditions that lead to 
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DOM being both fast acting and toxicologically active at relatively low concentrations. Once 

key compounds have been identified and isolated, characterisation may then be undertaken 

on a wide selection of plant sources to determine the optimal time for and conditions under 

which cyanobacteria growth may be controlled by catchment vegetation, in comparison with 

eukaryotic species.  

3.5 Conclusions 

This study has important new findings for understanding how leached plant DOM affected 

aquatic organisms. DOM leached from Casuarina and Eucalyptus leaves was found to inhibit 

the photosynthesis of the toxic cyanobacterium, C raciborskii. Bioassay results revealed that 

sunlight exposure primarily affected phytotoxicity, however, microbial transformations also 

had an effect. Mixed effect models showed a lower DOC concentration threshold caused 

phytotoxicity when the molecular mass and gilvin were higher and TDN content was lower. 

Therefore we have the ability to predict phytotoxicity from elemental analysis and 

spectrophotometric of water samples. We also applied a multifaceted NMR approach, which 

included two-dimensional proton techniques, to identify dominant chemical profiles in plant 

sources, and after environmental exposure. Losses in DOC concentrations coincided with loss 

of bioavailable compounds, sugars and some aromatic amino acids, which may cause a 

relative accumulation of toxic DOM transformation products such as ROS. Given terrestrial 

DOM is a ubiquitous component of natural waters, findings from this work have provided 

important new insights into land-water interactions, highlighting that riparian areas can have 

unexpected effects on aquatic species. 
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Chapter 4. Fractionation and identification of compounds in Casuarina 

cunninghamiana and Eucalyptus tereticornis leached dissolved organic 

matter and their relative toxicity on a Cyanobacterium 

 

This chapter reports on studies aimed at identifying compounds either 

leached from its plant source, or created after transformation that are 

responsible for toxicity. In Chapter 3, glucose was reported to be the 

dominant compound leached from Casuarina and Eucalyptus leaves. 

After microbial exposure, glucose was converted into two bacterial 

metabolic products. In addition, the exposure of plant leached DOM to 

solar radiation resulted in increased DOM toxicity possibly through the 

formation of ROS. The two-dimensional NMR (2D-NMR) techniques used 

in Chapter 3 were suitable for establishing the identity of only the 

dominant DOM compounds in order to distinguish similarities and 

differences that might be attributed to the effects of plant source. The 2D-

NMR technique was also applied to identify changes to the dominant 

chemical profiles of the leachates after various environmental exposures. 

A more sophisticated analytical approach is however, needed to identify 

the specific molecules responsible for toxicity in the leachates. 

This chapter explores the potential application of a more 

sophisticated coupled analytical techniques i.e. preparative HPLC 

coupled with 1D and 2 D NMR analysis, to determine the structures of 

compounds responsible for DOM toxicity. Application of this coupled 

technique assessed if compounds creation or destruction occurred after 

sunlight and microbial exposure. Results presented in this chapter show 

that the leachates from Casuarina and Eucalyptus leaves were 

phytotoxic, however, their toxicity was attributed to chemically distinct 

moieties. Proline was identified as the active compound leached from 

Casuarina leaves, while high molecular mass polyphenols were 

responsible for the toxicity activity in the Eucalyptus sp. DOM. It was 

determined that the toxic compounds identified did not change in 

concentration or structure when exposed to sunlight or dark conditions.  
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4.1 Introduction 

In freshwater ecosystems, catchment vegetation is often the predominant source of 

DOM, relative to exudates and decay from aquatic flora and fauna (Inamdar and 

Mitchell 2006; Jansson et al. 2007). The effect of this DOM on the ecosystem is 

dependent upon its chemical composition (Bronk et al. 2007; Jaffé et al. 2008). 

However, as DOM consists of a large variety of chemically distinct compounds, and its 

dynamic nature means it is difficult to measure and predict ecological outcomes, such as 

phytotoxicity. 

Work characterising DOM by its functional group, compound class, and 

elemental composition has been successfully undertaken using solid-state NMR 

spectroscopy (Kaiser et al. 2003; Lam et al. 2007; Mao et al. 2011). These techniques 

generally provide details on the gross structural features of the complex mixture of 

compounds present in DOM but not on the specific individual components. An 

improvement to this (reported in the previous Chapter) can be obtained through analysis 

of proton NMR combined with two dimensional heteronuclear NMR techniques. Using 

this approach, the dominant compounds identified in the two DOM sources, Casuarina 

and Eucalyptus leachates were α- and β-glucose, products of bacterial transformation of 

glucose, amino acids and gallic acid. However, to gain a more detailed picture of the 

more minor compounds present in DOM, additional resolution is required and this may 

be obtained using fractionation techniques on DOM samples. 

The identification of individual or particular compounds responsible for the 

phytotoxic action of DOM from natural samples remains largely unexplored. 

Compounds responsible for the phytotoxicity of DOM remain a topic of much 

discussion. DOM components that have been widely speculated to be toxic are 

polyphenols and hydroxyl radicals formed from them (Ridge and Pillinger 1996; Ridge 

et al. 1999; Neilen et al. 2017). Current DOM measures are not easily applied to the 

scenario of monitoring concentrations to ensure a toxic threshold is met. Allochthonous 

DOM is often only measured as the concentration of DOC, but the contribution of the 

specific bioavailable or toxic molecules in a DOC sample is unpredictable. From 

Chapter 3 it was clear that regardless of its overall DOC concentration, active 

constituents only represented a fraction of the total DOC pool. This indicates research is 

needed to gain knowledge on the identity of toxic DOM compounds, so appropriate 

routine measures for their concentration threshold can be collected.  
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To the authors’ knowledge, previous studies have not fractionated DOM to 

identify active compounds, on a structural level, with a goal of finding individual 

compounds responsible for sample toxicity. Rather, prior studies have isolated DOM 

components to trace its origin (source to fate) (Louchouarn et al. 2000). Information on 

the structures of the phytotoxic components of DOM, their effective concentrations and 

how long they may persist in the environment, are all required for adding insight into 

the basis for toxicity of DOM mixtures.  

The chemically dynamic nature of DOM means that time affects if and when 

phytotoxic responses are measured, thus the time lag between DOM leaching and algal 

exposure may alter its effectiveness. The effect of time on DOM is variable, as exposure 

to natural sunlight may increase phytotoxicity through the generation of hydroxyl 

radicals (Leunert et al. 2014) or other ROS, and at the same time cleave large DOM 

molecules into smaller ones, thus increasing the bioavailability of DOM as a nutrient 

source (Stedmon et al. 2007). Prior research indicates bulk DOM leached from 

Casuarina and Eucalyptus leaves are susceptible to environmental transformations, and 

in both cases DOM contained approximately 50% labile DOC (Chapter 3). In addition, 

the toxic DOM compounds were resistant to sunlight and dark degradation, and after 

120 h of solar radiation exposure, DOM toxicity increased towards cyanobacteria. The 

dominant compounds in two DOM sources, viz. Casuarina and Eucalyptus leachates, 

were α- and β-glucose, as well as the products of bacterial transformation of glucose 

(i.e. myo-inositol and 2,3-Butanediol), amino acids and gallic acid. However, it is 

unclear what chemical compounds differentiate the leachates from these plants with 

respect to their DOM chemical toxicity. The fractionation of DOM would allow specific 

compounds to be tested for their phytotoxicity or lability towards microbes or sunlight. 

The overall aim of this chapter was to identify structures of compound(s) 

responsible for DOM toxicity towards cyanobacterial growth and assessed if compound 

creation or transformation occurred after sunlight and/or microbial exposure. Using 

DOM leached direct from a single source (leaves of one plant species), i.e. directly from 

Casuarina and Eucalyptus leaves, is an advantage for work of this nature. Methods to 

address these aims involve the application of preparative HPLC coupled with 1H and 2D 

NMR analysis. Molecular-level characterisation will be used identify functional groups 

present in DOM responsible for cyanobacterial photosynthesis inhibition.  
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4.2 Methods 

DOM leached from leaves was aged, fractionated, characterized and then tested against 

a cyanobacterium monoculture. Bioassays allowed the toxic effects of single 

compounds or mixtures of a small number of related compounds to be established. This 

procedure allowed either the molecular structures of the phytotoxic molecules, or the 

functional group moieties found in the structures of the toxic mixed component 

fractions to be identified in the samples from the two plant species after sunlight and 

bacterial breakdown. An overview of the approach applied is given (Figure 11). 

 

Figure 11 A Fractionation-Characterisation approach used to inform sample selection for 

bioassay testing of toxicity towards C. raciborskii. DOM was obtained by leaching plant 

material and subsequently aging the leachate according to methods introduced in 

Chapter 3.  

4.2.1 DOM sample collection, extraction and aging 

DOM was generated from Casuarina cunninghamiana and Eucalyptus tereticornis leaf 

material using the leaching protocol described in Chapter 3. In brief, 150 g of oven-

dried leaves were soaked in 6 L of deionized water (autoclaved, 18.1 MΩ cm, Arium® 

611 UV system, Sartorius) for 24 h under dark conditions. Leachates were mixed and 

passed through a 0.20 µm bottle top filter (Filtropur BT 50, Sarsted Inc, USA) under 

light vacuum. The filtered water (i.e. leachate) for each plant treatment was distributed 

into three 2 L aliquots for use as (1) fresh leachates, (2) 120 h light exposed leachates, 

and (3) 120 h dark exposed leachates.  

Sunlight exposed, and dark control aged leachates were poured into 500 mL 

culture flasks, and placed in a water bath on the roof top of a building for 120 h. Dark 

controls were wrapped in aluminium foil, to control for effects of temperature. Light 
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and water temperature were monitored continuously over the duration of the aging 

processes on a PAR 4-pi sensor (Licor, Lincoln, NE, USA) and Smart-Button data 

logger (Smart-Button; ACR System, Surrey, Canada), respectively. After ageing was 

complete, bacterial growth in light versus dark treatments was estimated by measuring 

biological oxygen demand (BOD) over 3 h, using 30 mL of raw sample. Remaining 

leachates were filtered to ensure sterility (0.20 µm bottle top filter under light vacuum), 

frozen, and freeze dried. A subsample from each flask was collected for DOM 

characterisation and nutrient (DOC, and TDN) analyses for each plant. Details of 

quality control practices performed for this Chapter are given in Appendix 3. 

4.2.2  DOM fractionation by high performance liquid chromatography  

High‐performance liquid chromatography (HPLC) fractionation were performed using a 

Merck Hitachi L-7100 pump equipped with a Hitachi L-7455 PDA detector, D-7000 

data interface, connected to a Gilson 215 liquid handler. Freeze-dried Casuarina DOM 

(1 g of dried powder) was dissolved in water and methanol, C18 silica gel (1 g) was 

added and the resultant slurry was evaporated to dryness. The dried DOM extract 

absorbed gel was then loaded into a refillable HPLC column (20 mm x 10mm) that was 

then connected in series to a Thermosystems preparative (21mm x 150 mm) Betasil 5 

µm C18 HPLC column. The HPLC protocol used a flow rate of 9.0 ml min–1 with a 

mobile phase gradient of: 1 min - 100% A; 30 min - 50% A; 60 min - 0% A, where A is 

water, and B is methanol. During the total run time of 60 min aliquots were collected 

every minute. This resulted in forty usable fractions from the Casuarina DOM, whereby 

samples with elution times greater than 30 min had very low mass, and no visible mass 

was recovered in samples after 40 min.  

The protocol was repeated on the 120 h sunlight exposed, 120 h dark 

(microbially exposed) Casuarina DOM samples. The same HPLC protocol was used for 

the Eucalyptus DOM (fresh, 120 h sunlight, and 120 h dark-microbial exposure) and 

this resulted in sixty organic chemical containing fractions being generated from each 

bulk sample. 
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Table 9 DOM leaf material sample summary used for HPLC fractionation 

Source Treatment 

Leaf mass in 

sample (g) 
^
 

Powdered 
mass of 

recovered 
leachate (g) 

Ratio (g of 
leaves/g freeze 
dried powder) 

Number of 
Fractions 

Leaf mass 
per fraction 

(g) 

Casuarina Fresh (0 h) 11.23 4.02 2.79 40 0.070 

 Light (120 h) 15.37 1.72 8.94 40 0.223 

 Dark (120 h) 16.24 1.48 10.97 40 0.274 

Eucalyptus Fresh (0 h) 10.34 2.72 3.80 60 0.063 

 Light (120 h) 10.17 4.15 2.45 60 0.041 

 Dark (120 h) 10.12 2.98 3.40 60 0.057 
^given volume of leachates recovered and used for freeze drying.  

The bioassay and 1H NMR characterisation methods developed and employed in 

the previous Chapter were repeated here and extended by adding a prior preparative 

HPLC step. DOM fractions were characterised using 1H and 2D NMR spectroscopy, 

and supplied to C. raciborskii to test for toxicity. 

4.2.3 DOM characterisation 

The main chemical structures and features of fractionated Casuarina and Eucalyptus 

DOM samples (0 h, light (120 h), and dark (120 h) from each plant source) were 

initially identified primarily using 1H NMR spectroscopy. Dried fractions were 

dissolved in deuterated dimethyl sulfoxide (DMSO) and placed into sealed 3 mm 

diameter NMR tubes. NMR spectra were obtained at 25°C with an 800 MHz Bruker® 

Avance III HDX spectrometer equipped with a 5 mm triple-resonance cryoprobe (TCI).  

As an adjunct to the 1H spectra, fractions that contained one compound or a mixture 

of less than three compounds were subject to further analysis using various 2D NMR 

techniques to identify the molecular structures of the components. 1H-1H COSY was 

employed to detect spin-spin coupling between protons. This method was suitable given 

its sensitive towards a small sample mass, as apparent in the variable and relatively 

small masses recovered in this study’s HPLC-derived fractions.  

Other two-dimensional (2-D) NMR experiments were applied to produce more 

detailed characterisation in regard to the connectivity of the various hydrogens with 

carbon, and also with neighbouring hydrogens. These 2-D techniques included 2D 

HETCOR, 1H-13C HSQC and HMBC. These techniques build on previous freshwater 

DOM characterisation studies utilizing NMR spectroscopy for identification of 

functional group, compound class, and elemental formula information (Kaiser et al. 

2003; Lam et al. 2007; Mao et al. 2011).  
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Details on the pulse program, scan number, relaxation delay, pulse width, spectral 

width, and spectra resolution are found in Hayton et al. (2017). The 1H and 13C 

chemical shifts were referenced to the residual proton and carbon resonances in d6-

DMSO (Cambridge isotope Laboratory, Inc.) at δH = 2.50 and δC = 39.52 ppm. 

4.2.4  Bioassay testing 

The relative importance of DOM fractions that are phytotoxic to C. raciborskii was 

determined using a modified dose-response protocol developed by Neilen et al. (2017). 

Fractionated samples from 0 h Casuarina and Eucalyptus were combined into groups of 

three for initial bioassays. Treatments with a measure of inhibition were run in a second 

bioassay with cultures only exposed to a single fraction. Dried DOM fractions were 

resuspended into 1 mL of deionized water, with recovered mass assumed to be equal 

over all vials. 

In Experiment 1, three fractions of dried Casuarina DOM were dissolved in 

deionised water, and combined in equal proportion and added to cultures in JM/5-N, at 

four different DOM addition levels; 1 %, 2 %, 4 % and 8 % (w/w basis). During 

Preparative HLPC fractionation, as samples eluted off the column measurements were 

made in-situ by a UV photodiode-array detector. The 1 g of sample was identified to be 

fractionated over 40 fractions vials, where the last 20 vials contained no DOM. Using 

this information, DOM addition mass and concentration of DOC were calculated based 

on the assumption that 1 g of DOM material was split over 40 fractions. (Note: Results 

4.3.1 challenge this assumption of equal fractionation).  

In Experiment 2, single elution fractions were examined from the group treatment 

determined to consist of the relatively most toxic fractions (fractions consisting of 

single and mixture of less than three compounds). This experiment was carried out at 

the lowest concentration value (equivalent to 1% DOM addition), as informed from 

Experiment 1.  

In Experiment 3, three combined fractions of dried Eucalyptus DOM were dissolved 

in deionised water, and added to cultures using three DOM addition levels: 2 %, 4 % 

and 8 % (w/w basis). Further experiments were not carried out on Eucalyptus DOM, as 

NMR spectra had confirmed co-elution had occurred and polyphenols were present in 

all groups identified to have a phytotoxic effect on the cultures.  

Control treatments, consisting of CS505 in 1:5 diluted JM media, were run in 

triplicate alongside all three experiments.  
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4.2.5 Cultures 

Non-axenic cultures of Cylindrospermopsis raciborskii (C. raciborskii, strain CS-505, 

isolated from Solomon Dam (18°43ʹ27ʺS, 146°35ʹ38ʺE),) were obtained from the 

CSIRO Algal Culture Collection in Hobart, Tasmania, Australia. Cultures were grown 

under cool, fluorescent light on a 12 h light/12 h dark cycle at 28℃ for 10 d in JM. To 

equilibrate subcultured cells, cultures were maintained for 3 d prior to addition of plant 

leachates in settled tissue culture flasks (Falcon 75 cm3 volume flasks) in JM/5. Cultures 

of C. raciborskii in log-phase growth were poured into sterile, 5 mL cell culture wells 

(Greiner TC plate), and exposed to DOM fractions, for 5 d. Experiments were carried 

out under light intensities of 15 µmol photons m-2 s-1 irradiance from cool, white light 

(LED) with a 12 h light/12 h dark cycle at a temperature of 28℃. 

A series of bioassays were undertaken to find the relatively most toxic fraction 

from each plant source. Initially, toxicity was tested in aggregated fractions combining 

3 sequential fractions. This resulted in Groups denoted by letter in alphabetical order, 

with A meaning a combination of the first three fractions (e.g. 1-3 minute HPLC elution 

time). Second, to identify the most toxic fractions, the samples from those elution times 

identified as part of the aggregated sample, were then used as single fraction treatments 

(e.g. for the case of the Group A treatment, it would now consist of a 1 minute elution, a 

2 minute, and a 3 minute elution time treatment). 

DOM phytotoxicity on algal cultures was calculated as the proportion of 

photosynthetic yield inhibited after exposure to fractions of leached DOM, compared to 

control treatments. Increased photosynthetic inhibition (i.e lower primary production) 

results in slower C. raciborskii growth rates. Consequently, we will use increased 

inhibition to indicate higher DOM phytotoxicity or allelopathic potential. Comparisons 

were made for DOM phytotoxicity based on EC calculations for 10, 50 and 90% 

inhibition of C. raciborskii yield. (See Chapter 2, Section 2.3.5 - Inhibition as a measure 

of DOM phytotoxicity for description of this approach). 

4.2.6  Data analysis  

Toxicity of fractions were calculated on the basis of inhibition of cyanobacterial 

photosynthetic yield as evaluated using a series of beta regression models with a logit 

link function (Neilen et al. 2017). The presence or absence of particular compounds was 

compared, to determine the relative importance of photo- and biodegradation on 

fractions of DOM identified as toxic. All statistical analyses were performed using ‘R’ 
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statistical software (R Development Core Team, 2017) with statistical significance 

determined at α = 0.05 level.  

4.3  Results 

4.3.1 Methodological difficulties of Casuarina and Eucalyptus  

Dried DOM fractions consisted of ideally 1 g of DOM powder (in some cases a slightly 

lower mass was recovered after the aging process, i.e. sunlight and microbial incubation 

120 h) that had been split by preparative HPLC into 40 to 60 fractions. The recovered 

mass was assumed to be equally distributed over all fractions (i.e. vials). If this was the 

case, it would be calculated that each vial of DOM contained 25 mg of DOM for 

Casuarina DOM, and 17 mg of DOM for Eucalyptus DOM. Applying this assumption 

for the Casuarina DOM fractions, as used in in Experiments 1 and 2 bioassays, the 1 % 

DOM addition theoretically consisted of 100 mg L-1 of freeze-dried DOM equivalent, 

with calculated DOC concentrations ranging from 30 to 80 mg L-1. In the case of the 

Eucalyptus DOM: the 2 % DOM addition was calculated to contain 150 mg L-1, and 60 

to 120 mg DOC L-1. The volume recovered from HPLC fractionation was constant (9 

mL per vial), however, the DOM mass eluted in each fraction was not. Higher mass 

recovery occurred earlier in the run (one to four minutes i.e. α- and 𝛽- glucose were the 

dominant compounds), and trace masses were recovered in fractions after 30 minutes 

for Casuarina, and 50 min for Eucalyptus. Therefore, conversion to concentrations of 

DOM or DOC concentration is prone to some error.  

Chemical differences in DOM composition between the two plant sources resulted in 

different analytical limitations. DOM leached from Casuarina leaves had solubility 

problems, with a precipitate forming and clogged the HPLC pre-column. However the 

material that was soluble was easily purified by HPLC into fractions consisting of single 

constituents and mixture of less than three compounds. Eucalyptus leached DOM was 

readily soluble, and remained in solution even at a very low volume, however one 

HPLC purification step did not lead to the isolation of individual compounds. 

4.3.2  Fractionation of Casuarina and Eucalyptus DOM  

Photodiode array detection (220nm – 400 nm) during the HPLC fractionation yielded 

data that was used as a qualitative indicator of the elution of UV absorbing molecules 

from the C18 column. PDA analysis indicated that the HPLC fractionation of the 

solvent-soluble Casuarina DOM was successfully separated in the first forty, one-
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minute fractions, while the Eucalyptus DOM was separated over the first sixty, one-

minute fractions. 

All fractions were analysed by 1H NMR spectroscopy. The fractions eluting at 7, 

10, 15 and 25 min for Casuarina and Eucalyptus are shown in Figure 12. Sharp, well-

resolved peaks were present in most Casuarina fractions that ultimately allowed 

individual compounds to be identified. In comparison, broader peak profiles were 

present in fractions of Eucalyptus DOM (Figure 12). 1H NMR resonances were 

categorized were by major structural components present including (I) aliphatics, (II) 

carboxyl-rich alicyclic molecules (CRAM), (III) carbohydrates and (IV) aromatics and 

it is clear there are numerous peaks within each class (Figure 12). However, the higher 

resolution gained from the separate fractions does enable some individual compound 

identification (Figure 12). 
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Figure 12 Comparison of 1H NMR spectra from four single one-minute HPLC fractions of 

(a) freshly leached Casuarina DOM and (b) freshly leached Eucalyptus DOM. This figure 

shows the fractions collected at 7, 10, 15 and 25 min from each source. 1H NMR has 

traditionally been used to described a sample based on the presence of peaks to indicate 

I (0-2ppm) aliphatic; II (2-3ppm) carboxyl-rich alicyclic molecules; III (3-4.5ppm) 

carbohydrate; and IV (7-8 ppm) aromatic (Lam et al. 2007) type molecules or functional 

groups.  
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Consistency with results from Chapter 3 was noted, as 1H NMR spectra of the 

unfractionated Casuarina and Eucalyptus DOM were similar to those from Chapter 3, 

showing bulk sunlight and dark exposed treatments were similar to fresh DOM samples. 

After fractionation, comparison of 1H NMR spectra for each elution time point revealed 

consistency with elution time between different samples. Overall a loss in glucose was 

observed, though fractionation did not reveal any new phytotoxic compounds to be 

formed as a result of photo- and/or microbial transformation. 

4.3.3  Identification of major components of Casuarina leached DOM  

Fourteen compounds were identified by 1H NMR in the forty fractions separated by 

HPLC from Casuarina leached DOM (Figure 13). The dominant DOM compounds 

were the carbohydrates, rhamnose and glucose (comprising an estimated 60% of sample 

mass) and these were identified in the one to four minute fractions (used in the bioassay 

Experiment 1 as Group A and B). The five minute fraction was a homogeneous sample 

consisting of proline. In addition, proline was present in a small quantity in the fraction 

eluted after six minutes. 
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Figure 13 Compounds identified from 1H and 2D NMR analysis in fractions of DOM 

leached from Casuarina leaves (fresh treatment), frozen immediately after leaching. 

Similar compounds were identified in the samples exposed to sunlight and bacteria.  
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4.3.4 Identification of DOM components of Eucalyptus DOM  

Separation of crude Eucalyptus extract results in broad elution profiles on the HPLC 

column. From NMR, gallic acid was identified at 7 min (Figure 14), and large 

polyphenolic compounds (characterised by broad 1H NMR signals between 6-10 ppm) 

dominated from 7 to 25 min. Similar to the Casuarina DOM, the three Eucalyptus 

DOM treatments (fresh, sunlight and dark) produced similar NMR spectra for the 

similarly eluting fractions.  

 

Figure 14 Gallic acid was identified in the 7 min fractions of DOM leached from Eucalyptus 

leaves. 

4.3.5 Dose-response assay on Casuarina DOM fraction 

In Experiment 1, fractions of Casuarina DOM (fresh 0 h) were aggregated into groups 

of three minute elution times, and added to cultures of C. raciborskii to assess relative 

toxicity. In each case, dosage was increased (1 % to 8 % DOM addition) until 

photosynthetic inhibition occurred. Highest inhibition of photosynthetic yield (20 to 

100%) occurred in Fraction B of Casuarina DOM (elution times 4, 5 and 6 min), while 

other fractions eluting later off the HPLC column all showed photosynthetic inhibition 

below 40% (Figure 15). 

 

Figure 15 Yield inhibition of C. raciborskii, Experiment 1 bioassay, after exposure to DOM 

dose at 1% from Casuarina cunninghamiana, after 5 d exposure. Fractions of DOM groups 

where one letter represents three one-minute fractions combined together. Treatment 

name ‘B’ (fractions collected at 4, 5 and 5 minutes) was identified as the most toxic 

treatment in this assay. 
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To further explore the toxicity of fractions in Group B and C leachates at 

increased definition, cultures were exposed to single one-minute DOM fractions (Figure 

16). Highest toxicity was found in DOM compounds present in the fractions eluting at 5 

and 6 min, where the five minute treatment caused 100% inhibition of yield. The 

dominant compound in this fraction was identified as proline. 

 

Figure 16 Yield inhibition of C. raciborskii, Experiment 2 bioassay, after exposure to DOM 

dose at 1% from Casuarina cunninghamiana fractionated in 1 min elution time groups, 

after 5 d exposure. Bioassays were undertaken using fresh (i.e. 0 h) fractionated DOM, 

although fractions present in the sunlight and dark samples contained similar compound 

structures. 

4.3.6 Dose-response assay on Eucalyptus DOM fraction 

The first eight treatment Groups (samples consisting of aggregates of three one minute 

elution times, ranging from one to twenty-four minutes) were all found to be have to 

variable toxicity up to 100 %. Thus, the identification of one to three treatments (i.e. 

fractions) responsible for DOM toxicity was not found in the fractionated Eucalyptus 

DOM (Figure 17), as had been found above with the Casuarina DOM (Figure 16). 

These bioassay toxicity results aligned with NMR characterisation that showed broad 

elution profiles due to the fractions collected within the first 30 min having a (relatively 

complex) mixture of compounds. The response of C. raciborskii exposed to fractions of 

Eucalyptus DOM varied from positive (20% increase in photosynthetic yield) to 

negative (complete inhibition of photosynthesis), in the three experiments using 2, 4 and 

8 % addition of DOM (Figure 17).  

Inhibition of photosynthetic yield occurred in all aggregated fractions B to I of 

Eucalyptus DOM (from 6 min to 30 min elution time) (Figure 17, b), in the 4 % 

addition assay. At the lowest DOM addition (2 % DOM addition), there was some 
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interesting variability in the G group treatment, with photosynthetic yield being reduced 

by 100% in one of the replicates (Figure 17, a).  

 

Figure 17 Yield inhibition of C. raciborskii, Experiment 3 bioassay, after exposure to DOM 

fractionated and dosed at (a) 2 % DOM addition, (b) 4 % DOM addition, and (c) 8 % DOM 

addition from Eucalyptus tereticornis, after 5 d exposure. Fractions of DOM groups where 

one letter represents three one-minute fractions combined together. Bioassays were 

undertaken using fresh (i.e. 0 h) fractionated DOM, although fractions present in the 

sunlight and dark samples contained similar compound structures.  



91 

 

4.4 Discussion 

This is the first study to apply Preparative HPLC coupled with 1H NMR and 2D NMR 

characterisation techniques to identify the structure of leaf leached-DOM compounds, 

and to identify the compounds responsible for the toxicity. These findings suggest that a 

promising new protocol has now been developed. It is one that extends the simplistic 

characterisation of DOM based on carbon and colour to one that characterises DOM in 

terms of individual compounds through HPLC fractionation and subsequent NMR 

analysis. It was clear that the combination of DOM fractionation and structural 

characterisation together with bioassays was able to provide new insights into DOM 

toxicity. 

4.4.1 Application of isolation and characterisation techniques for DOM 

This study applied a novel combined-technique of HPLC for fractionation and 1H and 

2D NMR, a method commonly used in natural products chemistry and medicinal 

discovery, for characterisation of DOM. This is the first time complex, leachate-derived 

DOM matrices have been separated or fractionated, components identified and their 

effects on cyanobacteria investigated. A goal of this work was to provide new insights 

into the role of DOM in controlling and promoting cyanobacterial growth. Previously, 

the inhibitory effects of DOM on cyanobacterial species have often been studied using 

measures of bulk DOM consisting of unknown active compound/s (Martin and Ridge 

1999; Ferrier et al. 2005; Xiao et al. 2010; Bährs and Steinberg 2012). Alternatively 

researchers have used individual isolated compounds (e.g. laboratory standards) without 

knowing how ecologically significant these compounds are (Bährs et al. 2013; Laue et 

al. 2014). Additionally, fractionation of DOM using HPLC was an effective means to 

remove sugars (the dominant DOM compounds) from samples that increased the 

resolution of the NMR spectra so that compounds present at trace concentrations could 

be identified. 

4.4.2 Use of 1H NMR compared with 13C NMR 

Less than 10 years ago, 13C NMR was considered a most advanced method for 

structural characterization of molecules (Conte et al. 2004; Mopper et al. 2007). 

However, overlap of spectral resonances made identification of all molecules difficult, 

and therefore only an approximate estimate of the relative proportions of carbohydrates, 

proteins, lignin and lipids making up the DOM sample was generally possible (Mopper 

et al. 2007). Currently, detailed studies of DOM typically use solid-state 13C NMR, but 

they have often only been able to identify broad details such as functional groups within 
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compounds (Simpson et al. 2011). The problems identified above may be overcome 

with the use of 1H and 2D NMR, and with this approach individual structures of 

compounds may be identified. One other advantage of using 1H is the relatively low 

sample mass required to produce spectra, and the quick instrument run time (5 min per 

sample) that mean that large numbers of samples can be run. In this study, up to sixty 

fractions per DOM pool were examined.  

The second advantage of using 1H NMR is that once acquired, that fractions that contain 

either pure compounds or mixtures of only a few compounds can be further analysed by 

2D NMR techniques to determine the molecular structures (Simpson et al. 2011). In this 

study the leaves leached DOM whose principal component was glucose. NMR provided 

detection of glucose and its anomeric configurations, which would have otherwise be 

undescribed and undetected. The low ionisation efficiency of glucose makes detection 

by LC-MS challenging (Gouw et al. 2002; Hammad et al. 2009; Wu et al. 2014), as 

derivatization would be required for LC-MS to produce a suitable output with adequate 

sensitivity (Gouw et al. 2002; Hammad et al. 2009). Using this approach, forty 1H NMR 

spectra for Casuarina fractions were interrogated and sixty from the Eucalyptus 

fractions. However, there were some challenges in the Eucalyptus samples with 

overlapping peaks and broad peak resolution. Despite this, the level of resolution 

achieved exceeded that of previous studies using solid-state carbon NMR (for example 

Lam et al. 2007). 

4.4.3  Methodological limitations of the fractionation method 

Although the methods presented above represent major improvements over previous 

solid-state NMR approaches, there are limitations. For example, each analytical step 

introduced an additional source of error, e.g. capacity to recover all the DOM from 

dried mass (thus DOC leachate), effectiveness of sorption onto C18 columns, and 

recovery of material from C18 columns. The assumption was made that after HPLC 

separation, the combined fractions represented total mass. This uncertainty in 

concentration due to the possible presence of compounds not detected via absorbance 

spectroscopy on the HPLC may confound derived EC50 values. Therefore it is 

premature to place undue emphasis on the ecological outcomes, based on NMR 

estimates of compound quantity. 

Another challenge was that precipitation of Casuarina leachate resulted in 

removal of DOM compounds from the analysis. This occurred because dissolving DOM 

in water and methanol is required to move the freeze-dried powder to a C18 silica gel 
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slurry. These solubility issues encountered with these samples resulted in a precipitate 

forming which clogged the C18 column. However, the final DOM extract absorbed onto 

the gel, resulted in fractions consisting of up to three compounds, which produced very 

clear proton spectra. This was not the case for the Eucalyptus leached-DOM that was 

readily soluble, and remained in solution, even at a very low volumes. Therefore, in the 

case of Casuarina, some DOM compounds that may have potentially been phytotoxic 

were not incorporated in the cyanobacterial bioassay. Accordingly, the results of the 

Casuarina assays should be treated with caution.  

4.4.4 Quantification of active compounds 

Molecular-level characterisation confirmed the DOM molecules responsible for 

inhibition of cyanobacterial photosynthesis. The amino acid, proline was identified as 

the most toxic constituent in Casuarina. It was not present in Eucalyptus, however this 

plant had a mixture of high molecular mass polyphenols dominating the toxic fractions. 

Exposure to light and microbial transformations did not eliminate active compounds. In 

contrast, there was a substantial loss of sugars during exposure. This is consistent with 

findings presented in Chapter 3. Proline is an amino acid and amino acids such as 

lysine, histidine and arginine have been shown to have inhibitory effects on algal 

growth (Dai et al. 2019, Shao et al. 2013, Hehmann et al 2002). A growing body of 

literature indicates amino acids can have some toxicity towards cyanobacteria, and 

recent studies indicate there is potentially a steep dose-response relationship (Dai et al. 

2019). 

There are three known modes of action of DOM toxicity towards cyanobacteria. 

These are oxidative damage to the cell membrane, direct action on photosystem II and 

electron donors by blocking the electron transport chain, and assimilation of DOM 

compounds causing internal oxidative stress (Prokhotskaya and Steinberg 2007; Hu and 

Hong 2008; Steinberg et al. 2008a). Interestingly, proline has a chemical structure 

which makes it effective in protection against one of these modes, as it provides 

protection for the photosynthetic apparatus, in that it may stabilize singlet oxygen and 

hydroxyl radicals thus protecting photosystem II (PSII) (Szabados and Savouré 2010). 

This is attributed to proline working as a scavenger of free radicals (i.e. ROS 

scavenging activity), singlet oxygen quencher and assisting in protection of enzymes 

(Szabados and Savouré 2010; Rejeb et al. 2014; Çelekli et al. 2016). In addition, 

cyanobacteria may uptake organic forms of nitrogen as its sole source of N nutrition 

(Shanthi et al. 2018). Therefore the identification of proline as a toxicant in this study is 
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intriguing and warrants further work to clarify its full mode of action within and outside 

of cells.  

In the case of Eucalyptus toxicity, polyphenols were identified as likely to be 

responsible. This is consistent with prior studies into DOM toxicity (Bährs et al. 2013; 

Laue et al. 2014). Although the broad elution profile made it difficult to resolve spectra 

to the single- and/or double compound level, it was inferred that gallic acid was one of 

the key compounds responsible for toxicity. The phenolic content in plant materials is 

often estimated using a gallic acid standard to generate a calibration curve, and reported 

in gallic acid equivalent units. In the Eucalyptus DOM sample, gallic acid was present 

(HPLC fraction 7 min elution time, and bioassay group ‘C7’), and inhibited growth of 

C. raciborskii by 75%. This is similar to findings using gallic acid standards, which 

inhibited growth of the cyanobacterium, Microcystis aeruginosa by 90% and the green 

alga, Desmodesmus culture by 60% after 4 days of exposure to 20 mg L-1 (Laue et al. 

2014).  

Light-enhanced ROS generation remained as the most likely pathway for increased 

DOM toxicity (as discussed in Chapter 3). 

4.4.5  Ecological implications 

The findings of this chapter provide a clear link between particular DOM compounds 

leached from plants and toxicity towards cyanobacteria, and offers support for 

suggestions reaching back to the early 1990’s that leaf-leached DOM may be used to 

potentially control cyanobacteria blooms ( Saito et al. 1989; Newman and Barrett, 

1993). Prior work on DOM toxicity in the literature either used chemical standards or 

on a more practical level, applied leaf material, e.g. rice straw to dose waterbodies. 

These earlier studies recommended the addition of terrestrial leaf material (often barley 

straw) in-situ to prevent surface cyanobacterial blooms (eg. Caffrey and Monahan 1999; 

Ridge et al. 1999; Ball et al. 2001). However, the findings that proline, gallic acid, and 

polyphenols were likely responsible for the toxic action of Casuarina and Eucalyptus 

leachates towards C. raciborskii, and these compounds were resistant against sunlight 

and bacterial degradation, provides more detailed information about their mechanisms.  

4.5  Conclusions 

Plant-derived DOM was successfully fractionated and characterised using a new 

combined approach, i.e. HPLC and 1H and 2D NMR spectroscopy. This was then linked 

to ecological relevant outcomes using cyanobacterial bioassays. Additionally, it was 
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identified that exposure of these DOM to solar radiation and microorganisms did not 

diminish their toxicity. Although still developing and evolving, the approach presented 

successfully identified that proline, gallic acid, and polyphenols were responsible for the 

toxic action of Casuarina and Eucalyptus towards C. raciborskii. This chapter therefore 

builds on the previous chapters by identifying key compounds that warrant further close 

scrutiny and investigation.  
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Chapter 5. Synopsis of thesis results 
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5.1 Background and approach 

The state of knowledge about the biogeochemical roles played by plant-derived DOM 

in freshwater ecosystems is limited. Previous research has shown DOM consists of 

compounds that may provide energy and nutrients to microbial food webs, and exert 

physiological responses on some algal (including cyanobacterial species). However, the 

potential for DOM to control cyanobacterial blooms was uncertain. Prior to this thesis, 

investigation of the impact of DOM on cyanobacteria has typically taken either a 

chemical-molecular (pure compound added to cultures) or systems level (adding plant 

material to waterbodies with cyanobacteria problems) approach. Both approaches 

contribute to scientific knowledge, but typically the ecological approaches (potential 

sources and their transformations) have not been sufficiently integrated with the 

chemical approaches (identification of compounds responsible for toxicity) to provide 

insight into how DOM source and transformations affect algal species. While DOM has 

been shown to act as both a growth agent and toxicant, the mechanisms driving these 

processes have been poorly understood.  

The work outlined in this thesis provides new knowledge on the links between 

DOM ecology and its chemistry, and includes a novel analytical approach. The thesis 

had two ecological and two chemical aims. In regard to the ecological outcomes, the 

work sought to determine the potential for DOM to affect cyanobacterial growth, and 

assess source and transformation effects on DOM toxicity. For the chemical outcomes, 

the work sought to use established methods to predict DOM toxicity, and explore novel 

methods to identify specific DOM compounds responsible for toxicity. 

The study found terrestrial DOM to be toxic towards cyanobacteria, and the 

responsible compounds were resistant to sunlight and bacterial breakdown. 

Furthermore, results show whole-sample toxicity of DOM may be enhanced rather than 

depleted over time via two interesting pathways viz. oxidation by-product creation 

under sunlight exposure, and non-toxic compound removal through microbial activity.  

5.2 Methodological approach 

The methodology used throughout this thesis enabled DOM-algae interactions to be 

assessed from the point of leaf leaching (i.e. cold water extraction). Investigating DOM 

from leachate from specific leaf sources increased the repeatability and consistency of 

experiments, in comparison to the ambiguity of DOM sampled from a waterbody, 

consisting of multiple plant sources and numerous degradation states transformation. 
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The approach of this work allowed spatial and temporal processes to be simplified using 

DOM characterized at its origin under controlled times of exposure to solar radiation, 

microorganisms and cyanobacteria. From the literature, it was apparent that stand alone 

analytical methods provide limited information towards the scientific understanding of 

DOM sources, together with its transformations and capacity to control cyanobacterial 

growth. 

The thesis combined DOM characterisation with algal bioassays to clarify the effect 

of DOM on cyanobacterial photosynthetic yield inhibition. Overall, it is clear the 

findings of this thesis were made possible by examining DOM source using chemical 

and ecological analyses in a coordinated and complementary manner. This could not be 

captured in previous studies using a source-sink tracer approach or samples with DOM 

mixed from receiving waters. Future studies are recommended to confirm whether 

theories presented below are applicable under natural conditions (raw water samples, 

mixed algal communities). 

5.3 Insights into the ecology of DOM from this thesis 

Chapters 2 demonstrated that terrestrial DOM was more toxic towards a cyanobacterial 

species than a eukaryotic algal species. Chapters 2, 3 and 4 show toxicity towards the 

cyanobacteria was ubiquitous for all terrestrial plant species sources tested, and present 

irrespective of its aged state (DOM degradation state). This study showed that the 

dominant structures of leaf leached DOM from Casuarina and Eucalyptus consisting 

mostly of glucose, with the presence of gallic acid (Chapter 3, Figure 18). The results of 

these chapters are summarised in a conceptual model of the connections between 

terrestrial sources of DOM, and its transformation pathways on DOM toxicity towards 

cyanobacteria (Figure 18). 
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Figure 18 Conceptual model shows how the findings of my study in terms of the DOM 

source and transformation pathways and the ultimate effect on cyanobacterial toxicity. 

From left to right, plant leaves leach DOM that can directly and indirectly contribute to 

the phytotoxic DOM pool, which will be effective towards the inhibition of yield for 

Cyanobacteria. 

 

Irrespective of plant phenology, Casuarina and Eucalyptus DOM were similar in 

their major chemical composition. However, comparison of the most toxic compounds 

in the leachate revealed different active compounds from these different plant sources. 

Proline was identified as the active constituent in Casuarina leached DOM, and 

polyphenols and gallic acid were identified as the active constituents in Eucalyptus 

leached DOM (Chapter 4). Sunlight exposure was the major transformation pathway to 

increase sample toxicity, compared with microbial processes and plant source effects 

(Chapter 3). Solar radiation and microbial degradation pathways increased the toxicity 

of DOM samples in different ways (as shown in Chapter 3 and further clarified in 

Chapter 4). However, toxic DOM compounds were neither created nor transformed or 

degraded by either process. Instead, DOM toxicity was found to increase as 

photochemical transformations resulted in likely production of ROS. Microbial 

transformations consumed sugars without changing the toxic molecular species, and it is 

hypothesized that this increased DOM toxicity through changing the proportion of these 

toxic compounds (Chapter 3 and 4). These degradation pathways did not reduce proline, 

polyphenols and gallic acid proportions (compounds identified as possessing toxic 

action). 
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5.4 DOM Chemistry - New method approach for DOM characterisation 

This thesis made progress toward the understanding of DOM toxicity in terms of 

currently available analytical/spectroscopic techniques. Through chemical analysis of 

DOM based on separation, spectroscopic and elemental methods, and information on 

photo-oxidation, DOM toxicity towards cyanobacterial was estimated (Figure 19). A 

major barrier to better understanding the ecological of terrestrial DOM in waterways 

rests in its complex chemical composition and dynamic nature. This has been due to (1) 

limited suitable analytical techniques, and (2) difficulties characterising dynamic 

compounds by measurements taken at a single point in time. Figure 2 provides a 

conceptual model of how ecological understanding and analytical chemistry can be 

integrated with a goal of predicting the ecological outcome of DOM input to waterways 

from terrestrial plants (Figure 19). 

 

 

Figure 19 Decision support system for studies of DOM phytotoxicity to cyanobacteria 

based on available measurements of DOM leachates derived from Casuarina and 

Eucalyptus leaves. Three pathways dominate this model, where DOM toxicity may be 

predicted if (1) absorbance and elemental measures have been made, (2) sample has 

been exposed to sunlight as ROS-containing species may be responsible, and (3) 

compounds are identified using 1H NMR. 
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In Chapter 2, results demonstrate the value of characterizing DOM in natural 

samples through a combination of UV-Vis spectroscopic data and DOC concentration, 

rather than simply DOC concentration alone. These combined measures may produce 

useful indicators of toxicity, and potentially even DOM source. It is apparent these are 

only relative measures, and amounts and concentrations in natural water samples may 

not always fall within the ranges we found in the freshly leached and aged DOM.  

In Chapter 3, results showed DOM leachates containing highly coloured and 

high molecular mass constituents with low nitrogen content were more toxic. NMR 

spectroscopy provided more detailed information on the chemical characteristics of 

toxicologically active constituents; however the failure to identify the production of any 

compounds after exposure to solar radiation points to the possibility that reactive 

oxygen species (ROS) may be responsible, at least partially, for sample toxicity. 

In Chapter 4, HPLC fractionation of leachates and subsequent 1H and 2D NMR 

spectroscopy showed proline, gallic acid and polyphenols were, in relative terms, likely 

to be the most active compounds responsible for DOM toxicity towards C. raciborskii, 

although contributions from ROS cannot be dismissed. These compounds may be 

isolated from natural water samples, after a preliminary concentration step. 

Fractionation may overcome bulk sample chemical complexity that is known to limit 

the resolution of NMR (in terms of identification of chemical identity or functional 

groups for example). Given these findings in Chapter 3 and 4, it may be proposed that 

exposure to solar radiation produces ROS that are additional toxic components (albeit 

relatively short-lived) to proline, gallic acid, and polyphenols.  

This study demonstrated that it is problematic to characterize DOM by a simple 

measure, such as concentration of DOC. Considering DOM exists as a complex pool, it 

remains surprising that DOM is often reported as a concentrations of DOC, as this 

measure does not indicate concentration of the active compound. It is clear that 

limnologists need to consider moving from describing DOM in terms of DOC 

concentration when predicting its toxicity towards cyanobacteria by applying optical 

measures, or concentrating the water samples and using NMR spectroscopy with 

bioassays to identify presence of toxic compounds. 

5.5 Final remarks and future work  

A number of authors have argued that the impacts of exports of terrestrially-derived 

DOM on freshwater systems have been overlooked (Berman and Bronk 2003; Roulet 
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and Moore 2006; Steinberg et al. 2006). This PhD study provides further evidence of 

this, showing that DOM leached from terrestrial vegetation may be toxic to 

cyanobacteria, which suggests that in addition to reductions in sediment and nutrient 

loads, riparian vegetation has the potential to suppress cyanobacterial blooms 

downstream through DOM additions. With the exception of studies assessing the effect 

of leaf addition to waterbodies for cyanobacterial control (e.g. barley straw, rice hull 

etc), very little research has been published on this topic. Field mesocosm approaches 

would contribute a better understanding of the ecological impacts of DOM toxicity. 

Future work would start to explore DOM in terms of concentrations of molecular 

components such as proline, phenols and gallic acid with DOM UV-Vis spectra 

employed to assess its effects on natural phytoplankton communities. In the context of 

developing appropriate bloom control management actions in the future, research into 

when and how catchment vegetation may naturally control cyanobacterial blooms is 

essential. 

From an ecological perspective, there is value in future work exploring the 

mechanisms by which DOM affect algae, and why eukaryotic and prokaryotes differ in 

their response. This study focussed on photosynthesis inhibition, often involving 

Photosystem II, however oxidative damage is another important mode of action for the 

allelopathic effect of DOM components towards cyanobacteria. In addition, clarifying 

these mechanisms of ecological impact (modes of action) would contribute to a better 

understanding of the differing sensitivities of cyanobacteria and green algae to DOM.  

Future work from a chemical perspective would be to build a plant-source DOM 

library, and develop composition characteristics databases to build toxicity prediction 

models. Research is needed build a plant DOM library, to characterise and describe the 

toxicity of common catchment plants. This may be achieved using HPLC separation 

methods, and NMR spectra, alongside toxicity assays.  

This PhD study demonstrated the potential for standard DOM measures of UV-

Vis absorbance to be useful for predicting DOM toxicity towards cyanobacteria. Many 

challenges and unknowns remain. However, on the basis of the work described in this 

thesis, the required direction for future research is proposed to be a transition from 

describing a water sample, to predicting a water sample’s ecological effect. Thus, the 

measurement of a natural water sample’s UV-Vis characteristics and toxicity would 

contribute to building robust models to predict DOM toxicity. Combined, these two 
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areas would eventually allow the source and fate of DOM to be better understood, in 

terms of ecological impact of plant-derived DOM in freshwater ecosystems.  
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A1 Figure S1. Examples of leachate colors from nine plant treatments used in Experiment 1 

algal bioassays. Numbers 1 to 9 refer to leaf leachate treatments from: (1) Poaceae family; 

(2) Cyperaceae family; (3) Asparagaceae family; Myrtaceae family, (4) Melaleuca spp.; (5) 

Eucalyptus spp.; (6) Lophostemon spp.; (7) Casuarinaceae family; (8) Araucariaceae family; 

and (9) Pinaceae family. 
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The effect of DOM plant source on various DOM chemical parameters were evaluated using 

Mann-Whitney U tests were to identify statistically significant differences between woody 

versus non-woody treatments, and angiosperm versus gymnosperm treatments. DOM 

chemical parameters included elemental parameters, and spectroscopic indices. 

 

A1 Table S1. DOM chemical characteristics (mean ± SD) of leachates from plant groups by 

vegetation structural tissue and re-grouped by taxa.  

DOM Chemistry DOM Plant Source  DOM Plant Source 

  Non-woody  Woody  

 
 Angiosperms Gymnosperm  

DOC (mg g-1 leaf) 14.9 (±9.9) 25.4 (±13.3) **   23.5 (±14.9) 18.6 ±3.3)   

TDN (mg g-1 leaf) 1.79 (±1.31) 0.12 (±0.54) ***   0.94 (±1.35) 0.15 ±0.07) *** 

pH 6.0 (±0.2) 5.6 (±0.6)     6.0 (±0.2) 5.0 ±0.2) *** 

SUVA254  (mg C L-1 m-1)(Proxy for Aromatic 
carbon) 

2.80 (±0.58) 3.63 (±1.91) 
 

  3.00 (±1.08) 4.69 (±2.55)   

a255(m
-1) (Proxy for Coloured DOM) 217 (±106) 131 (±108) *   161 (±124) 128 (±67)   

a350 (m
-1) (Proxy for Lignin phenol) 62.4 (±38.0) 37.1 (±31.6) *   56.0 (±30.8) 5.7 (±2.8) *** 

a440 (m
-1) (Proxy for Gilvin) 8.42 (±5.55) 6.42 (±6.17) *   8.80 (±5.82) 1.28 (±0.52) *** 

Slope295_Coef (Proxy for DOM composition) -10.85 (±5.52) -12.52 (±16.32) 
 

  -7.85 (±5.76) -24.87 (±23.38)   

Slope350_Coef (Proxy for DOM processing) -43.6 (±13.1) -88.7 (±113.7) 
 

  -43.5 (±22.0) -179.0 (±163.9) *** 

Slope400_Coef (Proxy for Relative MW) -59 (±25) -337 (±517) *   -72 (±33) -856 (±642) *** 

SR (Inversely correlated with the MW) 0.18 (±0.05) 0.07 (±0.05) ***   0.12 (±0.07) 0.03 (±0.01) *** 

Statistical significance is indicated using asterisks: ***P < 0.001, **P < 0.01, *P < 0.05. Significance was tested using Mann Whitney U 

tests between DOM sources; (Part 1) DOM derived from leaves of non-woody verses woody vegetation, and (Part 2) DOM derived from 
leaves of angiosperms verses gymnosperms.   
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A1 Figure S2. Photosynthetic yield of C. raciborskii (mean ± SD, n = 3) after exposure to 

leachates from one of 9 plant treatments, over 15 d. (a) Non-woody angiosperms, (b) woody 

angiosperms, (c) woody gymnosperm plants, and (d) no leachates, from Expt 1 dataset.  

  



S- 7 - 

 

 

A1 Figure S3. Photosynthetic yield (mean ± SD, n = 3) of C. raciborskii and 

Monoraphidium spp. after 0 h, 24 h and 120 h of exposure to leachates from one of four plant 

treatments (a, b) M. quinquenervoa, (c, d) E. tereticornis, (e, f) L. suaveolens, (g, h) C. 

cunninghamiana, (i, j) A. cunninghamii. Vertical grey line indicates minimum leaf mass used 

for leaching, which reduced algal photosynthetic yield after 120 h of exposure, from Expt 2. 

dataset. 
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Diagnostic plots  

Inspections of diagnostic plots were carried out to identify departures from model 

assumptions. The first plot reveals that the standardized residuals are scattered relatively 

evenly for data from all samples (i.e. observation number).  Additionally, generalized 

leverage indicates how far a predicted value is from the average of all predicted values. Large 

Cook’s distance measures, relative to smaller values (i.e. short lines), suggest which 

observations that are the most influential over the entire model. The plot of residuals vs linear 

predictors is a final estimation of how good the model is at predicting response values.  For 

general information on interpretation of diagnostic plots see Ferrari and Cribari-Neto, 2004. 

 

A1 Figure S4. Diagnostic plots for beta regression Model 1 from Expt. 1 dataset (AIC -166, 

𝑅p
2 0.49, Log-likelihood 90.0, Df 7). Obs. Number is the flask sample number. 
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A1 Figure S5. Diagnostic plots for beta regression Model 2 from Expt. 1. dataset (AIC -182, 

𝑅p
2 0.65, Log-likelihood 100, Df 9). Obs. Number is the flask sample number. 

 

 

A1 Figure S6. Diagnostic plots for beta regression Model 3-WA, from Expt. 2 Dataset (AIC 

-392, 𝑅p
2 0.58, Log-likelihood 201.1, Df 5). Obs. Number is the flask sample number. 
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A1 Figure S7. Diagnostic plots for beta regression Model 3-G, from Expt. 2 dataset (AIC -

163, 𝑅p
2 0.43, Log-likelihood 86.8, Df 5). Obs. Number is the flask sample number. 
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A2 – Supplementary information for Chapter 3 

Supplementary Information for Chapter 3: Microbiological and 

photochemical processes limit toxicity of dissolved organic matter towards 

cyanobacteria. 
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without DOM added). Dose-response curves generated after 1, 3 

and 5 d of DOM exposure to cultures. Summary of datasets 

derived using dose-response curves (EC values mean ± SD) also 

shown. 
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A2 Table S1. The 2 x 2 x 2 factorial experimental design used to investigate photochemical 

changes in DOM toxicity to C. raciborskii for each plant source, and subsequent experimental 

investigations into DOM toxicity and chemical composition. 

Part 1. DOM collection and degradation Part 2. A Toxicity assays 

 DOM Source Casuarina cunninghamiana  

Eucalyptus tereticornis 

 Effective concentration (EC) of DOC (mg L-1) to cause a 

photosynthetic yield inhibition for C. raciborskii of 10, 50 

and 90% compared to control. 

 Age post leaching (h) 24, 120 Part 2. B Chemical characterisation 

 Exposure conditions  0, 1  Elemental analysis (C, N) 

 Incubation duration (h) 24, 120  UV-Visible spectroscopy 

    Nuclear magnetic resonance Spectroscopy 

** Note: 24 h dark treatment of each DOM plant source is a repeat of an earlier experiment. These results are directly comparable to Neilen 

et al., 2017. 
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A2 Table S2. Leached TDN and DOC concentrations, EC and changes in DO (n = 1) (mg L-1) 

from 4 g of dry leaf material diluted in water (40:1, v/w), measured at the start of each 

experiment. 

  Initial TDN (mg L-1) Initial DOC (mg L-1) 
EC  Change in DO 

(h-1) 

 
Leaching 

group 

Batch 1 

 (24 h) 

Batch 2 

(120 h) 

Batch 1  

(24 h) 

Batch 2  

(120 h) 
 

 

 

 

Casuarina          

 Control (0 h) 59.6 26.9 1022 431     

 Sunlight 59.2 25.5 1021 435 756.0 756.0 -1.19 -1.17 

 Dark 48.7 24.6 858 406 755.9 755.9 -1.18 -1.18 

Eucalyptus          

 Control (0 h) 21.3 25.1 877 1371     

 Sunlight  20.9 13.4 902 838 751.9 751.9 -1.57 -1.63 

 Dark 17.2 9.7 822 1051 751.9 751.9 -0.31 -1.61 

          

^^(Table 01 in Neilen et al., 2017) 
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A2 Table S3. Changes in DOC concentration of DOM leached from the two plants sources of 

interest on incubation compared to a Dark Control.  

Time Exposure  Casuarina cunninghamiana  

 

 Eucalyptus tereticornis  

  Percentage 

total DOC 

consumed in 

time period 

(%) 

Total DOC 

consumption in 

time period 

(ΔDOC mg L-1) 

Rate of consumption 

(DOC mg L-1 h-2) 

Percentage total 

DOC consumed in 

time period 

(%) 

Total consumption in 

time period (ΔDOC 

mg L-1) 

Rate of consumption 

(DOC mg L-1 h-2) 

24 Sunlight 0.1 1  0.041  -3 -25 -1.04 production 

24 Dark 16 164 6.83  6 57 2.38 

120 Sunlight -0.9 -4  -0.03 production 39 533 4.44 

120 Dark 6 25 0.21 23 320 2.67 
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A2 Table S4. Effective concentration of DOC# (mg L-1, mean ±SD) diluted in growth media to 

inhibit C. raciborskii photosynthetic yield by 10, 50 and 90% (EC10, EC50, and EC90), in 

comparison to the control treatment (i.e. cultures without DOM added) after 5 d of exposure.  

 Casuarina cunninghamiana Eucalyptus tereticornis 

 24 24 120 120 24 24 120 120 

 L D L D L D L D 

EC10 29.3 ± 19.9 17.6 ± 1.3 11.3 ± 0.8 15.1 ± 1.4 - - 9.3 ± 1.7 20.3 ± 3.7 

EC50 32.0 ± 19.3 20.2 ± 7.6 15.6 ± 0.3 18.3 ± 2.6 - - 13.8 ± 1.1 23.0 ± 10.7 

EC90 35.0 ± 20.1 23.1 ± 15.8 21.5 ± 0.8 22.2 ±  8.4  - - 20.4 ± 4.3 25.9 ± 28.7 

#DOC at time 0 h, was used as a measure for consistency, as DOC concentrations were altered by bacterial and photochemical processes 

during the 24 and 120 h in incubations.  

^Data collected for 24 h Eucalyptus treatments did not have a biphasic response to derive a dose-response relationship, and calculated 

associated values for EC10, EC50 and EC90. 
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A2 Table S5. Chemical composition of DOM leached from Casuarina and Eucalyptus leaves# 

and incubated for 24 or 120 h hours under natural sunlight-dark conditions or dark conditions.  

Leaching Group Age a255 a350 a440 Slope295_Coef Slope350_Coef Slope400_Coef SR 
a_ratio 
250: a365 DOC TDN CN 

 
SUVA254 

Casuarina 

cunninghamiana             

 

Sunlight 24 29.73 50.59 6.83 0.06 0.12 0.24 0.24 2.72 1021 59.2 14.8 2.91 

Dark 24 29.62 48.55 4.18 0.05 0.12 0.23 0.24 0.84 858 48.7 15.1 3.45 

Sunlight 120 -2.30 27.55 2.74 0.13 0.29 0.41 0.31 1.42 435 25.5 14.6 -0.528 

Dark 120 4.81 24.13 1.86 0.13 0.29 0.45 0.29 0.97 406 24.6 14.2 1.18 

Eucalyptus 

tereticornis              

Sunlight 24 47.17 98.03 4.05 0.04 0.08 0.11 0.35 0.56 902 20.9 37.0 5.23 

Dark 24 -32.86 98.09 4.08 0.04 0.08 0.11 0.37 1.63 820 17.2 40.8 -4.01 

Sunlight 120 293.97 140.21 6.15 0.02 0.06 0.08 0.27 1.14 838 13.4 53.8 35.08 

Dark 120 34.47 132.18 6.09 0.02 0.06 0.08 0.29 0.55 1051 9.7 92.5 3.28 

 
#absolute values only, these are not mean values with an error term as this table summarises the single leachate batch, before sub-setting and 

use in bioassays.  
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A2 Table S6. Modelled effective concentration of DOM (%) diluted in growth media, that 

inhibits C. raciborskii photosynthetic yield by 10, 50 and 90%, in comparison to the control 

treatment (i.e. cultures without DOM added). Dose-response curves generated after 1, 3 and 5 

d of DOM exposure to cultures. Summary of datasets derived using dose-response curves (EC 

values mean ± SD) also shown. 

Plant Leaching 

batch name 

L Light Age 

(h) 

Day EC10 EC50 
 

EC90 
 

Casuarina Batch 1 (24 h) - 0 1 2.03 ± 0.11 2.76 ± 0.16 3.75 ± 0.36 

 Batch 1 (24 h) + 24 
 2.16 ± 0.17 2.99 ± 0.15 4.14 ± 0.27 

 Batch 2 (120 h) - 0 
 2.59 ± 0.18 4.29 ± 0.10 7.10 ± 0.61 

 Batch 2 (120 h) + 120 
 2.17 ± 0.13 3.26 ± 0.08 4.91 ± 0.18 

 Batch 1 (24 h) - 0 3 1.76 ± 1.31 2.05 ± 0.29 2.38 ± 2.44 

 Batch 1 (24 h) + 24  2.88 ± 6.28 3.13 ± 6.61 3.39 ± 7.38 

 Batch 2 (120 h) - 0 
 3.71 ± 0.56 4.43 ± 0.91 5.28 ± 2.96 

 Batch 2 (120 h) + 120 
 3.25 ± 0.99 3.70 ± 0.43 4.21 ± 0.32 

 Batch 1 (24 h) - 0 5 2.06 ± 0.15 2.35 ± 0.88 2.69 ± 1.84 

 Batch 1 (24 h) + 24 
 2.87 ± 1.95 3.14 ± 1.89 3.43 ± 1.97 

 Batch 2 (120 h) - 0 
 3.71 ± 0.34 4.50 ± 0.65 5.47 ± 2.07 

 Batch 2 (120 h) + 120 
 2.60 ± 0.19 3.58 ± 0.07 4.93 ± 0.19 

Eucalypts Batch 1 (24 h) - 0 1 6.35 ± 20.50 Non-toxic Non-toxic Non-toxic Non-toxic 

 Batch 1 (24 h) + 24 
 0.00 ± 0.00 Non-toxic Non-toxic Non-toxic Non-toxic 

 Batch 2 (120 h) - 0 
 2.02 ± 0.06 2.64 ± 0.05 3.44 ± 0.11 

 Batch 2 (120 h) + 120 
 1.52 ± 0.04 1.88 ± 0.02 2.33 ± 0.05 

 Batch 1 (24 h) - 0 3 4.32 ± 0.06 4.87 ± 0.17 5.48 ± 0.32 

 Batch 1 (24 h) + 24 
 48.93 ± 9.64 Non-toxic Non-toxic Non-toxic Non-toxic 

 Batch 2 (120 h) - 0 
 2.06 ± 0.04 2.49 ± 0.04 3.01 ± 0.07 

 Batch 2 (120 h) + 120 
 1.57 ± 0.03 1.80 ± 0.02 2.06 ± 0.02 

 Batch 1 (24 h) - 0 5 10.44 ± 52.04 Non-toxic Non-toxic Non-toxic Non-toxic 

 Batch 1 (24 h) + 24 
 0.07 ± 0.81 Non-toxic Non-toxic Non-toxic Non-toxic 

 Batch 2 (120 h) - 0 
 1.93 ± 0.38 2.18 ± 1.11 2.46 ± 2.97 

 Batch 2 (120 h) + 120 
 1.11 ± 0.20 1.64 ± 0.13 2.43 ± 0.52 
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A3 – Supplementary information for thesis 

Supplementary information for quality control used in all methods of this 

thesis. 

Reducing nutrient and DOC contamination of samples 

All glassware used for leaching leaf material, freeze drying or storage of DOM was rinsed in 

10% HCl followed by copious amounts of deionized water (18.1 MΩ cm, Arium® 611 UV 

system, Sartorius). 

Maintaining monocultures by reducing contamination  

All work on monocultures was completed in a Physical Containment level-2 (PC2) 

laboratory, following standard practices. Tasks related to growth media, leachate filtering and 

experimental manipulations were all completed in a Class II biological safety cabinet (i.e. 

vertical laminar air flow with HEPA filters). To reduce bacterial and fungi associated with 

leaf leachates contaminating monoculture, DOM planned for exposure to monocultures was 

filtered (0.22 𝜇 pore-size filteration) into sterile plasticwear, or if the situation required glass 

to be used, to ensure sterile conditions, acid-washed glassware was autoclaved.  

Sample Analysis 

Ultrapure, deionized water (18.1 MΩ cm, Arium® 611 UV system, Sartorius) was used as the 

reference for water extracted samples. JM/5 growth media was used as a reference for all 

samples collected from bioassay flasks. These blank samples of water and growth media were 

collected at the time of each experiment and store as blanks, appropriate for each experiment. 

During analysis, these samples were subtracted as a blank from sample UV-Vis absorbance 

measurements. For nutrient analysis ultrapure, deionized water was used to zero 

instrumentation or compare to ultrapure, deionized water collected on the day of analysis, as 

appropriate. 

Experimental Controls 

Positive, negative controls and blanks were used in all experiments as follows; 

2.3.3. Experiment 1 - Cyanobacterial response to terrestrial DOM 

A positive control was used of CS505 in 1:5 diluted growth media with nitrogen added, and 

blanks were run with 1:5 diluted growth media and plant leached DOM (no cyanobacteria). 



S- 19 - 

 

2.3.4 Experiment 2 - Dose-Response bioassay 

A positive control was used of CS505 in 1:5 diluted growth media with nitrogen added, and 

blanks were run with 1:5 diluted growth media and plant leached DOM (no cyanobacteria). 

3.2.3  Experimental design 

A negative control was used of CS505 in 1:5 diluted growth media (i.e. 0% DOM), a positive 

control was used of CS505 in 1:5 diluted growth media with nitrogen added, and blanks were 

run with 1:5 diluted growth media and plant leached DOM (no cyanobacteria). 

4.2.4 Bioassay testing 

Negative controls were that consisted of the monoculture (CS505) in 1:5 diluted growth 

media, in triplicate, alongside all three experiments.  

NMR and Analytical Chemistry 

All reagents were HPLC grade. Short handling duration ensured DMSO did not absorb water. 


