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Abstract
Over the last two decades there has been a marked increase in the intensity and frequency of
proliferations of the benthic, mat-forming cyanobacterial genus Phormidium in rivers
worldwide. This has raised concerns because species of Phormidium are known to produce a
variety of cyanotoxins, including; anatoxin-a, homoanatoxin-a, dihydro-anatoxin-a and
dihydro-homoanatoxin-a. Phormidium has already been implicated in animal toxicosis events
in France, the Netherlands, Scotland, Switzerland and the United States of America. In New
Zealand, there have been over 100 dog deaths attributed to ingestion of Phormidium since the
early 2000’s. Concern over increasing Phormidium proliferations has led to a series of
investigations into the underlying cause, but to date there is a limited understanding of the
physicochemical factors which enhance growth. Previous observational studies have allowed
inferences to be drawn that nutrients and river flow may play roles in determining Phormidium
cover, however experimental evidence to test these inferences was limited. To address this gap,
I have undertaken a series of observations and experiments investigating the relationship
between Phormidium growth, nutrients and water velocity. Initially, I explored correlations
between physicochemical variables and Phormidium cover and toxin concentrations in the
Canterbury region (New Zealand), using an observational survey with high temporal
resolution. A series of experiments followed that used novel field and mesocosm-based
methods that allowed an in-depth analysis of how nutrients and flow affect different phases of
the accrual cycle of Phormidium mats. These provided new insights into conditions under
which proliferations are likely.
The observational-based field study was undertaken in eight rivers and involved weekly
sampling over eight months. A variety of physicochemical variables including nutrients,
dissolved metals, substrate size and stability, conductivity and temperature was measured as
well as benthic Phormidium coverage and the associated toxin concentrations. Both
Phormidium cover and anatoxin concentrations were highly variable spatially and temporally.
Phormidium proliferations were documented under a wide range of water-column nutrient
concentrations, including nitrogen concentrations suggested too low to support bloom
formation in previous studies (dissolved inorganic nitrogen (DIN): <0.02 mg L-1) and also at
low dissolved reactive phosphorus (DRP) concentrations (0.006 mg L-1). This survey used
generalised additive mixed models to identify variables associated with Phormidium cover.
High Phormidium cover was correlated with increasing conductivity and decreasing river flow.
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However, despite including a wide range of environmental and water quality variables, site
was identified as an important factor in predicting cover, suggesting that a site-specific, timeindependent factor not included in analyses influences Phormidium cover. Higher anatoxin
concentrations were measured between November and February and when DRP was less than
0.02 mg L-1. However, mats are a mixture of non-toxic and toxic genotypes and information of
the relative abundance of these would allow more conclusive inferences to be drawn on
influence of physicochemical factors on toxin concentrations.
Previous research has shown that Phormidium mats may access sediment-bound phosphorus
trapped within mat matrices, allowing them to grow partially independent of river water
nutrient supply, and the occurrence of proliferations at low DIN concentrations, led to the
development of the hypothesis that nitrogen-fixing bacteria are present in Phormidium mats
and could contribute to the nitrogen requirements for growth. I investigated this hypothesis
using molecular techniques (i.e., high-throughput sequencing) and showed that 16 operational
taxonomic units containing genes for nitrogen-fixation were present in mats, and that their
diversity increased with increasing water-column nitrogen concentrations, rather than
decreased as hypothesized. The potential for nitrogen fixation within mats may therefore
explain a weak dependence on water-column DIN, though the rates of fixation relative to
nitrogen demand were not investigated.
A stream-side mesocosm experiment was then conducted to elucidate links between
Phormidium accrual and velocity and nitrate. Two velocity treatments; slow (0.1 m s-1) and
fast (0.2 m s-1), were crossed with three nitrate treatments; ambient (0.02 mg L-1), medium (0.1
mg L-1) and high (0.4 mg L-1) and growth as areal expansion, biovolume, chlorophyll a and
phycoerythrin was followed for 16 days. Due to the random nature of Phormidium colonisation
in mesocosms, it was standardised by inoculating clean cobbles with a constant volume of
homogenised Phormidium mats. High velocity resulted in significantly higher Phormidium
biomass by the end of experiments, but did not affect expansion rates. Patches in slow velocity
treatments detached significantly earlier compared to patches in high velocity treatments, due
to autogenic detachment. Nitrate concentrations had no effect on Phormidium biovolume,
chlorophyll a concentrations or mat expansion, although under high velocity and high nitrate
treatments an increase in phycoerythrin concentrations over other treatments was evident.
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In order to further investigate the effects of site and velocity on Phormidium accrual, I then
undertook an in-stream experiment across a velocity gradient in three south Canterbury rivers,
again using pre-inoculated cobbles to eliminate colonisation effects. Phormidium expansion
rates and biomass (chlorophyll a and phycoerythrin concentrations and biovolumes) were
measured, along with near-bed velocity, nutrients, macroinvertebrate communities and shear
stress. Velocity determined mat morphology, expansion rate and patch longevity. Patches in
low-medium velocity (i.e., pools and runs) habitats spread relatively quickly laterally, at least
initially, whereas mats from the high-velocity riffles expanded at a slower rate, but increased
in thickness. The optimal near-bed velocity for Phormidium rate of accrual, as patch size, was
0.25 to 0.45 m s-1, which in these rivers represented run habitats. Patches in riffles, though
expanding more slowly, persisted throughout the experiment and this persistence may explain
the tendency for riffles to have higher Phormidium cover. Patches from pools expanded rapidly
but were also removed quickly, presumably due to high grazing pressure. Under similar
velocities, differences in accrual were still evident among sites, which was partially attributed
to differences in shear stress and macroinvertebrate communities.
Lastly, a synthesis of new knowledge gained through this thesis, together with recently
published literature is presented, which develops a new paradigm for understanding the
dynamics of Phormidium proliferation that is based on the factors influencing various phases
of the accrual cycle. Of particular importance is the complex interactions between accrual,
persistence and velocity, and perhaps nutrients. My research suggests that a nuanced
interpretation of what governs Phormidium colonisation, growth and persistence needs to be
developed that is sensitive to the demands of different phases of the accrual cycle. Future
directions for research are also suggested, which aim to build upon the research presented in
this thesis and further advance understanding of the physicochemical drivers of Phormidium
proliferations.
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1. The rise of toxic benthic Phormidium proliferations
1.1

Phormidium in freshwater environments

The filamentous cyanobacterial genus Phormidium (Fig. 1.1A) is cosmopolitan and is found in
diverse habitats including; intertidal marshes, alpine streams, thermal springs, and Arctic and
Antarctic lakes (Broady & Kibblewhite, 1991; Komárek & Anagnostidis, 2005; Quesada et al.,
1999). This genus is species-rich with approximately 170 described species (Komárek &
Anagnostidis, 2005), however there is considerable uncertainty regarding the classification of
species within this genus (see Appendix 1 for further information). Under favourable
hydrological and environmental conditions, Phormidium forms cohesive mats which can cover
large areas of substrate (Fig. 1.1B-D). Expansive Phormidium mats have been recorded in both
oligotrophic and eutrophic environments (Komárek, 1999; Mez et al., 1998; Wood et al.,
2012a). Although dominated by Phormidium, these mats also contain a plethora of other
organisms including bacteria, other cyanobacteria, and to a lesser extent eukaryotic algae
(Brasell et al., 2015; Hart et al., 2013). These consortia of micro-organisms often benefit each
other physiologically, and are bound together, and to the substrate, by extracellular polymeric
substances (EPS), frequently incorporating inorganic sediments (Fig. 1.1B;(Wood et al.,
2015a). Hereafter these microbial communities are collectively referred to as Phormidium
mats.
Concern over the apparent global increase in prevalence of Phormidium mats is in large part
due to their ability to produce toxins. Phormidium species are known to produce a range of
cyanotoxins (Borges et al., 2015; Gugger et al., 2005; Teneva et al., 2005; Wood et al., 2007).
The most commonly produced toxins are the powerful neuromuscular-blocking anatoxin-a
(ATX) and homoanatoxin-a (HTX) and their structural derivatives (Quiblier et al., 2013).
Animal deaths linked to ingestion of microbial mats containing anatoxin-producing
Phormidium species have been reported in France, Netherlands, the United States of America,
and New Zealand (Faassen et al., 2012; Gugger et al., 2005; Puschner et al., 2008; Wood et al.,
2007). In France, ingestion of mats dominated by ATX-producing Phormidium favosum were
implicated in the rapid death of two dogs at the Loue River (Gugger et al., 2005). A similar
event occurred in Netherlands, where three dogs died at Lake IJmeer after ingesting mats
containing Phormidium and high concentrations of ATX (Faassen et al., 2012).

1

Figure 1.1 (A) An example of a typical Phormidium filament observed in Phormidium mats in
New Zealand. This filament was from the study of Wood et al. (2007) in the Hutt River, Wellington,
New Zealand, (B) a thick Phormidium mat from the Selwyn River (New Zealand), the left-hand
side of the mat has been peeled back to show the layer of fine sediment commonly observed at the
mat-rock interface, and (C, D) Phormidium proliferations in the Ōpihi River (New Zealand).

1.2

Phormidium proliferations in New Zealand rivers

Over the last decade there has been an apparent increase in the prevalence of benthic
Phormidium proliferations (defined as >20% coverage of the river substrate by Phormidium
mats) in some New Zealand rivers (Heath, 2009). As elsewhere, Phormidium in New Zealand
is capable of producing toxins (Wood et al., 2007). The first documented animal toxicosis event
due to ingestion of benthic cyanobacteria occurred in 1998 in the Waikanae River (lower North
Island), where five dogs died in three days (Hamill, 2001). Using a mouse bioassay and highperformance liquid chromatography with fluorescence detection (HPLC-FLD) the presence of
natural degradation products of ATX was subsequently confirmed in a benthic mat dominated
by Oscillatoria-like species (Hamill, 2001). Further sudden deaths of dogs were reported at the
Mataura River (lower South Island) in 1999 and 2000. Benthic Oscillatoria-like mats were
collected and their toxicity confirmed by mouse bioassay (Hamill, 2001).
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In November 2005, at least five dogs died rapidly after visiting the Hutt River (lower North
Island). Extensive benthic mats dominated by Phormidium autumnale were found in the river
(Wood et al., 2007). Liquid chromatography-mass spectrometry (LC-MS) analysis of the mats
and the stomach contents from a deceased dog identified ATX, HTX and the variants dihydroanatoxin-a (dhATX) and dihydro-homoanatoxin-a (dhHTX; Wood et al., 2007). Since this
incident, ingestion of Phormidium mats has been linked to dog toxicosis events in other parts
of New Zealand and anatoxins detected on multiple occasions (Heath & Wood, 2010; Wood et
al., 2012b).

Concerns over toxicosis have driven research aimed at understanding factors that control both
the dynamics of Phormidium mats and their toxin production. Wood et al. (2015b) highlighted
that Phormidium proliferations had occurred at one or more sites in 103 rivers across New
Zealand since 2009 (Fig. 1.2; North Island = 61 rivers, South Island = 42 rivers). While it was
by no means an exhaustive national survey, the rivers where proliferations were recorded
tended to be on the eastern side of the country, often in the rain shadow of prevailing westerly
winds.
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Figure 1.2 New Zealand Rivers where one (or more) sites have experienced Phormidium
proliferations (defined as greater than 20% coverage) on one (or more) occasions since 2009,
adapted from Wood et al. (2015b).

1.3

Physicochemical drivers of proliferations

The accrual cycle concept is important when considering periphyton dynamics (Biggs et al.,
1998). The cycle begins with colonisation of the substrate by a periphyton community, includes
its ensuing growth, and eventual detachment and dispersal (Fig. 1.3;(Biggs, 1996). The accrual
cycle concept includes three phases: colonisation, an increase in periphyton biomass and cover,
and finally resetting by disturbance or autogenic detachment (Fig. 1.3). The rate at which
biomass accrues is dependent on the balance of growth-promoting and growth-inhibiting
factors. Typically, growth-promoting factors include water-column nutrients, light and
temperature, and growth inhibition is via grazing and abrasion. The basis of the accrual cycle
has been developed for periphyton in general, though mats dominated by Phormidium differ
from other periphyton types, such as filamentous greens and diatoms, due to their thick,
cohesive mat growth form. Phormidium mats can be many millimetres thick and the
environment inside the mat can be very different to that in the river itself (Martin, 2017; Wood
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et al., 2015a). Steep biogeochemical gradients can occur within such systems, which can
promote nutrient fixation and recycling that can reduce their requirement to source nutrients
from the overlying water (Stal, 2012; Wood et al., 2015a).
As Phormidium mats are functionally different from other periphyton types and also differ at
various accrual phases, the physicochemical controls of biomass accrual are complex and at
times contradictory. Factors that regulate the growth of trailing filamentous algae or a thin mat,
may be irrelevant for a thick Phormidium mat and because mats mature from thin to thick mats,
simple relationships are difficult to extract. Key phases of the accrual cycle for Phormidium
mats are discussed below.
1.3.1 Colonisation and attachment
Initiation of a Phormidium accrual cycle involves colonisation and subsequent growth from
new colonists, or from relic populations remaining after the termination of the previous cycle.
The first of these is still poorly understood in the context of river periphyton. Phormidium is
most commonly observed on bedrock, boulders and cobbles, which represent relatively stable
habitat (Heath et al., 2015), though the mechanisms underlying this relationship are unknown.
Brasell et al. (2015) identified three distinct and concordant phases of bacteria assemblages as
Phormidium mats developed using morphological and molecular approaches. Early succession
was dominated by both Alphaproteobacteria and Betaproteobacteria whereas Sphingobacteria
and Flavobacteria were abundant in the mid and late phases, although they acknowledge that
further research is required to fully understand the functional roles of bacteria at each stage.
Substrate heterogeneity, including particle clusters, crevices and projections, may enhance both
Phormidium colonisation and growth. It may also provide ‘refuges’ during flood events
(Bergey, 2005; Francoeur et al., 1998; Murdock & Dodds, 2007). Rapid regrowth of
Phormidium mats after partial detachment has been observed in Canterbury rivers (Thiesen,
2015), suggesting that relic populations facilitate subsequent proliferation (Fig. 1.3).
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Figure 1.3 Schematic diagram of accrual cycle for Phormidium mats in New Zealand rivers. DRP = dissolved reactive phosphorus, P = phosphorus,
BAP = biologically available phosphorus, DIN = dissolved inorganic nitrogen, DBL = diffuse boundary layer. Figure modified from Wood et al. (2015b).
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The transition from biofilm to mat
Phormidium is thought to be rheophilic as it is often initially confined to riffles. Furthermore,
its natural distribution is extremely patchy, which is thought to be related to patch-scale
differences in velocity (Heath, 2009; Heath et al., 2015). Studies to date have predominately
investigated the removal effects of high flow, whereas flow requirements for successful or
enhanced accrual have received less attention. Biggs et al. (1998) used the subsidy-stress model
to describe a similar relationship for periphyton. It suggests that accrual in nutrient-poor water
may be enhanced by flow. Increased flow indirectly enhances the delivery of nutrients from
the water column into the mat, through a reduction in the thickness of the diffusive boundary
layer (Larned et al., 2004). As velocity increases, abrasion stress also increases resulting in an
optimal range of velocities for accrual (Fig. 1.4). However, a dynamic relationship between
flow and accrual has been suggested for mat-forming Phormidium that results in a switch in
the balance between stress and subsidy at different growth stages (Quiblier et al., 2013), though
there are only limited data to support this. In the early stages of growth, the classic stresssubsidy model may apply, which may partially explain why Phormidium mats begin their
growth phase predominately in riffles (Heath, 2009), but as mats thicken in later stages of
growth, accrual may become increasingly vulnerable to detachment, further constraining the
optimal range of water velocity for mat accrual.
1.3.2 Accrual/growth
The maximum biomass and cover that can accumulate is dependent on the length of the accrual
cycle (Biggs, 2000). Growth-promoting factors affect the speed at which biomass accumulates
across all accrual phases. These variables can include the supply of resources (e.g., nutrients),
physical factors, which influence the rates of biological processes (e.g., light and temperature)
and biological factors such as herbivory and competition. Francoeur et al. (1999) highlighted
that, for general periphyton, temperature is the most important factor influencing biomass
accrual. Heath et al. (2011) also suggested that water temperature was important in determining
whether Phormidium proliferations were present or absent, based on field observations of
greater proliferation during warm, summer months. Subsequent studies with larger datasets
have generally supported these findings. For example, Wood et al. (2017a) found that water
temperatures greater than 15°C had a strong, positive effect on Phormidium cover but cooler
temperatures had no effect, and Schneider (2015) also observed that cover was greater with
increasing temperature. A recent study, which combined the datasets of Wood et al. (2017a),
McAllister et al. (2018) and a third dataset from the Maitai River (Nelson) also provided
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support for this and found that cover was highest during summer months, from November to
February (Wood et al., 2017b). Phormidium proliferations have been documented in winter,
under water temperatures of only 8°C (McAllister, 2014), suggesting that low temperatures do
not completely preclude the development of proliferations.
While temperature emerges as an important factor controlling growth in many periphyton
studies, Biggs (2000) found that, when the effects of duration of accrual were accounted for,
the best predictors of overall periphyton biomass were inorganic nutrient concentrations.
Recently, targeted research on Phormidium proliferations has gathered data to test the nutrient
requirements for their formation. Wood et al. (2017a) conducted a field study to investigate the
nutrient concentrations that are associated with Phormidium proliferations, using weekly
sampling of 10 rivers in the Manawatū-Whanganui region to assess cover accrual over a twoyear period. They based their analysis on the assertion of Biggs and Close (1989) that
correlations between nutrient concentrations and periphyton biomass do not provide an
accurate indication of the historic nutrient loading the community was exposed to as nutrients
are progressively depleted from the water column as biomass accrues. To allow for this timeintegration effect, Wood et al. (2017a) used the mean of the dissolved inorganic nitrogen (DIN)
and dissolved reactive phosphorus (DRP) concentrations over the cumulative accrual period
since Phormidium coverage was zero, which they termed accrual DIN and DRP. They found
that when accrual DIN concentrations were less than 0.8 mg L-1, there was a positive effect on
cover, but there was no further enhancement at higher concentrations. Similarly, they found
that accrual DRP of less than 0.005 mg L-1 had a positive effect but above this threshold, accrual
DRP increase negatively affected Phormidium cover. They used these field observations to
predict that cover would be highest when accrual DIN was between 0.09 and 0.27 mg L-1 and
accrual DRP was between 0.004 and 0.005 mg L-1. A study, with a much larger dataset
collected at weekly intervals in three different regions of New Zealand, found that rivers with
DIN concentrations greater than 0.05 mg L-1 and DRP concentrations less than 0.01 mg L-1
were more likely to experience proliferations (Wood et al., 2017a). Exceptions were identified
which the authors attributed to a dynamic hierarchy of importance in physicochemical and
geomorphic factors that vary among sites.
Phormidium proliferations have also been documented at relatively low DIN concentrations,
from 0.03 mg L-1 and DRP at close to detection limits of 0.002 mg L-1 (Wood et al., 2017a).
The observation of proliferations at low water-column nutrient concentrations has caused
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researchers to posit that mats grow largely independently from the surrounding environment
and are not reliant of water-column derived nutrients for growth. Biogeochemical
investigations have been undertaken to determine whether sources of nutrients internal to the
mats may be available. Nitrogen dynamics within Phormidium mats have not yet been
investigated. Although, Phormidium itself does not have the ability to fix nitrogen (Heath,
2009), other bacteria that exist within mats are capable of nitrogen fixation (Brasell et al.,
2015).
Most Phormidium mats contain a thin layer of sediment at the mat/substrate interface (Fig.
1.1B). Fine-grained sediment is incorporated into mats as they wash across the mat surface and
are captured by EPS (Frantz et al., 2015). Phormidium filaments are very motile and use this
ability to move above the captured sediment, which is consequently incorporated lower into
the mat matrix. Wood et al. (2015a) found that geochemical conditions within Phormidium
mats enable the release of DRP bound to sediments. They highlighted that photosynthetic
depletion of bicarbonate resulted in the development of a high pH (>9) during the day, whereas
oxygen was low (<4 mg L−1) at night due to respiration. The authors also note that DRP
concentrations measured within Phormidium mats were 320-fold higher than those measured
in the overlying water column. This study provides evidence that Phormidium has an
alternative supply of DRP and may explain how it is able to proliferate under low DRP
conditions. Higher DRP concentrations within Phormidium mats compared to the outside
environment mean that net diffusive efflux of DRP will be into the water column from the mats
(Fig. 1.3). The reliance of Phormidium on water-column derived nutrients for biomass accrual
is therefore unlikely.
Wood et al. (2015a) also investigated the relationship between sedimentation rates and the
extent of Phormidium cover and found that rates of deposition of fine sediment (< 63 µm) were
higher at sites where Phormidium proliferations occurred. They conducted a sequential
extraction of phosphorus bound to the sediment and found that the concentrations of
biologically available phosphorus were also higher at sites with high Phormidium cover (Wood
et al., 2015a). This study suggests that once dense Phormidium mats have formed, fine
sediment is an important factor in promoting bloom formation.
Analysis of a limited number of river water samples for essential elements from two separate
studies found no correlation between proliferation and any single element, but suggested a
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potential relationship between the sodium:potassium ratio (McAllister, 2014; Wood et al.,
2015c). Harland et al. (2013), using a culture-based study, concluded that low (40 µg L−1) and
high (4,000 µg L−1) iron concentrations reduced Phormidium growth. Interestingly, high iron
concentrations appeared to inhibit the attachment of Phormidium to culture container walls.
Correlations between Phormidium proliferations and iron concentrations have yet to be
identified in field data.
Grazing is another important factor which influences periphyton accrual dynamics. Algal
accrual can be limited due to herbivory by macroinvertebrates, with the degree dependent on
many factors including, herbivore type, density and body size as well as the periphyton type
and accrual stage (Holomuzki et al., 2010; Steinman, 1996). To my knowledge, no studies have
specifically investigated the impact of invertebrate grazing on Phormidium mats. The mud
snail, Potamopyrgus antipodarum is known to significantly reduce algal biomass and has been
shown to be abundant in Phormidium mats (Hart et al., 2013). Wood et al. (2014) showed that
Deleatidium, Pycnocentrodes, Polypedilum/Orthocladiinae and Maoridiamesa were abundant
within Phormidium mats in four New Zealand rivers. These taxa all have the potential to
influence algal growth through grazing (Chadderton, 1988; Jaarsma et al., 1998; Lester et al.,
1994; Quinn & Hickey, 1990). The presence and abundance of these macroinvertebrate taxa
varied among rivers, however in order to understand how they influence Phormidium growth
further research is required. It has been suggested that toxins produced by Phormidium may
function as a chemical defense and deter grazers (McAllister et al., 2016). Bridge (2013)
highlighted the high toxicity of aqueous Phormidium extracts to the mayfly Deleatidium.
Together these studies suggest that grazers can both enhance and inhibit Phormidium growth,
and their effects are likely to vary according to habitat type, geographic location and
successional stage.
1.3.3 Resetting and dispersal
Resetting of accrual cycles can occur through autogenic detachment, disturbance of substrate
and when shear stress and drag forces are greater than the attachment tenacity of periphyton
(Fig. 1.3). The amount of sediment and water velocity can influence the attachment strength of
mats and therefore affects how susceptible they will be to abrasion. Clausen and Biggs (1997),
using field observations, found that flows exceeding three times the median for individual
rivers decreased the long-term average periphyton biomass. This led to the widespread
adoption of a three times median flow rule for removal of periphyton and subsequently
10

Phormidium proliferations by water managers throughout New Zealand. However,
observations used to inform this, were not species resolved and Phormidium mats are known
to tolerate higher velocity environments than other periphyton types (Hart et al., 2013). Heath
et al. (2015) undertook an intensive field survey and then used habitat suitability curves to
show that Phormidium has broad tolerance to velocity, depth and substrate type. The effect of
flow on Phormidium is likely to interact with substrate characteristics including size and
stability. Heath et al. (2015) highlighted that Phormidium cover decreased with decreasing
substrate size. Large and embedded substrates are likely to continue to provide a stable habitat
under high flows and retain greater residual populations from which new mats can grow,
whereas smaller substrates are likely to easily immobilize under high flows (Hoyle et al., 2017).
Exploring geomorphic and hydraulic differences (e.g., substrate stability, shear stress,
abrasion) between sites may enhance understanding of how flow and substrate interact to
influence Phormidium accrual (Hoyle et al., 2017).
Recent research has further investigated the ability and magnitude of flow required to remove
Phormidium proliferations and a complex picture emerges. The effect of flow on detachment
is site specific and varies among floods in the same river. A study in the Manawatū-Whanganui
region illustrated that the magnitude of flow increase needed to remove Phormidium mats is
river specific, and not a uniform three times the median flow, as previously thought (Clausen
& Biggs, 1997; Wood et al., 2017a). Wood et al. (2017a) used a quantile regression approach
and defined the ‘Phormidium flushing flow’ for each river as the multiple of median flow at
which 90% of measurements of cover were predicted to be below 20%. They found that the
‘Phormidium flushing flow’ varied among rivers. The majority of research that has been
conducted has focused on the resetting ability of flow rather than how velocity affects
Phormidium accrual cycles. Heath et al. (2015) indicated that although Phormidium occurred
over a broad range of velocities, it was most frequently found at moderate to high velocities
(0.6–1.1 m s-1) and other researchers also have highlighted that Phormidium is a rheophilic
organism (Bouma-Gregson, 2015; Hart et al., 2013; Heath et al., 2015). These studies,
however, have not provided insight into how velocity influences Phormidium growth and
biomass accrual.
Several mass detachment events of benthic cyanobacteria have been observed (Sabater et al.,
2003), which appear to be unrelated to increases in river flow. Currently, little is known about
the causes of these abrupt sloughing events. Sloughing may, however, be linked to the
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accumulation of oxygen bubbles, produced during photosynthesis, creating positive buoyancy
and resulting in detachment (Fig. 1.3;(Biggs & Thomsen, 1995; Boulêtreau et al., 2006;
Bouma-Gregson et al., 2017; Quiblier et al., 2013). The formation and entrapment of oxygen
in Phormidium mats is likely to be greater in low flow environments, as the presence of a thick
boundary layer will limit the diffusion of bubbles out of the mat matrix (Hawes et al., 2014).
The development of boundary layers, which is enhanced under slow, laminar flow, limits both
the efflux and influx of solutes (Larned et al., 2004). Thus Phormidium growth may be limited
in low velocity environments but enhanced under intermediate velocities, which are sufficient
to reduce boundary layer thickness, while insufficient to result in the detachment of mats. It is
important to understand the processes controlling detachment from a management perspective,
as detached mats at the river’s edge greatly increase the health risk associated with these
proliferations.

1.4

Toxins in Phormidium mats

The primary toxins identified in Phormidium mats in New Zealand are the anatoxins ATX,
HTX, dhATX, and dhHTX (Wood et al., 2017a; Wood et al., 2015b; Wood et al., 2007).
Anatoxins are low molecular weight alkaloids, which mimic the action of acetylcholine at
neuromuscular nicotinic receptors of the post-synaptic membrane at the neuromuscular
junction (Aronstam & Witkop, 1981; Carmichael, 1997; Carmichael et al., 1975). Anatoxins
are not degraded by cholinesterase and consequently continually stimulate muscle cells,
causing muscular twitching, fatigue, paralysis and eventually respiratory arrest (Carmichael et
al., 1977; Devlin et al., 1977; Stevens & Krieger, 1991).
Studies have highlighted that anatoxin concentrations in Phormidium mats are highly spatially
and temporally variable (Heath et al., 2011; Wood et al., 2017a; Wood et al., 2015b). For
example, Wood et al. (2017a) noted an increase in anatoxin concentrations from 1.2 to
82.4 mg kg−1 dw in Phormidium mats from the Makakahi River between 10 February 2012 and
17 February 2012. Total anatoxin concentrations can also be highly spatially variable. Wood
et al. (2010) analysed 15 samples from 10 × 10 m grids in seven rivers. Of the seven sites
sampled, there was only one site where all 15 samples contained toxins. Differences in the
relative abundance of co-occurring organisms or inorganic material in Phormidium mats could
account for some of the observed spatial and temporal variability in weight-specific total toxin
concentrations. Additionally, toxic and non-toxic genotypes co-occur in Phormidium mats,
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often in close proximity (Heath et al., 2010; Wood et al., 2010; Wood et al., 2012b), and their
relative abundance may also affect the total anatoxin concentrations. Wood et al. (2012b)
isolated and cultured multiple Phormidium strains from 1 cm2 areas taken from four different
mats collected in two rivers. They found evidence, using both molecular and chemical analyses,
that toxic and non-toxic genotypes of Phormidium co-exist, and that toxin concentrations
produced by different toxic strains was markedly different, varying up to 100-fold.
Consequently the relative amount of toxic versus non-toxic genotypes is not only important,
but also the number of toxic strains present that have higher toxin quotas. Wood and Puddick
(2017), through high-frequency sampling of mats, also highlighted notable variability in
anatoxin concentrations within a single mat. They demonstrated, through normalising data to
toxin quotas, that differences in anatoxin concentrations were largely due to the abundance of
toxic genotypes, rather than up or down regulation of toxin production.
The influence of various physicochemical factors on the abundance of non-toxic and toxic
genotypes are largely unknown. Heath et al. (2010) suggested that at temperatures exceeding
15°C, toxin-producing strains might out-compete their non-toxic counterparts, but more recent
studies have not observed higher toxin concentrations in mats at high temperatures (e.g., Wood
et al. 2017a). Wood et al. (2017a) identified relationships between anatoxin concentrations and
time of year, accrual DIN, conductivity, Phormidium cover and river flow. However, the
authors highlighted that the variability in toxic and non-toxic genotypes limited their ability to
infer relationships among the aforementioned physicochemical factors and anatoxin
concentrations. Using culture-based studies, Heath et al. (2014) showed increased nitrogen and
phosphorus concentrations resulted in a significant decrease in HTX quotas. Multiple studies
have demonstrated that toxin quota peaked in the initial growth phase (Harland et al., 2013;
Heath et al., 2016; Heath et al., 2014).

1.5

Research questions and thesis objectives

Most knowledge on Phormidium ecology, including the physicochemical drivers of
proliferation, is based on observational-based studies which are both limited in their
geographical extent and in their ability to infer mechanistic relationships. These studies have
allowed inferences to be drawn that nutrients and flow are important for Phormidium cover,
perhaps with complex interactions that may vary with developmental stage. These studies
measure Phormidium cover at the reach scale and offer limited mechanistic understanding of
13

growth, accrual and loss processes that could be used for setting management targets to control
nuisance growths. Current understanding would be enhanced by:
(1) Determining whether conclusions drawn on factors controlling Phormidium cover (and
toxin concentrations) from observational studies in a few regions of New Zealand can be
validated by investigation of rivers in other parts of the country.
(2) Measuring Phormidium growth and biomass at a finer scale and in a more controlled setting
to explore mechanisms linking biomass and patch-scale expansion rates to physicochemical
factors.
Specific questions addressed in this thesis are as follows;
Q1.

What physicochemical factors are related to Phormidium cover and toxin
content in Canterbury rivers and how do these compare to those observed in
other regions of New Zealand?

Q2.

Are nitrogen-fixing bacteria present in Phormidium mats and do they
contribute to proliferation?

Q3.

How do Phormidium accrual dynamics respond to interactive changes to
velocity and nitrate conditions?

Q4.

Do reach-scale patterns of Phormidium cover reflect patch-scale Phormidium
dynamics?

Q5.

Are site-specific factors more important than velocity in determining
Phormidium growth?

Chapter 2 examines the physicochemical drivers of high Phormidium cover and anatoxin
concentrations. Phormidium dynamics, toxins and a variety of physicochemical factors were
measured weekly for 30 weeks in eight Canterbury rivers.
Chapter 3 aimed to investigate the presence, abundance and diversity of nitrogen-fixing
bacteria within Phormidium mats using molecular techniques and explore their relationship
with water-column DIN concentrations.
Chapter 4 investigates the interactive effects of velocity and nitrate on Phormidium accrual,
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using stream-side mesocosm experiments. Within this chapter, a new method for inoculating
cobbles with homogenised Phormidium is developed.
In Chapter 5, I explored the effects of site and velocity on Phormidium biomass and expansion
rates in three Canterbury rivers. A variety of physicochemical factors were measured, including
site-specific factors like shear stress and macroinvertebrate communities.
Finally, Chapter 6 provides a synthesis of the findings presented in the previous chapters and
provides a new conceptual framework that demonstrates how physicochemical factors interact
to regulate Phormidium accrual cycles. This chapter provides implications for management
and highlights priorities for future research.
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2. Spatiotemporal dynamics of Phormidium cover and anatoxin
concentrations in eight New Zealand rivers with contrasting
nutrient and flow regimes
2.1

Abstract

Toxic benthic cyanobacterial proliferations, particularly of the genus Phormidium, are a major
concern in many countries due to their increasing extent and severity. The aim of this study
was to improve the current understanding of the dominant physicochemical variables
associated with high Phormidium cover and toxin concentrations. Phormidium cover and
anatoxin concentrations were assessed weekly for 30 weeks in eight predominately cobble-bed
rivers in the South Island of New Zealand. Phormidium cover was highly variable both
spatially (among and within sites) and temporally. Generalised additive mixed models
(GAMMs) identified site, month of the year, conductivity and nutrient concentrations over the
accrual period as significant variables associated with Phormidium cover. Cover was greatest
under low to intermediate accrual dissolved inorganic nitrogen (DIN) and dissolved reactive
phosphorus (DRP) concentrations. Accrual nutrients had a strong, negative effect on cover at
DIN concentrations >0.2 mg L-1 and DRP concentrations of 0.014 mg L-1. The effect of flow
was generally consistent across rivers, with cover accruing with time since the last flushing
flow. Anatoxins were detected at all eight study sites, at concentrations ranging from 0.008 to
662.5 mg kg-1 dried weight. GAMMs predicted higher total anatoxin concentrations between
November and February and when accrual DRP was less than 0.02 mg L-1. This study suggests
that multiple physicochemical variables may influence Phormidium proliferations and also
evidenced large site-to-site variability. This result highlights a challenge from a management
perspective, as it suggests that mitigation options are likely to be site specific.
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2.2

Introduction

Toxic planktonic cyanobacterial blooms have been described for many decades (Francis, 1878;
Kirkby, 1672). This has resulted in many studies investigating the physicochemical factors
influencing the growth and proliferation of planktonic species (see(Oliver et al., 2012). In
contrast, toxic benthic proliferations are a more recent but escalating problem in freshwater
environments worldwide (Quiblier et al., 2013). Species belonging to the genus Phormidium,
capable of producing toxins, have a cosmopolitan distribution and are found in a variety of
benthic habitats including eutrophic and oligotrophic lakes, many ponds and in oligotrophic
lotic systems (Komárek, 1999; Mez et al., 1998; Puschner et al., 2008; Wood et al., 2012a;
Wood et al., 2016). In New Zealand’s cobble-bed rivers, Phormidium proliferations (defined
as >20% cover) have become increasingly prevalent over the last decade and have been
identified in more than 100 rivers nationwide (McAllister et al., 2016). A recent study of
wadeable streams in California (USA) also detected Phormidium species in over a third of sites
sampled (Fetscher et al., 2015).
Although benthic algae, including cyanobacteria, are an important component of river
ecosystems, excessive biomass and dominance by toxin-producing species can be problematic.
Knowledge on the drivers of such proliferations is essential for effective management. Light,
nutrient supply, hydrological regime and temperature are thought to be the most important
abiotic factors determining benthic algal biomass accrual dynamics in lotic systems (Bowman
et al., 2007; Clausen & Biggs, 1997; Dodds et al., 2002; Schiller et al., 2007). Non-linear
responses to these variables and interactions can be expected, for example Biggs et al. (1998)
suggested that, under oligotrophic conditions, increasing flow enhances accrual by increasing
the flux of nutrients to the algae by reducing the thickness of the diffusive boundary layer, but
that this effect is less evident at high ambient nutrient concentrations (Biggs et al., 1998; Biggs
& Hickey, 1994; Borchardt, 1994). As velocity increases, however, greater shear stress can
lead to enhanced sloughing and biomass reduction regardless of nutrient status (Biggs &
Thomsen, 1995). Phormidium-dominated (hereafter referred to as Phormidium) mats,
however, are functionally different, due to their thick, cohesive growth form. In particular it
has been shown that biogeochemical conditions, including nutrient concentrations, within the
mats can be very different from the overlying water (Wood et al., 2015) and it is thus uncertain
whether water-derived nutrients that promote periphyton growth in general are equally relevant
to Phormidium mats.
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Only recently has research begun to explore relationships between physicochemical variables
and Phormidium dynamics. Schneider (2015) found, in a long-term study of two Norwegian
rivers, that Phormidium cover increased with rising annual temperatures, but decreased with
prolonged high flow events. Similarly, Heath et al. (2011) observed highest Phormidium cover
at sites in the Hutt River (New Zealand), when river flows were stable and water temperatures
elevated. They also noted that there was no correlation between water-column nutrients and
Phormidium cover, although nutrient samples were only collected monthly. In contrast, in a
multi-site investigation Wood et al. (2017) indicated that Phormidium proliferations
predominantly occurred at sites with low dissolved reactive phosphorus (DRP; ca. <0.005 mg
L-1) and dissolved inorganic nitrogen (DIN) concentrations of less than 0.8 mg L-1. They also
found that increased conductivity and temperature were associated with higher Phormidium
cover.
Species of Phormidium are known to produce a variety of cyanotoxins including; anatoxin-a
(ATX), homoanatoxin-a (HTX), dihydro-anatoxin-a (dhATX) and dihydro-homoanatoxin-a
(dhHTX;(Faassen et al., 2012; Fetscher et al., 2015; Gugger et al., 2005; Heath et al., 2010;
Wood et al., 2007). Phormidium has been implicated in animal toxicosis events in France,
Netherlands, New Zealand, Scotland, Switzerland and the United States of America (Edwards
et al., 1992; Faassen et al., 2012; Gugger et al., 2005; Hamill, 2001; Mez et al., 1997; Puschner
et al., 2008; Wood et al., 2007). The effects of Phormidium proliferations on ecosystem health
and aquatic organisms are largely unknown. In Spanish streams, toxic benthic cyanobacterial
mats have been associated with decreased macroinvertebrate diversity (Aboal et al., 2000;
Aboal et al., 2002). Despite the apparent health risk and potential ecosystem effects, few studies
have investigated relationships between toxin concentrations within mats and physicochemical
variables.
Phormidium mats vary substantially in their toxin content both spatially and temporally (Heath
et al., 2010; Wood et al., 2007). This variability is likely to be at least partially explained by
the presence of both non-toxic and toxic genotypes, which co-occur within mats (Wood et al.,
2010b; Wood et al., 2012b). Wood et al. (2012b) found that anatoxin concentrations varied
100-fold between Phormidium strains isolated from the same mat and that there were
differences in the 16S ribosomal RNA gene sequences of at least 17 nucleotides between
anatoxin and non-anatoxin producing strains. The abundance of different strains may therefore
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also influence the toxin content of a mat. Both observational-based and culture-based
laboratory studies have begun to explore factors that regulate the abundance of non-toxic and
toxic strains and the amount of anatoxin produced. Heath et al. (2011) suggested temperatures
exceeding 13.4°C favor toxic over non-toxic strains. However, subsequent studies have found
no relationship between water temperature and toxin concentrations (Wood et al., 2017). They
suggested that understanding the relationships between physicochemical factors and toxin
concentrations could be enhanced through the development of molecular techniques, which
would allow differentiation of toxic and non-toxic strains.
In the present study, Phormidium was surveyed weekly for 30 weeks, at a single site on each
of eight rivers in the Canterbury region in New Zealand. The aims were to describe the spatial
and temporal variability of Phormidium cover and total anatoxin concentrations and to
investigate relationships between physicochemical variables and Phormidium cover and total
anatoxin concentrations in the mats. The following hypotheses were tested: (1) water chemistry
plays a significant role in determining Phormidium cover; (2) as river flow decreases,
Phormidium cover will increase; and (3) there will be no relationships between total anatoxin
concentrations in the mats and measured physicochemical variables.

2.3

Methods

2.3.1 Study area and site selection
All study sites were located within the Canterbury region in the South Island of New Zealand,
where catchment land use is dominated by intensive agriculture (Table 2.1). A single site on
each of the eight predominately gravel and cobble-bed rivers were chosen for this study (Fig.
2.1). Sites were selected to include areas with and without historical records of Phormidium
proliferations. Catchment land-use data were retrieved from the Freshwater Ecosystems of
New Zealand (FENZ) database (Leathwick et al., 2011). These data as well as hydrological
and physical characteristics for each site are described in Table 2.1.
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Figure 2.1 Locations of sampling sites and flow gauges in the Canterbury region, New Zealand.

2.3.2 Site surveys and sample collection
Sampling was conducted every six to ten days between 13 November 2014 and 9 June 2015.
Riffle or run habitats (50–75 m in length) were selected for surveying at each sampling site.
The percentage of substrate covered by Phormidium mats was estimated using the transect
method outlined in Wood et al. (2009). This involved surveying five transects at each site,
positioned at right angles to the water’s edge and extending to a depth of 0.6 m. Cover of
Phormidium mats was visually estimated at five points along each transect using a bathyscope
(Model 0800, Nuova Rade, Italy). Samples for taxonomic identification were collected by
scraping approximately 2 cm2 of a Phormidium mat from one cobble into a tube (15 mL)
containing river water (ca. 7 mL). These samples were preserved with Lugol’s iodine and
stored refrigerated (4°C) until analysis. Samples for toxin analysis were collected when
Phormidium was present, by pooling subsamples (ca. 2 cm2) from ten mats from different
cobbles into a tube (15 mL). Toxin samples were stored in the dark on ice for transport and
frozen (-20°C) on return to the laboratory (within 12 hours) until further analysis.
Surface water samples (200 mL) were collected on each sampling occasion for nutrient
analyses and bi-monthly samples for dissolved metals and cations. Sub-samples (100 mL) for
nitrate + nitrite-N (NO3 + NO2-N) and ammoniacal-N (NH4-N) were filtered through GF/C
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filters (Whatman, USA), whereas samples for DRP (50 mL) and dissolved metals and cations
(10 mL), were filtered through 0.45 µm membrane filters (Millipore, UK). Dissolved metal
and cation samples were preserved with nitric acid (2%) and were stored refrigerated (4°C).
Nutrient samples were frozen (-20°C) until further analysis.
Table 2.1 Physical and hydrological characteristics of study sites. Riparian shade and bed stability
were determined in this study. Long-term median flow is from the gauging station closest to the
site (see Fig. 2.1). Land-use data was derived from Leathwick et al. (2011).

Upstream Catchment land-use
Site

Catchment
area (ha)

Native
vegetation
(%)

Pastoral
(%)

Bed stability
score
(relative)

Riparian
Shade
(%)

Median
flow
(m3 s-1)

1

4.1×108

62

34

17

0

0.9

2

11.5 ×108

70

25

24

2

10.2

3

2.4 ×108

40

46

50

14

2

4

5.4 ×10

8

93

5

28

2

6.2

5

5.6 ×108

30

62

26

1

3.4

6

17.4 ×108

35

61

20

3

8.7

7

5 ×108

29

69

24

4

1.8

8

4.3 ×108

29

68

50

29

1.4

Spot measurements of dissolved oxygen (DO), pH and conductivity were taken on every
sampling occasion using a HACH HQ40d portable meter. Triplicate turbidity measurements
were taken on each sampling date using an AQUAfast AQ4500 Turbidimeter (Thermofisher,
USA). Continuous river flow was measured at permanent gauging stations using either
Encoder, Accubar or Pressure Transducer sensors coupled with iRIS 150 data loggers (Kisters
Pioneering Technologies, USA), which were located in close proximity to the sampling site
(see Fig. 2.1). Temperature was measured at sampling sites every 15 mins using HOBO
Pendant Data Loggers (Onset Computer Corporation, USA).
Bed stability was assessed using an index developed by Neverman (in review) that evaluates a
range of quantitative and qualitative geomorphic and hydraulic variables related to bed
compaction, grain size distribution and water surface slope. Variables are weighted and
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normalised according to their strength as an indicator of substrate stability, and a lower
substrate stability index indicates a more stable site.
Shading was assessed at each study site on one occasion. Four transects were conducted across
the survey area at midday. At five equidistant points along each transect the percentage of
shaded bed in a 1 m2 area was visually assessed.
2.3.3 Taxonomic analysis and nutrients
To confirm the dominance of Phormidium autumnale, selected taxonomy samples from each
site were examined using an Olympus BX51 microscope (Olympus, Japan) under 400×
magnification. Dominant species were identified according to Komárek and Anagnostidis
(2005); key diagnostic features were cell shape, the presence of a calyptra and trichome widths
of approximately 6.3 µm.
Nitrate + nitrite-N (NO3 + NO2-N) were analysed as nitrite after reduction using spongy
cadmium (Mackereth et al., 1978). Ammoniacal-N (NH4-N) concentrations were determined
using the phenate method and dissolved reactive phosphorus (DRP) by the molybdenum blue
method (Water Environmental Federation & American Public Health Association, 2005). All
absorbances

were

measured

spectrophotometrically

using

a

HACH

DR3900

spectrophotometer (Hach, USA). The limits of detection were: 0.02 mg L-1 for NO3 + NO2-N
and 0.002 mg L-1 for DRP. All NH4-N samples were under the detection limit of 0.01 mg L-1
and were therefore not included in the dissolved inorganic nitrogen (DIN) calculations.
Concentrations of cations (Al, As, Ca, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Zn, V, Sb) were
determined using Inductively Coupled Plasma Mass Spectrometry (ICP-MS; Agilent 7500cx,
USA). Every 10th sample was run in duplicate and every 20th sample in triplicate to monitor
any drift of the instrument. Calibrations standards were analysed every 20 samples to monitor
instrument performance.
2.3.4 Anatoxin extraction and analysis
Frozen Phormidium mat samples were lyophilized (FreeZone6, Labconco, USA). Lyophilized
material was weighed and ca. 0.1 g resuspended in 10 mL of Milli-Q water containing 0.1%
formic acid. Samples were sonicated (60k Hz; Kudos ultrasonic cleaner bath, Model 250LHC)
for 30 mins on ice and centrifuged (3220 ×g, 10 min). Supernatants were analysed for dhATX,
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dhHTX, HTX and ATX, using ultra high performance liquid chromatography-mass
spectrometry (HPLC-MS) and analysed by the Biotoxin Testing Laboratory of the Cawthron
Institute as described in Wood et al. (2016). The limit of detection of this method was 0.001
mg kg-1. When samples were outside the linear working range of the assay they were diluted
and reanalysed. External standards were used for ATX calibration, using dilutions of ATX
certified reference materials (National Research Council, Canada) to prepare working
standards that ranged from 0.5–20 ng mL-1 in 0.1% formic acid. A relative response factor of
1, using ATX as the calibration reference was used to quantify HTX, dhATX and dhHATX.
2.3.5 Statistical analyses
Generalised additive mixed models (GAMMs;(Hastie & Tibshirani, 1990) were used to model
non-linear relationships between physicochemical variables and Phormidium cover and total
anatoxin concentration. GAMMs were fitted using cubic spline smoothing functions. Average
Phormidium cover was calculated from 25 replicated visual cover estimates obtained at each
weekly sampling occasion and used as response variable (n=240). Total anatoxin
concentrations were calculated as the sum of ATX, HTX, dhATX and dhHTX and used as a
response variable in a separate GAMM model. Data used in the total toxin model was only
available when Phormidium mats were present (n=120). Initial data exploration was conducted
to identify outliers, homogeneity of variances, normality, excess of zeros, collinearity and to
explore relationships between predictors and response variables according to Zuur et al. (2010).
Both response variables were highly skewed to the right, strictly positive and had a large
proportion of zeros and were therefore modelled using log-normal errors. Collinearity among
predictor variables was initially tested by calculating the variance inflation factor (VIF;(Zuur
et al., 2010) for each covariate and sequentially dropping the covariate with the highest VIF
until all were less than four. Metals and cations were highly correlated with conductivity, thus
excluded from the analyses. Models were initially fitted with all non-collinear continuous
predictor variables; accrual DIN and DRP, turbidity, temperature, pH, dissolved oxygen,
conductivity, times median flow and month, and site as a categorical predictor with eight levels.
Additionally, Phormidium cover was included as a continuous predictor variable in the total
anatoxin model.
Times median flow was calculated by dividing the average mean flow between sampling days
by the long-term median. Accrual DIN and DRP were calculated by averaging the
concentrations from the most recent occurrence of zero Phormidium cover until the day of
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sampling, or from the beginning of the study where Phormidium growth was already apparent.
When DRP and DIN concentrations were below the detection limit, a value of half the detection
limit was used to calculate accrual concentrations (n=6). River flow and conductivity were
square root transformed, whereas accrual nutrients were log transformed before the analyses.
To account for the temporal autocorrelation during the accrual of Phormidium cover over time,
models were fitted using an autoregressive moving average correlation structure of order 1. All
models were selected using a stepwise process based on the generalised Akaike Information
Criterion and validated by inspecting the normalised quantile residuals. Final models were
displayed using partial effects plots, which illustrate the effect each predictor conditional to
others in the model. The partial effects of each predictor variable are presented as splines
showing effects relative to the overall mean of the respective response variable, i.e.
Phormidium cover and total anatoxin concentrations.
All statistical analyses were performed in the software R (version 3.1.1;(R Core Team, 2014).
GAMMs were conducted in the ‘gamlss’ package (Rigby & Stasinopoulos, 2005).

2.4

Results

2.4.1

Spatiotemporal variability in Phormidium cover and
physicochemical characteristics
The dominant species within mats was microscopically identified as Phormidium autumnale,
and is hereafter referred to as “Phormidium”. It was present at all sites, but cover was highly
variable among and within sites (Fig. 2.2; Appendix 2.1). Five sites (site 2, 5, 6, 7 and 8)
exceeded the “proliferation” threshold with a mean Phormidium cover of >20% on multiple
occasions, but the timing and persistence of highest cover varied among sites. Cover at sites 2,
3, 7 and 8 peaked in early summer (November to January), whereas at sites 1, 4, 5 and 6 it
peaked between February and March, followed by a smaller peak in April (Fig. 2.2). Several
spontaneous detachment events (abrupt cover declines not clearly triggered by a change in
flow) were observed. For example, at site 2 cover decreased from 40% to 11% early in the
observation period while flow remained stable. There was also large variability in Phormidium
cover among replicate views on any one sampling occasion, particularly when mean cover was
high, indicative of its intrinsic small-scale patchy distribution (Fig. 2.2; Appendix 2.1).
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Mean river water temperatures were comparable across sites (range: 15.8–16.6°C), except sites
2 and 8 which were cooler (13.8°C; Table 2.2). Mean pH ranged between 7.1 and 8.5 (Table
2.2). Mean DIN concentrations varied between 0.024 and 0.5 mg L-1 (Table 2.2), whereas DRP
concentrations ranged from 0.005 to 0.04 mg L-1. Little variation in conductivity was recorded
within sites, but varied largely among sites (range 58.8–481 µS cm-1). Similarly, dissolved
cations concentrations were highly variable among sites (Table 2.2).

Figure 2.2 Mean Phormidium percent cover (± one standard deviation) measured approximately
weekly at each of the eight sampling sites throughout the study period (November 2014 to June
2015).
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Table 2.2 Mean temperature, pH, conductivity, nutrient and selected cation concentrations (± one standard deviation) measured at each sampling site.
DIN = dissolved inorganic nitrogen, DRP = dissolved reactive phosphorus. Temperature was measured every 15 mins. n=30 for pH, conductivity, DIN,
DRP and n=4 for cation concentrations. See Appendix 2.2 for all cation concentrations.
Site
Unit
1
2
3
4
5
6
7
8

Temp.
ºC
16.6
(4.69)
16.3
(3.49)
13.8
(2.95)
16.6
(4.61)
16.1
(3.11)
16.6
(3.80)
15.8
(4.51)
13.8
(4.27)

pH

Conductivity
-1

8.2
(0.28)
7.3
(0.39)
7.3
(0.41)
7.6
(0.41)
7.1
(0.47)
7.5
(0.49)
8.5
(0.32)
8
(0.36)

µS cm
406.1
(59.17)
99.3
(11.27)
100
(1.69)
66.1
(5.00)
145.7
(9.34)
77
(8.97)
129.1
(8.99)
194
(31.74)

DIN

DRP
-1

mg L
0.059
(0.03)
0.144
(0.05)
0.161
(0.05)
0.024
(0.01)
0.541
(0.18)
0.167
(0.09)
0.038
(0.04)
0.108
(0.12)

Sodium
-1

mg L
0.005
(0.004)
0.019
(0.008)
0.009
(0.007)
0.006
(0.005)
0.040
(0.014)
0.020
(0.011)
0.011
(0.008)
0.008
(0.005)

-1

mg L
22.78
(2.51)
4.88
(0.31)
5.75
(0.17)
3.51
(0.06)
8.97
(0.57)
4.01
(0.15)
7.83
(0.73)
13.38
(2.81)

Magnesium

Aluminium

-1

-1

mg L
8.62
(0.81)
2.6
(0.24)
2.35
(0.12)
1.79
(0.06)
4.07
(0.22)
1.55
(0.08)
3.18
(0.26)
3.76
(0.63)

µg L
0.98
(0.35)
2.31
(0.27)
2.39
(1.14)
6.07
(1.04)
3.09
(1.36)
4.32
(2.59)
2.09
(0.001)
2.98
(1.40)

Potassium
-1

mg L
2.44
(0.15)
0.80
(0.08)
1.38
(0.04)
0.57
(0.05)
1.75
(0.06)
1.03
(0.05)
1.09
(0.04)
1.19
(0.15)

Iron
µg L-1
39.08
(3.11)
9.76
(0.41)
14.3
(4.01)
7.17
(0.65)
21.18
(4.65)
11.25
(3.33)
20.94
(0.93)
20.55
(2.10)
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2.4.2

Relationships between Phormidium cover and physicochemical
variables
Phormidium was observed across the full range of nutrient concentrations present in the study
rivers, and proliferations were observed from 0.02 to 0.90 mg L-1 for DIN and 0.006 to 0.045
mg L-1 for DRP (Fig. 2.3). The greatest Phormidium proliferation occurred at site 6, on 2
February 2015, when accrual DIN and DRP concentrations were 0.23 mg L-1 and 0.023 mg L1

respectively. Zero cover was observed from 0.02 to 0.30 mg L-1 for DIN and 0.006 to 0.037

mg L-1 for DRP (Fig. 2.3).

Figure 2.3. Relationships between average Phormidium cover and accrual dissolved inorganic
nitrogen (DIN) and dissolved reactive phosphorus (DRP) at sampling sites. Y-axis is a log scale.
Refer to Figure 2.1 for site locations.

Study sites were mostly in a prolonged flow recession during the study and flows were largely
below median (Appendix 2.3). Relationships between times median flow and Phormidium
cover were generally consistent across sites, with highest accrued cover mostly evident when
flow was furthest below the long-term median (Fig. 2.4). On the rare occasions when flow
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exceeded the long-term median, cover was usually zero, though zero cover also occurred at
low times median flow values (Fig. 2.4).

Figure 2.4 Relationships between mean Phormidium cover and times median flow at each study
site. Scales on both x and y axes vary among plots. Refer to Figure 2.1 for site locations.

The most parsimonious GAMM for Phormidium cover included site, month, conductivity and
accrual DIN and DRP, and explained 55% of the total deviance in the data (p < 0.001; Fig.
2.5). Including temperature, pH, dissolved oxygen and times median flow did not improve the
model’s explanatory power. All dissolved metals were strongly correlated with conductivity
and were excluded from the model. Overall, site had the largest effect, as evidenced by the
regression coefficients and partial plots (p < 0.001, Fig. 2.5A; Table 2.3). The model predicted
high Phormidium cover between November and December (p < 0.001; Fig. 2.5B; Table 2.3)
and at high conductivity values (p < 0.001; Fig. 2.5C; Table 2.3). The model showed no evident
effect of accrual DIN on cover up to 0.2 mg L-1, above which it had a negative effect (p <
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0.001; Fig. 2.5D; Table 2.3), primarily due to site 5 having high accrual DIN and relatively low
cover. Similarly, accrual DRP had little effect on cover up to concentrations of 0.014 mg L-1,
but a negative effect at higher concentrations (p < 0.001; Fig. 2.5E; Table 2.3).

Figure 2.5 Partial effects plots of (A) site, (B) month, (C) conductivity, (D) accrual dissolved
inorganic nitrogen (DIN), and (E) accrual dissolved reactive phosphorus (DRP) on Phormidium
cover. Solid lines represent cubic splines and dashed black lines represent the standard error fitted
based on the generalised additive mixed model. Note differences in y-axis scales.
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Table 2.3 Results of generalised additive mixed model for Phormidium cover (n=240). DIN =
dissolved inorganic nitrogen, DRP = dissolved reactive phosphorus, SE = standard error. *** = p
< 0.001.
Variable

Estimate

SE

T

p

Intercept

-31.68

3.30

-9.61

***

Site 2

7.15

1.40

5.25

***

Site 3

6.27

1.33

4.71

***

Site 4

6.13

1.53

4.02

***

Site 5

15.48

1.34

11.56

***

Site 6

8.49

1.49

5.70

***

Site 7

6.15

1.17

5.24

***

Site 8

3.94

0.83

4.77

***

Month

-0.20

0.03

-5.99

***

Conductivity

0.44

0.12

3.75

***

Accrual DIN

-1.63

0.38

-4.33

***

Accrual DRP

-5.02

0.53

-9.50

***

2.4.3

Variables associated with total anatoxin concentrations of
Phormidium mats
Anatoxins, comprising of ATX, HTX, dhATX and dhHTX, were detected at all sites but
concentrations varied among (Fig. 2.6) and within sites (Appendix 2.4). The highest total
anatoxin concentration was 662.5 mg kg-1 dried weight (dw) at site 2 on 4 December 2014.
Site 2 also had the highest median total anatoxin concentration of 5.5 mg kg-1 dw (Fig. 2.6).
Sites 1, 4, 5, 7 and 8 all had low median total anatoxin concentrations (<0.05 mg kg-1 dw; Fig.
2.6).
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Figure 2.6 Total anatoxin concentrations of Phormidium mats at the eight study sites. Toxin
concentrations are expressed as mg kg-1 of freeze-dried material. Solid black line shows median,
box shows 1st and 3rd quartiles, whiskers extend to the last data point within 1.5 times the interquartile range if there is data that far from it. Black dots are outliers beyond this range. Y-axis is a
logarithmic scale.

The most parsimonious model, explaining 71% of the deviance in total anatoxin
concentrations, included site, month, accrual DRP and pH (p < 0.001; Fig. 2.7). The highest
predicted toxin concentrations occurred between November and February, after which
concentrations decreased (p < 0.001; Fig. 2.7B). There was a negative effect of accrual DRP
above 0.02 mg L-1 (p < 0.001; Fig. 2.7C), with higher anatoxin concentrations predicted at DRP
concentrations between 0.002 and 0.02 mg L-1. pH had a relatively weak positive effect on total
anatoxin concentrations (p < 0.01; Fig. 2.7D).
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Figure 2.7 Partial effects plots of (A) site, (B) month, (C) accrual dissolved reactive phosphorus
(DRP), and (D) pH on total anatoxin concentrations. Solid lines represent cubic splines and dashed
black lines represent the standard error fitted based on the generalised additive mixed model.

2.5

Discussion

2.5.1

Relationships between Phormidium cover and physicochemical
variables
Field investigations (Heath et al., 2011; Wood et al., 2017; Wood et al., 2015) and laboratory
culture experiments (Heath et al., 2016; Heath et al., 2014) have begun to explore the roles of
physicochemical parameters in determining Phormidium cover and toxin production. These
studies have generally examined a limited number of variables in only a few rivers and have
lacked high temporal resolution. They have highlighted the importance of sediment, water
temperature, chemistry and river flow as correlates of accrued Phormidium cover. Wood et al.
(2017) demonstrated that nutrients, water temperature and river flow had significant, positive
relationships with Phormidium cover in seven New Zeland rivers. The present study generally
concurs with these findings in terms of important environmental predictors, shape of the
relationships, but also in the existence of high site-to-site variability.
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The hypothesis that water chemistry would be a significant predictor of the Phormidium cover
was partially supported. In this study, low to intermediate accrual DIN and DRP concentrations
had no effect on Phormidium cover, however a strong, negative effect was observed at accrual
DIN of greater than 0.2 mg L-1 and DRP greater than 0.0014 mg L-1. These nutrient
relationships are to some extent consistent with the subsidy-stress model (Odum et al., 1979),
which has previously been used to describe relationships between various physicochemical
variables and periphyton growth (Biggs et al., 1998; Niyogi et al., 2007; Wagenhoff et al.,
2011). According to the subsidy-stress model, increasing nutrient concentrations stimulates
primary production and consequently faster accrual, but may also negatively affect biomass
accrual at high concentrations through an earlier arrival at sloughing biomass. However, site 5
likely had a particularly strong influence on this nutrient:cover relationship, as it consistently
had the highest DIN and DRP, but accrued a moderate cover. A strong leveraging effect of a
single river on the nutrient relationship makes the inference of an upper threshold for mat
accrual somewhat tentative.
Intermediate DIN and low DRP optima are both supported and contradicted by other studies.
In Spanish rivers Phormidium autumnale is prevalent in hypertrophic systems (Loza et al.,
2013), whereas, Wood et al. (2017), noted that in New Zealand rivers greater Phormidium
cover was observed at intermediate DIN (0.8 mg L-1) and DRP (0.05 mg L-1). Competition with
other benthic algae is a plausible explanation for the observed decrease in cover under higher
nutrient concentrations. For example at site 5, which had the highest DIN concentrations,
proliferations of green filamentous algae were observed and appeared to prevent the
development of Phormidium through competition for space (unpub. data). This is consistent
with Heath et al. (2011) who found that in a river with elevated DIN concentrations,
Phormidium was outcompeted by the chain-forming diatom Melosira varians. High nutrient
concentrations should favour long filamentous species over low-profile species, because such
growths are more competitive at taking up inorganic nutrients from the water column (Biggs
et al., 1998).
The reliance of Phormidium mats on river-supplied nutrients has also been questioned. Internal
nutrient cycling may be occurring in mature mats, allowing them to be less dependent on riverderived nutrients than other growth forms. Wood et al. (2015) showed that water trapped within
Phormidium mats had greater than 300 times higher DRP concentrations than the overlying
water column. The authors attributed at least some of this DRP to phosphorus which had
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desorbed from sediment in the mat matrix under low oxygen concentrations or high pH.
Phormidium in New Zealand rivers does not have the ability to fix nitrogen (Heath, 2009).
However, Phormidium mats contain a plethora of other bacteria, some of which are capable of
fixing nitrogen (Brasell et al., 2015) and the presence of nitrogen-fixing bacteria within
Phormidium mats could explain how it can proliferate under low DIN concentrations.
In the present study, there was a positive relationship between the Phormidium cover and
conductivity. However, while this result is consistent with Wood et al. (2017) who also
highlighted that conductivity had a significant, positive effect on Phormidium cover, it was
strongly influenced by site 1 which had a much higher conductivity than other sites. The
conductivity at a given site is a reflection of the water-column dissolved ion concentrations and
is also influenced by the underlying geology. Many studies have observed important
relationships between periphyton and conductivity (Hamed, 2008; Munn et al., 2002; Pan et
al., 1999; Potapova & Charles, 2003). Biggs (1990) concluded that conductivity was an
important variable determining periphyton communities in New Zealand rivers, though no
mechanism was suggested. In this study, macro- and micro-nutrients, including iron, were
highly correlated with conductivity and it is possible that these micro-nutrients were
influencing Phormidium cover. Further research is therefore required to elucidate which, if
any, of these dissolved ions are important in promoting Phormidium growth.
During the study period the Canterbury region was experiencing drought-like conditions,
which provided a unique opportunity to study Phormidium accrual dynamics in the absence of
frequent resetting events. The second hypothesis, which stated that a high cover would develop
under reduced flow, was supported by my findings, though it could not be tested rigorously
due to the paucity of high flow data. Times median flow was removed from the GAMM as it
did not significantly explain any of the deviance in the Phormidium cover, though it may be
expected that, had high flows occurred an effect of these might have been seen.
At most sites, an increase in Phormidium cover over the study period coincided with declining
flows. This is consistent with many studies that have linked Phormidium accrual to prolonged
stable or recessing flow conditions (Biggs, 1990; Cadel-Six et al., 2007; Gugger et al., 2005;
Heath et al., 2011; Sabater, 2000; Wood et al., 2017). Schneider (2015) found, in a 20-year
observational study of two Norwegian rivers, that Phormidium cover was greater in the absence
of prolonged periods of high flow. In contrast Sabater et al. (2003) observed that decreased
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flow in a Spanish river led to a decrease in mats dominated by species belonging to the genus
Oscillatoria. The observed pattern between flow and cover was subtly different at site 2. At
this site, as flow receded there was a decrease in Phormidium cover and the highest cover of
43% was recorded under the second highest times median flow of 0.53. At this particular site,
a higher times median flow resulted in an increase in habitat suitable for Phormidium growth.
Despite several attempts to link environmental variables to accrual of Phormidium, no simple
relationships have emerged. The persistence of site as an important explanatory variable
suggests that an attribute that is time independent and river specific may be missing from the
analysis. This missing factor may relate to substrate characteristics. The effect of flow on
Phormidium is likely to interact with substrate composition and stability, and thus the balance
between accrual and loss may be linked to substrate attributes. Heath et al. (2015) found that
Phormidium cover declined with decreasing substrate size. Large and embedded substrates are
likely to provide a stable habitat under higher flows, and retain greater residual populations
from which new mats can grow, whereas smaller gravel substrates are much more easily
mobilized under increasing flow conditions (Hoyle et al., 2017). Site 6 had a low bed stability
score but this, in combination with decreasing flow and a large proportion of cobble substrate,
may have led to an increase in stable habitat, allowing longer accrual periods than would occur
at higher flows. Exploring geomorphic and hydraulic differences (e.g., frequency of sediment
mobility, abrasion) between sites may further understanding of how river flow influences
Phormidium accrual as well as increasing the explanatory power of models (Hoyle et al., 2017).
Previous research has primarily focused on the intensity of flood events required to remove
Phormidium mats (e.g.,(Wood et al., 2017), rather than the effect of stable flow conditions on
accrual. Several detachment events were observed during the study period, which appeared to
be related to low rather than high flow events. These detachment events may have been caused
by the accumulation of oxygen bubbles produced during photosynthesis under conditions in
which the diffusive boundary layer is too thick to allow oxygen to escape from the mats prior
to ebullition (Boulêtreau et al., 2006).
2.5.2 Variables related to total anatoxin concentrations
In this study, total anatoxin concentrations were highly spatially and temporally variable. This
is consistent with other observational-based studies and is expected due to the co-existence of
non-toxic and toxic genotypes within mats (Wood et al., 2010a; Wood et al., 2011). For
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example, Wood et al. (2012b) cultured multiple Phormidium strains isolated from
environmental mat samples and showed that non-toxic and toxic strains co-existed. They also
demonstrated that anatoxin quotas of different toxic strains varied around 100-fold. Sites 1, 5,
7 and 8 consistently had low total anatoxin concentrations (median <1 mg kg-1 dw). Site 2,
comparatively, often had much higher concentrations (median = 5.51 mg kg-1 dw) suggesting
a potential dominance of toxin producing strains or the predominance of strains with higher
toxin quotas. These measured concentrations were generally consistent with data collated from
40 New Zealand rivers, which found that the median total anatoxin concentration for the
majority of rivers was below 1 mg kg-1 dw (McAllister et al., 2016).
Caution is required when interpreting the results of the GAMM because only the total anatoxin
concentrations, rather than the abundance of non-toxic to toxic strains is reported. Observed
variation in measured anatoxin concentrations are possibly due to differences in the abundance
of non-toxic and toxic Phormidium strains, and differing amounts of other organic or inorganic
material in the samples. Consequently, these data cannot be used to infer whether variables
promote shifts in strains or upregulation in toxin production, but rather to identify variables
associated with periods of highest recreational risk.
The highest total toxin concentrations were measured under the lowest accrual DRP
concentrations. Similarly in a culture-based study, Heath et al. (2016) highlighted that anatoxin
quotas were lowest under low nitrogen and phosphorus concentrations. Phormidium cover did
not add any explanatory power to the GAMM in the present study and Heath et al. (2011) also
did not find a relationship between Phormidium cover and anatoxin concentrations. In contrast,
Wood et al. (2017) observed a positive, linear relationship, with higher anatoxin concentrations
observed when cover was high. Further research using molecular techniques to distinguish and
enumerate non-toxic and toxic strains under naturally varying environmental conditions are
required to determine how environmental conditions affect anatoxin concentrations in
Phormidium mats.

2.6

Conclusion

This study demonstrates that in the absence of varied hydrology, Phormidium accrual was
influenced by the site, time of the year and water chemistry. There was a strong, positive
relationship between conductivity and Phormidium cover. Further investigations into what
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specific ions underpin this relationship are required. There was no effect of accrual DIN
between 0.02 and 0.2 mg L-1, however, a strong, negative influence was observed beyond this,
though this depends on data from a single site. The relationship between cover and accrual
DRP was similar to accrual DIN, with a negative relationship being observed beyond 0.014 mg
L-1. Despite inclusion of a wide range of potential explanatory variables, site remained
important. This highlights the difficulty in developing a robust prediction tool for use in a wide
range of rivers. It also represents a challenge from a management perspective as it suggests
that mitigation options may need to be river- or site-specific. Total anatoxin concentration
varied spatially and temporally, with some specific sites containing Phormidium with higher
toxin concentrations than others. This suggests that there is a higher recreational risk at
particular sites. Development of methods to quantify the abundance of non-toxic and toxic
Phormidium genotypes would allow more meaningful relationships between physicochemical
variables and toxins to be inferred. Observational studies, like the present study, can not be
used to infer causal relationships between explanatory variables and response variables.
Current understanding would, therefore, be advanced by manipulative experimental studies,
which should begin by investigating the singular effect of various variables on Phormidium
accrual and then consider the combined interactive effects of multiple variables.
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Appendix 2.1: Patchiness of Phormidium cover

Figure 2.8 Temporal variation in Phormidium cover (%) across sites (see Fig. 2.1 for locations)
averaged over each month of the experimental period.
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Appendix 2.2: Dissolved metal and cation concentrations
Table 2.4 Mean dissolved metal and cation concentrations (± one standard deviation) measured at each sampling site (n=4). See Figure 2.1 for site
locations.
Site
Unit
1
2
3
4
5
6
7
8

Calcium
mg L

-1

Manganese
µg L

-1

Nickel
µg L

-1

Copper
µg L

-1

Zinc
µg L

Arsenic
-1

µg L

-1

Lead
µg L

-1

Cobalt
µg L

-1

Vanadium
µg L-1

60.29 (5.23)

1.16 (0.43)

0.37 (0.02)

0.30 (0.07)

0.09 (0.05)

0.43 (0.05)

0.01 (<0.01)

0.03 (<0.01)

0.38 (0.08)

12.94 (0.60)

0.64 (0.29)

0.09 (0.01)

0.28 (0.12)

0.37 (0.05)

0.22 (0.02)

0.02 (0.02)

0.02 (<0.01)

0.28 (0.03)

11.29 (0.60)

3.29 (0.66)

0.07 (0.01)

0.14 (<0.01)

0.13 (0.02)

0.16 (<0.01)

0.02 (0.01)

0.03 (<0.01)

0.27 (0.02)

8.28 (0.40)

0.60 (0.09)

0.06 (0.02)

0.28 (0.11)

0.23 (0.12)

0.35 (0.04)

0.08 (0.08)

0.03 (0.02)

0.72 (0.07)

14.17 (0.72)

1.76 (0.03)

0.09 (<0.01)

0.30 (0.02)

0.16 (0.01)

0.17 (0.01)

0.05 (0.04)

0.08 (<0.01)

0.50 (0.04)

8.18 (0.44)

0.54 (0.27)

0.10 (<0.01)

0.52 (0.02)

0.18 (0.04)

0.36 (0.01)

0.02 (0.02)

0.03 (0.01)

0.30 (0.03)

15.12 (1.40)

0.70 (0.06)

0.22 (0.04)

0.50 (0.01)

0.13 (0.09)

0.34 (<0.01)

0.02 (0.03)

0.04 (0.01)

0.46 (0.01)

19.98 (4.08)

1.78 (0.70)

0.17 (0.02)

0.45 (0.08)

0.06 (0.01)

0.33 (0.05)

0.02 (<0.01)

0.04 (<0.01)

0.55 (0.06)
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Appendix 2.3: Temporal patterns of river flow

Figure 2.9 Temporal patterns of times median flow at each study site over the 30-week
observational period (see Fig. 2.1 for locations). Note differences in y-axis scales.
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Appendix 2.4: Temporal changes in anatoxin concentrations

Figure 2.10 Temporal total anatoxin concentrations at site 2 and 6 (see Fig. 2.1 for locations)
measured over the 30-week observational period. Toxin concentrations are expressed as mg kg-1 of
freeze-dried mat material.
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3. Diversity and abundance of nitrogen-fixing bacteria in
freshwater Phormidium-dominated mats
3.1

Abstract

Phormidium is a common, mat-forming cyanobacteria, which is increasing in prevalence
worldwide. Species belonging to this genus can produce a variety of cyanotoxins and this has
resulted in animal poisonings in many countries. Phormidium commonly proliferates when
water-column dissolved inorganic nitrogen (DIN) concentrations are low. I hypothesized that
this was due to the presence of nitrogen-fixing organisms within mats, which could contribute
the nitrogen required for growth especially in the early accrual phases. The diversity and
abundance of nitrogen-fixing bacteria in Phormidium-dominated mats was investigated in
samples collected from eight rivers (weekly at two sites and monthly at six sites) over an eightmonth period, through amplification of the nifH gene using quantitative PCR (QPCR) and highthroughput sequencing (HTS). Attempts to quantify the abundance of nitrogen-fixing bacteria
using QPCR were unsuccessful due to an inability to produce a reliable standard curve.
However, HTS confirmed that nitrogen-fixing bacteria were present, but diversity was low
with only 16 operational taxonomic units (OTU) identified. Most of the OTUs identified were
most similar to uncultured nifH bacteria isolated from glacier foreland soils. However,
sequence similarity was generally low (<80–95%) highlighting the need for further
characterisation of these communities. At site 6 (weekly collection), there was weak positive
correlation between diversity and DIN, and a negative correlation with Phormidium cover. The
latter suggesting that nitrogen-fixing bacteria exhibit greater diversity during the early accrual.
Further characterisation of these and other bacteria taxa that contribute to other processes in
the nitrogen cycle (i.e., transformation of urea and nitrite reduction) is recommended and would
advance current understanding of nutrient cycling within Phormidium mats.
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3.2

Introduction

Microbial mat communities commonly form multi-layered benthic mats, which are present in
a variety of aquatic environments including lakes, rivers, ponds, hot springs and hydrothermal
vents (Jeanthon, 2000; Moorhead et al., 1997; Nold & Ward, 1995; Nübel et al., 2000).
Microbial mats can be dominated by cyanobacteria but in these cases they also contain a diverse
array of other microorganisms that carry out important processes, including biological nitrogen
fixation and sulfate reduction (Bebout et al., 1994; Canfield & Des Marais, 1993; Hoehler et
al., 2001). Many cyanobacteria have the ability to fix atmospheric nitrogen, which can provide
a distinct advantage in nitrogen-depauperate environments (Haselkorn & Buikema, 1992). It is
commonly assumed that filamentous cyanobacteria undertake most of the nitrogen fixing
within these microbial mat communities (Bebout et al., 1993; Paerl et al., 1991), but other
organisms could contribute to this. Investigations of potential nitrogen-fixing capacity within
cyanobacterial mats have been conducted in marine and hypersaline environments
(e.g.,(Bebout et al., 1993; Pinckney & Paerl, 1997; Zehr et al., 1995). Comparatively, with the
exception of a recent study, there has been little research investigating the nitrogen-fixing
potential of bacteria in mats dominated by the genus Phormidium in freshwater environments
(see(Bouma-Gregson et al., 2018) .
Phormidium is a common, mat-forming cyanobacteria, which is increasing in prevalence
worldwide (McAllister et al., 2016; Quiblier et al., 2013). Species within this genus produce a
variety of cyanotoxins (Borges et al., 2015; Gugger et al., 2005; Teneva et al., 2005; Wood et
al., 2007), and ingestion of Phormidium-dominated mats or contaminated water has resulted in
animal poisonings in many countries (Faassen et al., 2012; Gugger et al., 2005; Puschner et al.,
2008; Wood et al., 2007). Initially Phormidium was thought to require slightly elevated
dissolved inorganic nitrogen (DIN) concentrations (ca. 0.1 mg L-1) to proliferate (Wood &
Young, 2011, 2012), however recent research has highlighted the ability of Phormidium to
proliferate at much lower concentrations (<0.02 mg L-1;(McAllister et al., 2018; Wood et al.,
2017). The prevalence of proliferations at low water-column DIN concentrations therefore led
to the development of the hypothesis that Phormidium might be capable of nitrogen fixation
and could contribute to the nitrogen requirements for growth. This was dispelled by Heath
(2009) who found that Phormidium isolated from New Zealand rivers did not contain the genes
involved in nitrogen fixation. However, microbial mat communities contain many organisms,
including bacteria, other cyanobacteria and algae, some of which could be capable of nitrogen
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fixation (Brasell et al., 2015; Hart et al., 2013). Brasell et al. (2015) used high-throughput
sequencing (HTS) targeting the 16S ribosomal RNA gene to identify three distinct and
concordant phases of bacteria assemblages as Phormidium mats developed, some of which
included organisms from groups capable of nitrogen fixation. The diversity and abundance of
nitrogen-fixing bacteria in Phormidium mats has not yet been described and their presence may
partly explain how these mats are able to establish and proliferate when water-column DIN
concentrations are low.
The aim of this study was to characterise the abundance and diversity of nitrogen-fixing
bacteria within Phormidium mats. A molecular approach was used to examine bacterial genes
encoding for nitrogen fixation to address the following hypotheses: (1) nitrogen-fixing bacteria
would be present in Phormidium mats; (2) their abundance and diversity would vary according
to water-column nitrogen, whereby rivers with low DIN concentrations would have higher
abundance and diversity; and (3) diversity would increase as a function of increasing
Phormidium cover and accrual time.

3.3

Methods

3.3.1 Site description and sample collection
A single site on each of eight predominately gravel and cobble-bed rivers was chosen for this
study (Fig. 3.1). These rivers were selected to include both a range of water-column nitrogen
concentrations and extent of Phormidium proliferations. Phormidium mat samples were
collected every six to ten days between 13 November and 9 June 2015. The coverage of
Phormidium mats was assessed weekly at sites 1 and 5 and monthly at sites 2, 3, 4, 6 and 7 as
described in Chapter 2. Water samples were collected for analysis of dissolved reactive
phosphorus (DRP) and nitrate + nitrite + ammonia nitrogen (dissolved inorganic nitrogen DIN). Spot measurements of dissolved oxygen (DO), pH and conductivity were taken and
analysed as described in Chapter 2. Temperature was measured at sampling sites every 15 mins
using HOBO Pendant Data Loggers (Onset Computer Corporation, USA). Samples for DNA
extraction were collected by pooling 10 subsamples (each ca. 2 cm2) of Phormidium mats into
a sterile tube (15 mL). Samples were transported on ice and frozen (-20°C) within 12 hours of
collection. Samples were then frozen to -80°C before being lyophilized (FreeZone6, Labconco,
USA) and homogenised using a sterile rod.
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Figure 3.1 Map showing the locations of study sites in the Canterbury region, New Zealand.

3.3.2 DNA extraction and sample inhibition quantitative PCR assay
The lyophilized and homogenised material was weighed (ca. 0.02 g) and DNA was extracted
using a Powersoil® DNA Isolation Kit (MoBio Laboratories, USA) according to the
manufacturer’s protocol. The quality and quantity of DNA was determined using a
Nanophotometer (Implen, Munich, Germany) and extracted DNA was stored at -20°C until
further analysis.
3.3.3 16S rRNA and nifH quantitative PCR assays
The abundance of 16S ribosomal RNA (rRNA) and nifH copies in each sample was determined
using Quantitative PCR (QPCR). The DNA was initially analysed using an internal control
assay incorporating salmon sperm DNA to test for PCR inhibition. The reaction mixture
contained 6.25 µL of Kapa Probe Fast QPCR kit Master Mix (2×), 0.5 µL of each primer
targeting the internally transcribed spacer region 2 of the rRNA gene operon of Oncorhynchus
keta sperm (0.2 uM; Sketa F2 and Sketa R3; Table 3.1), 1 µL of salmon sperm DNA (100
ng/µL; Sigma, USA), 0.2 µL of TaqMan probe SketaP2 and 1.55 µL of Bovine Serum Albumin
(20 mg/mL; BSA, Sigma, USA). Samples were analysed in duplicate on a Rotor-Gene Q
(Qiagen, Germany). Thermal cycling consisted of 3 mins at 95°C, followed by 40 cycles of 3
sec at 95°C and 10 sec at 57°C. Inhibition was observed in all sample as the critical threshold
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(CT) values were later than those of salmon sperm DNA only samples. All samples were diluted
1/10 and re-analysed.
Four different primer sets (PolF/PolR, DVV/IGK3, F2/R6, Ueda19F/Ueda407R) were assessed
for their ability to amplify the nifH gene using QPCR (Table 3.1). Despite trialing different
cycling protocols and taq polymerase mixes these all failed to amplify the target region. To
overcome this, primers designed from the sequences generated in the high-throughput
sequencing (HTS; see Section 3.2.4) were used to design primers. The 12 unique sequences
generated from the HTS were aligned (ClustalW;(Thompson et al., 1994) and the primers were
designed using PrimerQuest, (IDT). Primer sequences were checked in silico for potential
cross-reactivity

in

GenBank

using

the

BLAST

online

software

(http://blast.ncbi.nlm.gov/Blast.cgi) and then synthesized by IDT DNA (USA). The primers
targeted a conserved 111 bp region of the nifH gene. The sequences for these are: Forward
primer: nifH NZ Phorm 5´- GCGWTHTAYGGGAAAGGGGGGAT - 3´, Reverse primer:
nifH NZ Phorm 5´- CTTDGGATCGCAACCGATTWG - 3´.
The reaction mixture for the 16S rRNA and nifH assays contained 5 µL of Kapa SYBR® QPCR
kit Master Mix (2×) 0.2 µL of each primer (10 uM; Table 3.1) and 1.6 µL of BSA (20 mg mL1

, Sigma, USA). Samples and no template controls were analysed in triplicate on a Rotor-Gene

Q (Qiagen, Germany). Thermal cycling consisted of 95°C for 3 mins before completing 40
cycles of denaturing (95°C, 3 sec) and annealing/extension (66°C, 20 sec). Average copy
number was converted into copies of the gene per gram of lyophilized mat material.
To enable quantification of the target genes standard curves were prepared. For the 16S rRNA
gene a dilution series of pCR™2.1-TOPO® vector (Life Technologies, USA) DNA with
cloned 16S rRNA gene (Nodularia spumigena CAWBG21, sourced from the Cawthron
Institute Culture Collection of Micro-algae http://cultures.cawthron.org.nz/) was used. The
specificity of the cloned fragments was checked by visualising the presence of a band of the
expected size on a 1% agarose gel electrophoresis with Red Safe DNA Loading Dye and UV
illumination, and the observation of a single peak in the melting curve. These fragments were
then used to generate four-point standard curves, for 16S rRNA QPCR assays, ranging from
104 to 109 gene copies mL-1.
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For the nifH gene, the standard curve was constructed using a purified (AxyPrep PCR Cleanup Kit, Axygen Biosciences, USA) PCR product generated using the nifH primers described
above. The number of copies in the PCR product used for the standard curves were determined
using: (A × 6.022 × 1023) / (B × 1×109 × 650), with A being the concentration of the PCR
product, 6.022 × 1023 (Avogadro's number), B being the length of the PCR product, 1×109 used
to convert to ng, and 650 the average molecular weight per base pair. These fragments were
used to generate four-point standard curves ranging from 2.41 × 102 to 2.41 × 106 gene copies
mL-1. For both assays each point of the standard curve was analysed in triplicate. For the 16S
rRNA assay the standard curve generated was linear (R2 >0.98) and PCR efficiency was >1.
Standard cures were not reproducible for nifH (see section 3.4.3).
Table 3.1 Quantitative PCR primers used in this study.
Assay
Salmon sperm
internal control

16S rRNA

nifH

Primer
SketaF2

Sequence (5’-3’)
GGTTTTCCGCAGCTGGG

SketaR3

CCGAGCCGTCCTGGTCTA

SketaP2

/56-FAM/AGTCGCAGG/
SEN/CGGCCACCGT/3IABkFQ/

16S-338F

ACTCCTACGGGAGGCAGCAG

16S-518R

ATTACCGCGGCTGCTGCTGG

PolF

TGCGAYCCSAARGCBGACTC

PolR

ATSGCCATCATYTCRCCGGA

DVV

ATIGCRAAICCICCRCAIACIACRTC

IGK3

GCIWTHTAYGGIAARGGIGGIATHGGIAA

F2

TGYGAYCCIAAIGCIGA

R6

TCIGGIGARATGATGGC

Ueda19F

GCIWTYTAYGGIAARGGIGG

Ueda407R

AAICCRCCRCAIACIACRTC

Reference
Haugland et al.
(2005).
Haugland et al.
(2005).
Haugland et al.
(2005).
Park and
Crowley (2005)
Park and
Crowley (2005)
Poly et al.
(2001)
Poly et al.
(2001)
Ando et al.
(2005)
Ando et al.
(2005)
Marusina et al.
(2001)
Marusina et al.
(2001)
Ueda et al.
(1995)
Ueda et al.
(1995)
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3.3.4 High-Throughput Sequencing
An approximately 400 bp region of the nifH gene was amplified using DVV (5’GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATIGCRAAICCICCRCAIACIAC
RTC-3’) and ICK3 (5’TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCIWTHTA
YGGIAARGGIGGIATHGGIAA-3’) primers, modified to include Ilumina™ adapters. PCR
reactions were performed in 50 µL volumes containing 25 µL of AmpliTaq Gold® 360 master
mix (Life Technologies), 5 µL of CG inhibitor (Life Technologies), 1 µL of each 10 uM primer,
and template DNA (ca. 20 ng). PCR cycling conditions were: 95°C 10 mins, followed by 30
cycles of 95°C for 30 sec, 52 °C for 30 sec, 72°C for 60 sec, and a final extension of 72°C for
7 mins. PCR products were visualised with 1% agarose gel electrophoresis with Red Safe DNA
Loading Dye under UV illumination. These products were then purified (Agencourt®
AMPure® XP Kit; Beckman Coulter, USA), quantified (Qubit® 20 Fluorometer, Invitrogen),
diluted to 10 ng µL-1, prior to being submitted to New Zealand Genomics Limited (Auckland,
New Zealand) for library preparation. Sequencing adapters and sample-specific indices were
added to each amplicon via a second round of PCR using the NexteraTM Index kit (IlluminaTM).
Amplicons were pooled into a single library and paired-end sequences (2 × 300) were generated
on a MiSeq instrument using the TruSeqTM SBS kit (IlluminaTM). Sequence data were
automatically demultiplexed using MiSeq Reporter (v2), and forward and reverse reads were
then assigned to samples.
3.3.5 Bioinformatics and statistical analyses
Bioinformatics of HTS data was carried out using the MOTHUR work-flow (Schloss et al.,
2009). Contigs were assembled from paired-end reads. Duplicate sequences were removed and
contigs length filtered. Chimeras were removed using the UCHIME algorithm (Edgar et al.,
2011) and sequences were grouped in operational taxonomic units (OTUs) using 0.02 pairwise
sequence distance cut-off values. Initial attempts to assign taxonomy to the OTU using a nifH
database failed (Gaby & Buckley, 2014). As the number of OTUs was limited, taxonomy was
assigned using the National Centre for Biotechnology Information database using Basic Local
Alignment Search Tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Differences in the nitrogen-fixing bacterial community structure among sites were visualised
in two dimensions using non-metric multidimensional scaling (nMDS) based on Bray-Curtis
similarities with 100 randomised restarts.
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To permit statistical analysis, all samples were subsampled 6,000 reads. Samples with
insufficient reads (n=4) were removed prior to analyses. A Permutational Multivariate
Analyses of Variance (PERMANOVA) was the employed to statistically test the effects of site
and date on nifH assemblages. The Shannon-Wiener diversity index, the Pielout evenness index
and species richness were calculated in PRIMER 7 using the DIVERSE function. Correlations
between diversity and Phormidium cover and water-column DIN concentrations were explored
using linear regressions.
Linear regression analyses were performed in the software R Studio (version 3.1.1;(R Core
Team, 2014), while all multivariate statistical tests were performed using Primer 6.1 (PrimerE Ltd, UK).

3.4

Results

3.4.1 Physicochemical characteristics of sites
Average water temperature varied consistently among most sites (range: 15.8–16.6ºC), with
the exception of sites 3 and 8 which were cooler (average: 13.8ºC, Table 3.2). Average pH
varied from 7.1 (site 5) to 8.5 (site 7) and conductivity from 66.1 µS cm-1 (site 4; Table 3.2) to
406.1 µS cm-1 (site 1). Most sites, with the exception of site 5, had DRP concentrations below
0.02 mg L-1 (Table 3.2). DIN was more variable, site 4 had the lowest DIN concentrations of
0.024 mg L-1 and site 5 the highest of 0.541 mg L-1.
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Table 3.2 Average water temperature, pH, conductivity and nutrient concentrations (± one standard
deviation) measured at each sampling site. DIN= dissolved inorganic nitrogen, DRP = dissolved
reactive phosphorus. Temperature was measured every 15 mins. n=30 for pH, conductivity and
nutrient concentrations. See Fig. 3.1 for site locations. Refer to Tables 2.1 and 2.2 for all
physicochemical factors measured at sampling sites.
Site

Temperature

Unit

pH

ºC

Conductivity
µS cm

-1

DIN
mg L

DRP
-1

mg L-1

1

16.6 (4.69)

8.2 (0.28)

406.1 (59.17)

0.059 (0.03)

0.005 (0.004)

2

16.3 (3.49)

7.3 (0.39)

99.3 (11.27)

0.144 (0.05)

0.019 (0.008)

3

13.8 (2.95)

7.3 (0.41)

100 (1.69)

0.161 (0.05)

0.009 (0.007)

4

16.6 (4.61)

7.6 (0.41)

66.1 (5.00)

0.024 (0.01)

0.006 (0.005)

5

16.1 (3.11)

7.1 (0.47)

145.7 (9.34)

0.541 (0.18)

0.040 (0.014)

6

16.6 (3.80)

7.5 (0.49)

77 (8.97)

0.167 (0.09)

0.020 (0.011)

7

15.8 (4.51)

8.5 (0.32)

129.1 (8.99)

0.038 (0.04)

0.011 (0.008)

8

13.8 (4.27)

8 (0.36)

194 (31.74)

0.108 (0.12)

0.008 (0.005)

3.4.2

Abundance of 16S rRNA gene copies determined using
quantitative PCR
Abundances of 16S rRNA gene copy numbers at sites 1, 2 and 8 were generally low, varying
from 1.56 × 107 copies g-1 (site 8; 08/06/15) to 1.12 × 109 copies g-1 (site 1; 21/04/15; Fig. 3.2).
The 16S rRNA gene copy number at sites 3 and 4 peaked at 1.79 × 109 and 2.87 × 109 copies
g-1 respectively at the middle of the study period, whereas abundances at site 7 where generally
higher earlier in the study (Fig. 3.2). The strength of correlations between mean Phormidium
cover and 16S rRNA concentrations varied among sites (Appendix 3.1). At sites 2, 5, 6, 7, 8
there was no relationship between mean Phormidium cover and 16S rRNA abundance; at sites
1 and 4 there were significant, positive correlations (R2 = 0.79 and 0.74; p = 0.005 and 0.004
respectively); at site 3 these was a negative correlation (R2 = 0.57; p = 0.03; Appendix 3.1).
3.4.3 Abundance of nifH gene copies
The designed primers (nifH NZ Phorm – F and nifH NZ Phorm – F) produced an amplicon in
all samples tested (n=30), however, I was unable to produce a reliable standard curve with a
consistent efficiency, meaning that quantification was not possible, therefore these data are not
presented. In the discussion (section 3.5), I do however provide suggestions of further research
which could be undertaken to successfully quantify the abundance of nitrogen-fixing gene
copies within Phormidium mats.
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Figure 3.2 Average number of 16S rRNA gene copies g-1 (± one standard error) at the eight study
sites. n=7 for sites 1 and 3, n=8 for sites 2, 4, 7 and 8, n=28 for site 6 and n=30 for site 5. All
samples were analysed in triplicate in the quantitative PCR. See Figure 3.1 for site locations.
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3.4.4 Diversity of nifH operational taxonomic units
Sixteen nifH OTUs were identified (Table 3.3), all of which had high sequence similarity and
were closest to uncultured environmental clones. Most of the sequences were isolated from
glacier foreland soils, with the exception of OTU 8 which was isolated from a marine sample
(Table 3.3).
Table 3.3 Basic Local Alignment Search Tool (BLAST) results for the sixteen operational
taxonomic units (OTU) identified in this study. OTUs marked with an asterix were removed during
subsampling.
OTU

Description

Query
cover
88%

Identity

GenBank no.

Environment

OTU 1

Oscillatoria nigroviridis PCC
7112

88%

CP003614.1

Soil

OTU 2

Uncultured bacterium clone NIF17-62 dinitrogenase (nifH) gene
Uncultured bacterium clone NIF17-59 dinitrogenase (nifH) gene

98%

94%

KM043923.1

97%

93%

KM043921.1

Glacier
foreland soil
Glacier
foreland soil

OTU 4

Uncultured bacterium clone NIF5-66 dinitrogenase (nifH) gene

100%

94%

KM043977.1

Glacier
foreland soil

OTU 5

Uncultured bacterium clone NIF17-59 dinitrogenase (nifH) gene

98%

95%

KM043921.1

Glacier
foreland soil

OTU 6

Uncultured bacterium clone NIF5-20 dinitrogenase (nifH) gene

97%

83%

KM043962.1

Glacier
foreland soil

OTU 7*

Uncultured bacterium clone NIF17-59 dinitrogenase (nifH) gene
Uncultured bacterium clone
NLE_1023_g03_2015-02-07
nitrogenase (nifH) gene

97%

83%

KM043921.1

100%

84%

KT24797.1

Glacier
foreland soil
Marine

Uncultured bacterium clone NIF5-66 dinitrogenase (nifH) gene
Uncultured bacterium clone NIF5-66 dinitrogenase (nifH) gene

100%

95%

KM043977.1

100%

94%

KM043977.1

OTU 11*

Uncultured bacterium clone NIF17-42 dinitrogenase (nifH) gene

97%

80%

KM043917.1

Glacier
foreland soil

OTU 12*

Uncultured bacterium clone NIF17-62 dinitrogenase (nifH) gene

97%

94%

KM043923.1

Glacier
foreland soil

OTU 13*

Uncultured bacterium clone NIF17-61 dinitrogenase (nifH) gene

97%

82%

KM043922.1

Glacier
foreland soil

OTU 14*

Uncultured bacterium clone NIF17-61 dinitrogenase (nifH) gene
Uncultured bacterium clone NIFREF-42 dinitrogenase (nifH) gene

97%

87%

KM043922.1

97%

86%

KM043992.1

Glacier
foreland soil
Glacier
foreland soil

Uncultured bacterium clone NIF17-3 dinitrogenase (nifH) genes

97%

86%

KM043915.1

OTU 3

OTU 8*

OTU 9*
OTU 10*

OTU 15*
OTU 16*

Glacier
foreland soil
Glacier
foreland soil

Glacier
foreland soil
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Subsampling to 6,000 reads removed 10 rare nifH OTUs. The abundance of the remaining six
nifH OTUs varied spatially and temporally (Fig. 3.3, 3.4). Diversity per sample was relatively
low across all sites, the highest Shannon-Weiner Index was at site 3 (1.162), which only had
one sample analysed, whereas diversity was lowest at site 1 (0.363; Table 3.4). Richness varied
from 0.356 (site 8) to 0.596 (site 3), whereas evenness varied from 0.262 (site 1) to 0.649 (site
3; Table 3.4). An nMDS suggested that nitrogen-fixing bacteria assemblages of sites 1, 7 and
8 clustered apart from other sampling sites (Fig. 3.5). However, there was no significant effect
of site or date on nifH assemblages (PERMANOVA, site: F7 = 1.82, p = 0.26; date: F25 = 0.65,
p = 0.78).

Figure 3.3 Percentage of nifH reads belonging to each operational taxonomic units (OTU) on 23
December 2014 and 21 April 2015 at each study site. See Figure 3.1 for site locations and Table
3.3 for a description of OTUs.
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Table 3.4 Mean biological characteristics for each sampling site calculated using nifH operational
taxonomic units (± one standard deviation). See Figure 3.1 for site locations.
No. of OTUs

Site 1

No. of
samples
2

Richness

Evenness

4 (0)

Shannon-Weiner
diversity
0.363 (0.065)

0.387 (0.059)

0.262 (0.047)

Site 2

1

5

0.756

0.514

0.470

Site 3

1

6

1.162

0.596

0.649

Site 4

2

4.5 (0.707)

0.835 (0.047)

0.451 (0.113)

0.562 (0.091)

Site 5

2

5.5 (0.707)

0.897 (0.020)

0.539 (0.060)

0.530 (0.052)

Site 6

28

5.9 (0.441)

0.985 (0.241)

0.575 (0.039)

0.559 (0.135)

Site 7

2

4.5 (0.707)

0.397 (0.072)

0.406 (0.084)

0.269 (0.077)

Site 8

1

4

0.493

0.356

0.356

OTU 1 was the rarest nifH OTU, and was only present at four sites (sites 2, 3, 5 and 6) with
less than 20 reads at all sites, except site 6 (Fig. 3.3). At sites 1, 7 and 8, OTU 4 comprised a
high percentage (86–91%) of the nitrogen-fixing bacterial assemblage, whereas was much less
abundant at sites 2, 3, 4, 5 and 6 (4–16% of the total reads; Fig. 3.3). Early in the study period
at site 6 when Phormidium cover was continually increasing, OTU 5 was the most abundant,
whereas during the middle of the experiment when cover began to decrease, OTU 3 dominated
(Fig. 3.4). During the last five weeks, after a flushing event, the percentage of OTU 2 reads
increased (Fig. 3.4).
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Figure 3.4 (A) Percentage of nifH reads belonging to each operational taxonomic unit (OTU) and,
(B) average Phormidium cover (± one standard error) at site 6. See Figure 3.1 for site location and
Table 3.3 for a description of OTUs.
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Figure 3.5 Non-metric multidimensional scaling plots based on Bray-Curtis similarities of nifH
operational taxonomic unit assemblages among study sites. n=1 for sites 3 and 8, n=2 for sites 1,
4, 5 and 7 and 3, n=28 for site 6 and n=30 for site 5. See Figure 3.1 for site locations.

3.4.5

Relationships between dissolved inorganic nitrogen and nifH
diversity at site 6
At site 6, there was a weak, positive correlation between diversity and accrual DIN (adjusted
R2 = 0.12, p = 0.003; Fig. 3.6A). Diversity ranged from 0.4–1.1 when accrual DIN was low
(ca. 0.1 mg L-1), beyond which a positive correlation was observed (Fig. 3.6A). As Phormidium
cover increased diversity appeared to decrease (adjusted R2 = 0.26, p = 0.04; Fig. 3.6B)

Figure 3.6 (A) Correlation between nifH diversity and accrual dissolved inorganic nitrogen (DIN)
concentrations and, (B) correlation between nifH diversity and average Phormidium cover at site
6. The adjusted R2 is presented. See Figure 3.1 for site location.
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3.5

Discussion

3.5.1 Nitrogen-fixing bacterial communities
The first hypothesis, that nitrogen-fixing bacteria would be present in Phormidium mats, was
supported by the HTS data. I was unable to quantify the abundance of the nifH gene within
Phormidium mats due to inconsistencies with QPCR assays (discussed further below).
However, HTS confirmed that nitrogen-fixing bacteria were present, but had low diversity (16
OTUs). Other studies investigating the diversity of nitrogen fixation genes in marine
cyanobacterial mats have recorded high diversity (i.e., >50 OTUs;(Severin et al., 2010; Zehr
et al., 1995). In a recent study, Bouma-Gregson et al. (2018) used metagenomics to investigate
the metabolic potential of bacteria present in Phormidium-dominated mats in the Eel River
network (California, USA). They found that nitrogen-fixing capacity was limited to a single
Alphaproteabacteria and three Nostocales, providing further support for low nifH diversity in
Phormidium mats. Heath (2009) highlighted that Phormidium does not contain the nifH gene
and the results of the present study support this.
During taxonomic assignment of the HTS data there were no positive matches between the
nifH sequences generated in this study and those in the nifH database (Gaby & Buckley, 2014)
and taxonomy was assigned using BLAST in NCBI. The OTUs identified in this study, with
the exception of OTU 1, were characterised as uncultured nifH bacteria, most of which were
isolated from glacier foreland soils. In most instances the similarity was low (ranging from 80–
95%) suggesting the presence of unique bacterial taxa within these mats. The NCBI contains
many freshwater nifH bacteria, but the sequences isolated in this study were not similar to those
from freshwater environments, suggesting that Phormidium mats create unique habitats which
are colonised by specialists. OTU 1 was most closely related to a region of the Oscillatoria
nigroviridis genome, however similarity was very low (88%), most likely indicating a
previously unidentified taxa. It is also plausible that O. nigroviridis had the nifH gene in the
past but there have now been mutations, or that the primers used in this study amplified a nonspecific product. This study has identified a unique and previously uncharacterised nitrogenfixing bacterial community within Phormidium mats. Future research is required to confirm
the identity of these organisms, and to understand how these communities contribute to
enhance Phormidium proliferations.
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3.5.2

Relationships between nifH diversity and physicochemical
variables
The second hypothesis, that nifH diversity would vary among rivers but be highest at the lowest
DIN concentration was only partially supported by my data. Although there was a weak,
significant correlation between diversity and water-column DIN concentration, diversity was
not highest in rivers with low DIN. Furthermore, because the QPCR nifH assays were
unsuccessful, it is not possible to comment on whether the abundance of nifH genes varies in
relation to water-column DIN concentrations. At DIN concentrations of less than 0.1 mg L-1
diversity was variable, however at concentrations above this a positive relationship was
observed between DIN and diversity. This falsifies the second hypothesis, instead I conclude
that low DIN does not lead to a higher diversity of nitrogen-fixing bacteria. This result is similar
of the findings of Bouma-Gregson et al. (2018), who found low diversity and abundance of
nitrogen-fixing bacteria in a nitrogen limited system (maximum total dissolved nitrogen [TDN]
concentration 0.03 mg L-1). Bouma-Gregson et al. (2018) found that urease genes, involved in
the transformation of urea, and nitrite reduction genes are common in taxa contained within
Phormidium mats and Martin (2017) found that total ammoniacal nitrogen concentrations were
40 to 200 times higher in water within Phormidium mats compared to bulk river water. It seems
possible that microbially-mediated nitrogen transformations, perhaps related to the recycling
of nitrogen, are more important in Phormidium mats than nitrogen fixation.
The third hypothesis, that diversity would increase as a function of increasing Phormidium
cover and accrual time was not supported. Instead, the data from the present study suggested
that diversity decreased as reach-scale Phormidium cover increased and that the highest nifH
diversity was observed during early accrual (i.e., when cover was low). It is, important to note
that most studies, like those of Bouma-Gregson et al. (2018) and Martin (2017) have worked
on mature mats. It has been suggested that nitrogen fixation is most important during early
stages of succession when mats are thickening and the supply of recycled and organic nitrogen
within mats is low (McAllister et al., 2016). A metagenomics approach, which builds upon the
work of Brasell et al. (2015) and Bouma-Gregson et al. (2018) and tracks Phormidium mats
through succession would add to current understanding.
To date there are no studies investigating changes in microbial communities through
Phormidium succession but Brasell et al. (2015) documented temporal shifts in the microbial
assemblages of Phormidium mats, whereby Alphaproteobacteria and Betaproteobacteria
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dominated initially; followed by Alphaproteobacteria, Betaproteobacteria, Sphingobacteria
and Flavobacteria and Sphingobacteria and Flavobacteria in the late phase. In the present study,
high nifH diversity during early accrual may have enhanced initial growth and consequently
decreased as mats matured.
3.5.3 Challenges with nifH quantitative PCR assays
Although the nifH gene was amplified in samples using the designed primers (nifH Phorm NZ),
the standard curve was not reliable with inconsistences between replicates and a low efficiency.
It was therefore not not possible to quantify the abundance of nifH genes. Numerous attempts
were undertaken in this study to develop an assay including testing different primers and
cycling protocols, however this had little effect. The ineffectiveness of the PolF/PolR primer
set in this study, is perhaps not surprising as Gaby and Buckley (2012) showed that these
primers are not very effective on samples from microbial mat environments. However, the
other primers used in the present study have been reported to have coverage greater than 96%
in microbial mats. Only one attempt was undertaken to design primers (based on the HTS
sequence data). Future studies could explore designing alternative primer sets, although given
the limited size of the amplicon (ca. 400 bp) produced during HTS there were not many options
for primers sites. Metagenomic data would greatly enhance the ability to design primers as the
sequences will cover all genes involved in nitrogen fixation allowing much more flexibility
when deciding on the target region and when designing primers.

3.6

Conclusion and future research avenues

This study confirmed that bacteria with the capacity to fix nitrogen are present in Phormidium
mats. The results suggest that diversity is low compared to studies of cyanobacterial mats from
other habitats. The low similarity of the sequences generated from the Phormidium mats in the
present study with those in current databases indicates unique nitrogen-fixing taxa are present
in these mats, and this may explain the difficulties experienced when trying to apply previously
developed nifH QPCR assays to my samples.
Future studies on nitrogen fixation in Phormidium mats should include measurements of
nitrogenase activities (i.e., acetylene reduction), it would be extremely valuable to track this
quantitatively through successional phases to provide evidence for the suggestion that nitrogen
fixation is most important in the early successional stage. The application of biochemical

67

assays that assess the transformation of urea, and nitrite reduction would be valuable and
advance knowledge on other parts of the nitrogen cycle, and their relative importance in each
stage of succession. Metagenomic approaches will provide valuable new data on the metabolic
capability of Phormidium mats. The application of metatranscriptomics in concert with
proteomics are exciting new techniques that could be used to understand metabolic processes
and transitions in Phormidium-dominant microbial communities and are recommended for
future studies.
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4. The effects of velocity and nitrate on Phormidium accrual
cycles: a stream mesocosm experiment
4.1

Abstract

Proliferations of benthic cyanobacteria belonging to the genus Phormidium are a global
concern due to their increasing prevalence and ability to produce harmful toxins. Most studies
to date have been observational and have linked physicochemical variables to Phormidium
cover measured at the reach scale. These studies have alluded to nutrients and flow being key
factors determining accrual. Experimental studies are needed to advance understanding of the
causal mechanisms underlying these patterns. The aims of the present study were to use an
experimental approach to examine how changes in velocity and nitrate concentrations
influence Phormidium accrual dynamics. I hypothesized that: (1) Phormidium biomass accrual
would be positively correlated with stream velocity; (2) biomass accrual would be positively
related to nitrate concentration and nitrate would have a stronger effect during early accrual;
(3) there would be an interaction between nitrate and velocity such that accrual was saturated
at high nitrate and high velocity; and (4) the probability of detachment would increase with
decreasing velocity. Mat expansion, biomass (measured as phycoerythrin and chlorophyll a
concentrations, and biovolume) and algal assemblage composition were assessed in flowthrough mesocosms over 16 days. Two velocity treatments; slow (0.1 m s-1) and fast (0.2 m s1

), were crossed with three nitrate treatments; ambient (0.02 mg L-1), medium (0.1 mg L-1) and

high (0.4 mg L-1). Velocity was positively correlated with all measures of Phormidium
biomass. Patch expansion rates, however, increased at similar rates across all treatments. There
was no effect of nitrate during early accrual but phycoerythrin concentrations increased with
increasing nitrate under high velocity treatments. At the end of the experiment, patch size was
greater in the high velocity treatments, due to a greater number of patches partially or fully
detaching in slow treatments. These results suggest that nitrate concentrations do not affect
Phormidium expansion and detachment, but may still be important in the colonisation phase
(not investigated in this study), and that mat expansion occurs at a similar rate regardless of
velocity, but termination of accrual cycles occurs earlier in slow velocities.
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4.2

Introduction

Land-use change has been identified as one of the main drivers of ecological degradation in
lotic ecosystems worldwide (Vörösmarty et al., 2010). Agricultural, forest and urban land-use
typically affect nutrient delivery to waterways, and increase water extraction for both irrigation
and drinking water purposes (Baron et al., 2002; Walling & Fang, 2003; Weijters et al., 2009).
Resultant changes to stream ecosystems include augmented nutrient concentrations and
alterations in the volume and seasonality of flow. These two globally important stressors are
likely to affect benthic algal communities in complex and interactive ways. In lakes, enhanced
nutrient loadings frequently lead to proliferations of toxic cyanobacteria (Oliver et al., 2012),
and there is concern that alterations of streams ecosystems due to land-use change and
intensification may also be creating conditions that favor the dominance of toxin producing
benthic cyanobacterial species and excessive biomass accrual (McAllister et al., 2016).
Phormidium is a benthic mat-forming cyanobacterial genus, which produces a variety of
cyanotoxins and is becoming increasingly problematic in cobble-bed rivers worldwide (Aboal
et al., 2002; Fetscher et al., 2015; Gugger et al., 2005; McAllister et al., 2016; Quiblier et al.,
2013). Animal toxicosis events attributed to Phormidium-dominated mats (hereafter referred
to as Phormidium) have been reported in France, Scotland, Switzerland, the Netherlands, the
United States of America and New Zealand (Edwards et al., 1992; Faassen et al., 2012; Gugger
et al., 2005; Hamill, 2001; Mez et al., 1997; Wood et al., 2007). Previous research on the
ecology of Phormidium has been largely limited to observational-based studies identifying
correlations between physicochemical factors and reach-scale Phormidium dynamics. These
observational studies have implicated nutrients, flow and sediment as potentially linked to
accrual dynamics (Heath et al., 2011; McAllister et al., 2018; Wood et al., 2017; Wood et al.,
2015). There is a need to investigate causal and interactive relationships of physicochemical
factors driving proliferations on a finer scale and in a more controlled setting to elucidate
mechanistic links. Identification of driving variables may be complicated by the nature of the
Phormidium accrual cycle, which involves colonisation, initiation of a benthic mat, growth via
patch expansion and eventual detachment. Each of these successional phases may have
different responses to water velocity and nutrient concentrations (McAllister et al., 2016).
Heath et al. (2015) created velocity-based habitat suitability curves for Phormidium, which
indicated that it was most frequently found at velocities from 0.6–1.1 m s-1 and was rare at high
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or low velocities. Other researchers have confirmed that Phormidium appears to be rheophilic
and that early colonisation and heightened growth tends to occur in reaches with relatively high
velocity (Bouma-Gregson, 2015; Hart et al., 2013; Heath et al., 2015). At the upper end of its
velocity range abrasion may limit accrual, but at low velocity autogenic detachment may be
more important. Several mass detachment events have been documented under low velocities
(McAllister et al., 2018; Sabater et al., 2003), that have been attributed to excessive buoyancy
induced by mass bubble formation during photosynthesis. Low velocity may be
disadvantageous due to the formation of thicker boundary layers, which limit the flux of
oxygen between the mat and water, facilitating gas bubble formation during photosynthesis
(Boulêtreau et al., 2006; Bouma-Gregson et al., 2017).
As with velocity, previous research has shown that Phormidium proliferations can occur across
a range of nutrient concentrations. Numerous field studies, conducted in New Zealand, have
highlighted that proliferations of Phormidium consistently occur at dissolved reactive
phosphorus (DRP) concentrations <0.01 mg L-1 (McAllister et al., 2016; Wood et al., 2017;
Wood et al., 2015). Whereas in Spanish rivers, Phormidium autumnale is prevalent in
hypertrophic systems (Loza et al., 2013). Wood et al. (2017) suggested a lower limit of watercolumn dissolved inorganic nitrogen (DIN) concentrations for proliferation of Phormidium of
approximately 0.1 mg L-1. However, proliferations have been observed under DIN
concentrations below 0.02 mg L-1 (McAllister et al., 2018; Wood et al., 2017). This ability to
accumulate biomass under low nutrient concentrations is a well-established trait of benthic
microbial mats (Bonilla et al., 2005). It has been suggested that during early accrual stages
elevated nitrate concentrations enhance Phormidium growth, but once a mat becomes
established internal nutrient cycling processes allow it to grow independently of water-column
nutrients (McAllister et al., 2018; McAllister et al., 2016; Wood et al., 2017). To date studies
investigating the effect of nitrate on Phormidium growth have been limited to laboratory
culture-based (Heath et al., 2016; Heath et al., 2014) and observational studies (Heath et al.,
2011; McAllister et al., 2018; Wood et al., 2017), the latter of which is complicated by
covariation of other physicochemical factors making meaningful relationships difficult to
extract. Furthermore, while molecular studies of Phormidium isolated from New Zealand rivers
have shown that they do not have the ability to fix nitrogen (Heath, 2009), Brasell et al. (2015)
highlighted that diverse bacterial communities exist within Phormidium, some of which are
capable of nitrogen fixation. If nitrogen fixation becomes significant as the mats mature, the
importance of water-column nitrogen may decline as mat biomass accrues.
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Velocity and nutrients are also likely to interact and affect Phormidium accrual dynamics,
particularly where growth requires fluxes of nutrients from water to the mat. The thick and
dense nature of Phormidium mats may facilitate the development of boundary layers (Larned
et al., 2004), which represent a barrier to nutrient uptake and delivery (Biggs et al., 1998).
Consequently, rates of biomass accrual may be nutrient-limited under low flow conditions
(Hart et al., 2013). The combination of low velocity and low nutrients could combine to limit
Phormidium growth, while under higher velocities, or higher nitrate concentrations, any
limitation of Phormidium growth may be offset by increased delivery of nutrients across the
boundary layer.
In the present study, streamside experimental mesocosms were used to investigate the
interactive effects of velocity and nitrate concentrations on the expansion, biomass accrual and
detachment of Phormidium. In this experiment cobbles were seeded with Phormidium, which
allowed the colonisation step of the accrual cycle to be standardised. This approach allowed us
to focus on the accrual and detachment phases. The following hypotheses were tested: (1)
Phormidium biomass accrual will positively correlate with stream velocity; (2) biomass accrual
will be positively related to nitrate concentration and nitrate will have a stronger effect during
early accrual; (3) there will be an interaction between nitrate and velocity such that accrual is
saturated at high nitrate and high velocity due to nutrient delivery; and (4) the probability of
detachment will increase with decreasing velocity due to the accumulation of oxygen bubbles
within mats.

4.3

Methods

4.3.1 Experimental facility and design
The experiment was conducted from 2 to 18 of April 2016 in outdoor, channel mesocosms
(Fig. 4.1). The experimental facility was located alongside an irrigation race fed by the Kowai
River, South Island, New Zealand (43°19'54.92''S, 171°53'6.19''E). Ambient water from the
Kowai River contained low concentrations of nitrate (0.015–0.042 mg L-1), which allowed
nitrate amendments to be undertaken.
Water was pumped from the irrigation race in the Kowai River into two separate 500 L header
tanks and then gravity fed to 10 L mixing tanks (n=18). Nutrients (nitrate and phosphate) were
constantly added to individual mixing tanks from stock solutions (NaNO3 and NaHPO4.2H2O)
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via a Masterflex L/S multichannel peristaltic pump (Cole-Palmer Instrument Company, USA).
Water from the intermediate tanks then flowed into 18 channels (2 m long × 0.2 m wide × 0.2
m deep), which were constructed according to Bothwell (1988). The flow into each channel
was regulated by control valves at the outlet of the mixing tanks, and velocity was altered by
changing the water depth and slope of individual channels. Each channel contained a layer of
small-medium sized gravel (ca. 5–7 cm2).

Figure 4.1 Experimental set up (top panel) and an example of Phormidium expansion under fast
velocity/medium nitrate treatment (bottom panel). A hole (4 mm in depth and diameter) was drilled
into the centre of each cobble, which was then seeded with homogenised Phormidium mats.

Three nitrate treatments (ambient, medium, high; see Table 4.1 for measured concentrations)
were crossed with two velocity treatments (slow and fast), resulting in six treatments, each
replicated three times (SA = slow velocity/ambient nitrate, FA = fast velocity/ambient nitrate,
SM = slow velocity/medium nitrate, FM = fast velocity/medium nitrate, SH = slow
velocity/high nitrate and FH = fast velocity/high nitrate). Nitrate target concentrations of 0.02
mg L-1 (ambient), 0.1 mg L-1 (medium) and 0.4 mg L-1 (high) were selected to represent both
the gradient of nitrate, observed in some lowland streams on the Canterbury Plains, New
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Zealand, and also concentrations under which Phormidium proliferations have occurred
(McAllister et al., 2016). Phosphate was added to all channels to a target concentration of 0.01
mg L-1, which was considered to be in excess of requirements for Phormidium growth. The
velocity levels achieved in this experiment were limited by mesocosm design and pump
capabilities. Fast treatments had a mean velocity 0.2 m s-1 and a mean depth of 0.05 m, whereas
slow treatments had a mean velocity of 0.07 m s-1 and a mean depth of 0.08 m. Velocity was
estimated using the following equation:
!=

$
%

,

where V is velocity, Q represents discharge and A is the area of the mesocosms.
Velocity treatments were further characterised by clod cards, which is a method for comparing
relative velocity by measuring the dissolution rate of uniform blocks of plaster of paris (Larned
& Stimson, 1996). Higher rates of dissolution represent a higher velocity environment. Clods
were molded in ice cube trays, dried, weighed and then deployed for 48 hours in replicates of
three in each mesocosm on four occasions over the experimental period. Clods were then dried
at 60˚C for 48 hours and reweighed. Weight losses were corrected for dissolution in still water
by conducting a still-water deployment according to Thompson and Glenn (1994) before
calculating the rate of dissolution.
A total of 324 cobbles, with surface areas between 60 and 90 cm2 were collected from the Ōpihi
River at State Highway 1 (44°15'49''S, 171°16'10''E). On day 0 of the experiment, these were
scrubbed and a single hole (4 mm in depth and diameter) drilled into the centre of each cobble,
and this was filled with Phormidium-dominated mats, which had been homogenised with a
handheld blender (Kenwood, UK). These Phormidium mats were collected from the Ōpihi
River on the experiment start date. This site had average DIN and DRP concentrations of 0.167
mg L-1 and 0.02 mg L-1 respectively (McAllister et al., 2018). Eighteen cobbles were placed in
each mesocosm.
Water temperature was measured in five mesocosms every 15 mins during the experimental
period using thermistors connected to a Starlogger datalogger (NIWA Instrument Systems,
New Zealand).
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4.3.2 Sample collection
Phormidium patch expansion on seeded cobbles was followed by photographing cobbles every
two to three days throughout the experimental period, and calculating patch area using ImageJ
(National Institutes of Health, USA). Images were checked for distortion using a calibrated
target imaged from the same distance, and no effect was apparent.
For biomass estimates, three cobbles were randomly selected from each mesocosm.
Chlorophyll a, biovolume and algal composition were measured on cobbles days 4, 11 and 16.
On day 16, samples were also collected to determine phycoerythrin concentrations. The
upwards-facing surface area of each cobble was scrubbed with a nylon brush with 50 mL of
deionized water for two mins and then homogenised with a handheld blender (Kenwood, UK).
Aliquots (10 mL) for chlorophyll a and phycoerythrin, were filtered through GF/C filters
(Whatman, USA) and frozen (-20°C) until later analysis. The remainder of the samples from
the three cobbles in each mesocosm were combined, mixed and a 2 mL sub-sample was
collected for taxonomic assessments and biovolume calculations. This was preserved in
Lugol’s iodine and stored at 4ºC until analysis. Upwards-facing surface areas of sampled
cobbles were estimated using aluminium foil. A single layer of foil was molded and trimmed
to the surface area of the cobble and then weighed. The weight of foil was converted to surface
area by making a calibration curve using foil of a known surface area.
Water samples for both nitrate + nitrite-N and DRP were collected from the outflow of each
mesocosm on days 4, 11 and 16 to confirm nutrient concentrations. Samples were filtered on
site, nitrate + nitrite-N samples through GF/C filters (Whatman, USA) and DRP samples
through 0.45 µm membrane filters (Millipore, UK). Water samples were transported on ice and
stored at -20ºC until further analysis.
4.3.3 Laboratory analyses
Phycoerythrin was extracted in 5 mL of potassium phosphate buffer (0.1M; pH=6.8) and
mechanically homogenised with a teflon and glass homogeniser. Samples were stored at 4ºC
for 24 hours, before being filtered (GF/C, Whatman, USA) and phycoerythrin concentrations
assessed using a fluorometer (Aquaflor, Turner Instruments). Calibration of the fluorescence
output was accomplished by creating a dilution series of an extract of a Phormidium mat sample
containing sufficient phycoerythrin to allow quantification using spectrometric absorbance.
Absorbance was converted to concentration using a specific absorption coefficient of 300,000
taken from Bryant et al. (1976).
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Table 4.1 Mean concentrations of nitrate + nitrite-N and dissolved reactive phosphorus (DRP)
measured in water samples (n=3) collected from each mesocosm (n=18) on days 4, 11 and 16. SD
= standard deviation. SA = slow velocity/ambient nitrate, FA = fast velocity/ambient nitrate, SM =
slow velocity/ medium nitrate, FM = fast velocity/ medium nitrate, SH = slow velocity/ high nitrate,
FH = fast velocity/ high nitrate. The mean velocity in the fast treatments was 0.2 m s-1 and 0.1 m s1
for the slow treatments.
Nutrient concentration (mg L-1)
Nitrate + nitrite-N

DRP

(± one SD)

(± one SD)

4

0.026 (0.004)

0.011 (0.003)

11

0.038 (0.017)

0.009 (0.001)

16

0.016 (0.001)

0.010 (0.003)

4

0.026 (0.004)

0.010 (0.001)

11

0.042 (0.005)

0.008 (0.001)

16

0.015 (0.001)

0.010 (0.001)

4

0.132 (0.046)

0.012 (0.003)

11

0.141 (0.034)

0.012 (0.005)

16

0.089 (0.017)

0.011 (0.001)

4

0.107 (0.018)

0.012 (0.002)

11

0.133 (0.006)

0.009 (0.001)

16

0.115 (0.042)

0.009 (0.001)

4

0.494 (0.225)

0.011 (0.003)

11

0.379 (0.045)

0.008 (0.001)

16

0.406 (0.054)

0.009 (0.001)

4

0.486 (0.189)

0.014 (0.004)

11

0.485 (0.167)

0.009 (0.001)

16

0.375 (0.010)

0.009 (0.001)

Treatment Day
FA

SA

FM

SM

FH

SH

Chlorophyll a was extracted from material collected on filters in boiling ethanol (96%; 2 mL,
2 min). After storage at 4ºC for 24 hours, the samples were centrifuged (3000×g, 15 min) and
absorbance measured spectrophotometrically. An acidification step was carried out to account
for phaeopigments as suggested by Biggs and Kilroy (2000).
Biovolume analyses were conducted using an Olympus inverted microscope (CKX41) at 400×
magnification. Images were taken using a colour CCD camera (DP22). Two sets of five images
were taken along a vertical and horizontal transect giving a total of 10 images per sample.
Measurements for the determination of cell dimensions were made using the DP-22 controller
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software (Olympus, Tokyo, Japan). Phormidium was identified to species level, whereas all
other algae were identified to genus level (where possible), according to Biggs and Kilroy
(2000). Where possible at least 30 cell lengths, heights (of diatoms) and widths were measured.
Biovolume calculations were conducted using the suggested geometric shapes described by
Olenina et al. (2006) and Hillebrand et al. (1999).
Nitrate + nitrite-N samples were analysed as nitrate after a spongy cadmium reduction
(Mackereth et al., 1978). Dissolved reactive phosphorus concentrations were analysed by the
molybdenum blue method (Water Environmental Federation & American Public Health
Association, 2005). All absorbances were measured spectrophotometrically using a DR3900
spectrophotometer (Hach, USA).
4.3.4 Statistical analyses
Accrual over time typically followed a near exponential increase, which in some cases was
followed by an abrupt loss of area. The rates of increase during the exponential phase were
estimated, for each cobble, as Exponential Accrual Rate (EAR), by fitting a growth curve to
that part of the accrued area versus time plot that exhibited exponential growth. For the fast
velocity treatments days 1–16 were used for this expansion curve fitting process. However, for
the slow treatments, patch size was decreasing or stabilizing between days 11 and 16, and these
points were excluded. Initially a simple exponential growth model was fitted to the patch data:
&=
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where b is the EAR (day-1), lnN2 is the natural log of patch size at time two (t2) and lnN1 is the
natural log of patch size at time one (t1).
However, this simplified model did not fit my data well as it tended to decrease over time and
a power function to model growth was therefore adopted. This model provides an estimate of
EAR at time zero and includes a parameter that describes the rate at which EAR declines over
time. Using the power function, better fits were achieved to data, with all fast treatments and
some slow treatments having R2 values of >0.81 (Appendix 4.1). The following growth model
was used:
. = .0 + (2 ∙ 456 ∙ 7)(9/;) ,
where y is the patch size (cm2) at day t, y0 is the initial patch size at time t = 0, a is the decline
parameter and EAR is the exponential accrual rate at t = 0.
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Homogeneity of variances for the biomass accrual data was tested by inspecting the residual
and fitted values, as well as a Levene’s test. Normality was checked through the inspection of
Quantile-Quantile plots and conducting a Shapiro-Wilk test. A repeated-measures ANOVA
was used to explore differences in clod card dissolution between slow and fast velocity and
treatments. To evaluate the interactive effects of velocity and nitrate on biomass two-way
ANOVA were conducted. For phycoerythrin concentrations this was undertaken on day 16
only and for chlorophyll a and biovolume this was employed for days 4, 11 and 16. Two-way
ANOVAs were also used to test for difference in EARs among treatments. Average EAR,
chlorophyll a and phycoerythrin concentrations were calculated for each mesocosm
individually from three sampled cobbles. The averages for each of the three mesocosms for
each treatment were used as replicates for two-way ANOVAs. Type II errors were used in
ANOVA of chlorophyll a and phycoerythrin concentrations. Two outliers, of more than 1.5
times the interquartile range, were identified and removed from the biovolume data set on day
16. This resulted in an unbalanced data set as only one sample was taken from each mesocosm.
Type III errors were therefore used in the two-way ANOVA of the day 16 biovolume data.
Where significant differences among treatments were identified by two-way ANOVAs, posthoc (Tukey’s honest significance test (HSD)) tests were used to identify which treatments were
significantly different. Algal composition data was visualised using multidimensional scaling
(MDS) using Bray-Curtis similarity and a permutational multivariate analysis of variance
(PERMANOVA) was employed to examine changes in algal composition across the
experimental period and between treatments.
Two-way and repeated-measures ANOVA analyses were performed in the software R Studio
(version 3.1.1;(R Core Team, 2014), while all multivariate statistical tests were performed
using Primer 6.1 (Primer-E Ltd, UK). Growth models were fitted using SigmaPlot (Systat
Software, United States of America)
.

4.4

Results

4.4.1 Experimental conditions
Average nitrate-N and nitrite-N concentrations varied between 0.015–0.042 mg L-1, 0.089–
0.141 mg L-1 and 0.375–0.494 mg L-1 for ambient, medium and high treatments respectively
throughout the experimental period (Table 4.1). Average DRP concentrations were similar
across all treatments, varying from 0.008 to 0.014 mg L-1 (Table 4.1). Clod card dissolution

81

was significantly different between slow and fast velocity treatments (Repeated-measures
ANOVA, p < 0.05; Appendix 4.2), with the median weight lost being 4.9 and 7.9 grams in
slow and fast mesocosms respectively. Average water temperature was consistent among
mesocosms and varied from 11.6 to 15.0°C over the experimental period (Appendix 4.3).
4.4.2 Patch size and exponential accrual rate
Mean patch area increased over time in most treatments, with the largest patch (65 cm2)
observed on day 16 in the FA treatment and the smallest in the SM treatment (14 cm2; Fig.
4.2). Although there was no significant difference in EARs among treatments (Table 4.2, 4.3;
range: 0.79–1.02 cm2 day-1), there was an observed influence of velocity in later accrual stages.
Patches continually increased in size under fast velocity treatments towards the end of the
experimental period but either stabilized or decreased in size under slow treatments (Fig. 4.2).
There was also no significant difference in the rate at which EAR decreased over time (Table
4.2, 4.3; range: 0.35–0.56).

Figure 4.2 Mean patch size (± one standard deviation) in each treatment throughout the
experimental period. Data points are a mean of three patches. Different symbols represent
individual mesocosms within each treatment. Fast = fast velocity (0.2 m s-1), slow = slow velocity
(0.1 m s-1), ambient = ambient nitrate, medium = medium nitrate, and high = high nitrate. See Table
4.1 for nitrate concentrations.
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Table 4.2 Average calculated Exponential Accrual Rates (EAR) and the average decline parameter
(the rate at which EAR declines over time) for each treatment (± one standard deviation). See Table
4.1 for nitrate concentrations and Appendix 4.1 for model fits and errors associated with
calculations.
Treatment

EAR (cm2 d-1)

Decline parameter

Slow/ambient

1.02 (0.19)

0.56 (0.13)

Fast/ambient

0.79 (0.05)

0.35 (0.03)

Slow/medium

0.83 (0.28)

0.48 (0.17)

Fast/medium

0.83 (0.04)

0.49 (0.03)

Slow/high

0.84 (0.04)

0.51 (0.17)

Fast/high

0.90 (0.03)

0.49 (0.04)

4.4.3 Phormidium biomass among velocity and nitrate treatments
Average phycoerythrin concentrations, normalised to cobble size, were significantly different
among both velocity and nitrate treatments, and there was also a significant interaction (Twoway ANOVA, velocity: F1,12 = 46.40, p < 0.001, nitrate: F2,12 = 9.08, p = 0.003,
velocity×nitrate: F2,12 = 3.88, p < 0.05, Table 4.3; Fig. 4.3). The Tukey’s HSD test showed
there was no significant difference between mean phycoerythrin concentrations among slow
treatments, however there was a significant difference between the FA and FH treatments (p <
0.001; Fig. 4.3). Phycoerythrin concentrations, normalised to the size of the patch, followed a
similar pattern as those normalised to the size of the cobble (Appendix 4.4).
Two-way ANOVAs did not show any significant effect of velocity or nitrate on chlorophyll a
or biovolumes on days 4 and 11 (Fig. 4.4A; Table 4.3). Average chlorophyll a concentrations
on day 16 varied from 13 mg/m2 (SA) to 27 mg/m2 (FH; Fig. 4.4A). There was a slight increase
in the average chlorophyll a concentrations on day 16 with increasing velocity and nitrate
concentrations, and a significant effect of nitrate (Two-way ANOVA, nitrate: F2,12 = 4.45, p <
0.05; Fig. 4.4A). The Tukey’s HSD test, however, did not identify any statistically significant
differences among treatments.
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Figure 4.3 Mean Phormidium phycoerythrin concentrations (± one standard error), normalised to
cobble size, on day 16 of the experimental period. Letters indicate significance at the p < 0.05 level
according to a post-hoc Tukey’s Honest Significant Difference (HSD) test. SA = slow velocity (0.1
m s-1), /ambient nitrate, FA = fast velocity (0.2 m s-1)/ambient nitrate, SM = slow velocity/ medium
nitrate, FM = fast velocity/ medium nitrate, SH = slow velocity/ high nitrate, FH = fast velocity/
high nitrate. See Table 4.1 for nitrate concentrations.

There was a significant effect of both velocity and nitrate on Phormidium biovolumes on day
16 (Two-way ANOVA, velocity: F1,12 = 11.64, p < 0.001, nitrate: F2,12 = 5.69, p = 0.022; Fig.
4.4B), with biovolume highest in high velocity, and high nutrient treatments. Post-hoc tests
showed that there was no significant difference in the mean Phormidium biovolume between
nitrate treatments at the same velocity, nor between velocity treatments at the same nitrate
concentration, except at high nitrate (Tukey’s HSD test, p < 0.05; Fig. 4.4B). Phycoerythrin
concentrations and Phormidium biovolumes followed similar trends on day 16 and were
correlated (adjusted R2 = 0.61; Appendix 4.5).
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Figure 4.4 Mean chlorophyll a concentrations (A) and Phormidium biovolumes (B) normalised to
cobble size on days 4, 11 and 16 of the experimental period. Error bars represent one standard error.
Letters indicate significance at the 5% significance level according to a post-hoc Tukey’s Honest
Significant Difference (HSD) test. SA = slow velocity (0.1 m s-1)/ambient nitrate, FA = fast velocity
(0.2 m s-1)/ambient nitrate, SM = slow velocity/ medium nitrate, FM = fast velocity/ medium
nitrate, SH = slow velocity/ high nitrate, FH = fast velocity/ high nitrate. See Table 4.1 for nitrate
concentrations.
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Table 4.3 Summary of two-way ANOVAs comparing biomass estimates (Exponential Accrual Rates (EAR), phycoerthrin and chlorophyll a
concentrations and biovolumes) among treatments. Data that did not exhibit exponential growth (days 11 and 16 in slow treatments) were removed.
Significant p values (<0.05) are given in bold and df is the degrees of freedom.
Parameter

Day

Velocity treatment

Nitrate treatment

Velocity × nitrate

df

F

p value

df

F

p value

df

F

p value

EAR

1

0.80

0.39

2

0.43

0.66

2

1.83

0.20

Decline parameter

1

2.30

0.16

2

0.33

0.73

2

2.31

0.14

Phycoerythrin

Day 16

1

46.39

<0.001

2

9.08

0.003

2

3.88

0.049

Chlorophyll a

Day 4

1

2.53

0.14

2

2.17

0.16

2

1.40

0.30

Day 11

1

0.008

0.98

2

3.39

0.07

2

0.58

0.56

Day 16

1

0.156

0.70

2

4.45

0.038

2

2.46

0.13

Day 4

1

0.09

0.77

2

0.11

0.90

2

0.95

0.42

Day 11

1

2.13

0.18

2

0.95

0.42

2

0.27

0.77

Day 16

1

11.6

<0.001

2

5.70

0.022

2

2.14

0.17

Biovolume
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4.4.4 Relative abundance of algal groups among treatments
All Phormidium within the mats was identified as Phormidium autumnale (hereafter referred
to as Phormidium). Phormidium accounted for between 39% (SM) and 57% (FA) of the total
biovolume on day 4. These values were lower (15.2% (SA) to 37% (FM)) on day 16, with a
higher percentage measured in fast velocity treatments (Fig. 4.5). Green algae and other
cyanobacteria generally comprised <1% of the total biovolume on day 16, with green algae
being more abundant earlier in the experiment. Diatoms, consisting of species of Navicula,
Synedra, Cymbella, Encyonema, Nitzschia and Diatoma, were the most abundant algal group
on days 11 and 16 across all treatments making up 62 to 84% of the total biovolume (Fig. 4.5).
However, when the abundance of each genus was evaluated individually, Phormidium usually
constituted the highest proportion of the total biovolume across treatments throughout the
experiment (Fig. 4.6). A two-dimensional MDS ordination showed a shift of taxonomic
composition between days 4 and days 11 and 16 (Fig. 4.7) and there was a significant effect of
time on community composition, but not of velocity or nitrate treatment (PERMANOVA, p <
0.001).

Figure 4.5 Algal taxa composition on days 4, 11 and 16 of the experiment. SA = slow velocity (0.1
m s-1) /ambient nitrate, FA = fast velocity (0.2 m s-1)/ambient nitrate, SM = slow velocity/ medium
nitrate, FM = fast velocity/ medium nitrate, SH = slow velocity/ high nitrate, FH = fast velocity/
high nitrate. See Table 4.1 for nutrient concentrations.
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Figure 4.6 Relative abundance of taxa (in total biovolume) on days 4, 11 and 16 of the experiment. SA = slow velocity/ambient nitrate, FA = fast
velocity/ambient nitrate, SM = slow velocity/ medium nitrate, FM = fast velocity/ medium nitrate, SH = slow velocity/ high nitrate, FH = fast velocity/
high nitrate. The mean near-bed velocity in the fast treatments was 0.2 m s-1 and 0.1 m s-1 for the slow treatments.
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Figure 4.7 Two-dimensional non-metric multidimensional scaling ordination based on Bray-Curtis
similarities of biovolumes of cyanobacterial and algal communities in channels. Each data point
represents one channel on the respective day. Letters describe the different nutrient levels of
ambient (A), medium (M), and high (H) with six labels per treatment per day.

4.4.5 Patch detachment dynamics between velocity treatments
The average number of Phormidium patches remaining at the end of the experiment was
significantly higher in fast treatments (T-test, p < 0.001), with on average 7.8 patches surviving
compared with slow treatments which had 3.9 surviving Phormidium patches (Fig. 4.8A). Of
the patches that remained at day 16, 76% of those in the slow treatments had partially detached,
shown through a decrease in the patch size. Comparatively, less than 10% of patches had
decreased in size in fast treatments and the difference between the two treatments was
significant (T-test, p < 0.001; Fig. 4.8B).
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Figure 4.8 Mean number of patches (± one standard error) (A), and the mean percentage of patches
that decreased in size (± one standard error) (B), at day 16 of the experimental period in slow
velocity (0.1 m s-1) and fast velocity (0.02 m s-1) mesocosms. A significant difference between
treatments is indicated by an asterix (T-test, p < 0.001).

4.5

Discussion

Most studies investigating Phormidium dynamics at a reach scale have suggested that river
flow and water-column nitrate play a role in determining its cover (Heath et al., 2011;
McAllister et al., 2018; Wood et al., 2017), but the response of individual patches to nitrate
and velocity has not been assessed experimentally. In this study, cobbles were seeded with a
standardised inoculum of Phormidium, which allowed high replication and the examination of
the effects of velocity and nitrate on the later two stages of the accrual cycle: expansion and
detachment.
4.5.1 Patch expansion dynamics
Although there was a difference in biomass accrued among treatments, no differences in initial
expansion rates were identified. The first hypothesis was therefore supported by biomass data
but not expansion data. Patches did however follow different growth trajectories between fast
and slow velocity treatments towards the end of the accrual cycle. By day 16, patches were
larger in high velocity treatments compared to low velocity because they maintained positive
expansion for the 16-day experimental period. Data, from the present study, was best modelled
by the power function, which posits that as patches enter the latter phase of their accrual cycle
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expansion slows. The decline in exponential accrual rates occurred independently of treatments
but was instead a function of patch size. The observed decrease or stabilization of growth in
slow treatments towards the end of the experiment was not described by the growth models
utilized in this study because they only considered the exponential growth phase. Phormidium
patches in this experiment grew extremely quickly, for example one patch grew from 0.3 to 65
cm2 in 16 days, representing a 200-fold increase in patch size. This observed rapid growth
could explain how proliferations form at the reach scale over a relatively short period of time.
It is important to highlight the potential contribution of cell motility to Phormidium mat
expansion, whereby rather than Phormidium increasing in biomass cell motility could drive
expansion.
4.5.2 Phormidium biomass accrual
In the present study, while the expansion rate was velocity-independent, in agreement with
hypothesis one, there was a strong effect of velocity on Phormidium biovolumes and
phycoerythrin concentrations, both of which were higher in fast velocity treatments. Although
as patches expanded the expansion rate decreased, the phycoerythrin per unit area continued to
increase, which suggests that patches are still growing at the same rate, but expanding slower
laterally. The observed differences in phycoerythrin among treatments are likely to reflect both
larger patches and the thickening of patches. In some New Zealand rivers, there is striking
patchiness of Phormidium at a reach scale (McAllister et al. 2018). Variability in velocity may
be one of the key factors causing this. Biggs et al. (1998) provides evidence to support this for
general periphyton, but highlights that the effect of velocity is dependent on growth form. The
growth form of Phormidium, which is a dense, low profile and tightly adhering mucilaginous
mat, should be advantageous in high velocity and allow it to exploit these environments. Hart
et al. (2013) noted that Phormidium was positively associated with velocity and generally
dominated at near-bed velocities of 0.4 m s-1, whereas Heath et al. (2015) found cover was
highest under velocities of 1 m s-1. Hart et al. (2013) increased velocity in a manipulative field
experiment and did not observe a change in Phormidium cover. However, this result may have
been due to the short-term nature of the experiment (7 days) or the fact that patches were
already in a late stage of accrual. The median velocity in run habitats in the Ōpihi River, where
mats were collected from, was approximately 0.2 m s-1 (unpub. data). The fast velocity
treatment is therefore representative of a run, rather than a riffle. Furthermore, the difference
in velocity between fast and slow treatments in this study was only 0.1 m s-1 and although this
was enough to elicit a response, if the experimental system was capable of sustaining higher
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velocities, the differences in Phormidium biovolumes and phycoerythrin concentrations
between the velocity treatments could have been greater. An increase in water velocity, could
represent a reduction in the size of the diffusive boundary layer which would be advantageous
for Phormidium growth and enhance both the efflux and influx of solutes.
Phycoerythrin concentrations, across treatments, showed similar patterns to Phormidium
biovolumes and these two biomass metrics were also correlated. This in combination with the
fact that patches did not differ in area and accrual rates during the early phase of the accrual
cycle suggests that patches increased in thickness as well as expanding laterally. However, this
increase in thickness was a function of time and patch size, and was independent of treatments.
Relationships between nutrients and algal biomass are thought to be most evident and
important during early accrual stages (Sand-Jensen, 1983). This is because exchanges between
the water column and algal mat become less important as the mat develops and internal nutrient
cycling processes dominate. Conversely, in disagreement with hypothesis two, Phormidium
did not show enhanced biomass accrual early in the experiment and differences between
treatments were most pronounced during late accrual stages. While seeding cobbles with
Phormidium from established mats allowed high replication and standardisation of starting
biomass, it is likely that this had several ramifications for these experiments. It is possible that
Phormidium biomass was not limited by nitrogen, especially during early accrual, and thus
nitrate was not required in high concentrations and consequently did not stimulate a response
in biomass. The Phormidium used to seed cobbles was collected from established mats and
may have already taken up and stored nitrogen prior to collection, which may have contributed
to growth early in the experiment. Phormidium biovolume increased up to 11-fold from days
4 to 11 and it is unlikely that nitrogen stored prior to collection would have been sufficient to
sustain this growth. Nutrient concentrations measured from water within Phormidium mats are
often markedly different from the surrounding water column, possibly indicating internal
nutrient cycling. For example, Wood et al. (2015) found that water within the Phormidium mat
matrix had 300-fold higher DRP concentrations when compared to the overlying water column.
Similarly Martin (2017) found that total ammoniacal nitrogen concentrations were 40 to 200
times higher in water within the Phormidium mat matrix compared to bulk river water. The
authors attribute this difference in ammoniacal nitrogen concentrations to nitrogen-fixing
bacteria within Phormidium mats. Although Phormidium itself does not contain the genes
required for nitrogen fixation these mats contain a variety of organisms, some of which are
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capable of nitrogen fixation (Brasell et al., 2015; Heath, 2009). It is possible that the established
Phormidium mats used to seed cobbles already contained microbial communities capable of
fixing nitrogen. This observation of Phormidium proliferations at DIN concentrations below
0.02 mg L-1 supports the assertion that nitrogen fixing could be occurring (Heath et al., 2014;
McAllister et al., 2018; Wood et al., 2017).
The hypothesis that Phormidium biomass accrual would be positively related to increasing
nitrate concentrations was not well supported. There was no effect on accrual rate but, a
positive effect of nitrate on phycoerythrin concentrations was observed only under high
velocities, providing limited support for the third hypothesis. Phormidium biovolume increased
with higher nitrate, but the difference was not statistically significant. Phycoerythrin, like
chlorophyll a, is a protein which may be used to store nitrogen when it is in excess of growth
requirements (Boussiba & Richmond, 1980; Ördög et al., 2012). An increase in phycoerythrin
concentrations under high velocity with increasing nitrate could therefore represent an increase
in nitrogen storage. It is likely that nitrogen was not limiting growth and other factors like light
or temperature, which were relatively low throughout the experimental period were limiting
growth. Wood et al. (2017) highlighted that when DIN concentrations were below 0.8 mg L-1
there was a positive relationship between DIN and Phormidium cover. Similarly, Loza et al.
(2014) found in a culture study that Phormidium responded positively to nitrate up to
concentrations of 100 mg L-1. Heath et al. (2016) in a similar culture study noted that cell
concentrations decreased under reduced nitrogen concentrations. The phycoerythrin results,
from the present study, are in general agreement with previous research, but this effect was
only evident under high velocity treatments. The mechanism underlying the positive effect of
nitrate under high velocities is likely to be related to boundary layers. The effect of the
boundary layer would become more apparent as the mat develops and the boundary layer
thickness increases (Sand-Jensen, 1983). Under high velocity, the reduced thickness of the
boundary layer may lead to an increase in nitrate delivery to the mat, resulting in increased
biomass. Comparatively, the effect of increasing nitrate under slow velocities is likely to be
dampened by the thickness of the boundary layer limiting nitrate delivery.
4.5.3 Chlorophyll a and algal composition
On day 16 of the experimental period there was a general trend of increasing chlorophyll a
concentrations from low to high velocity and from ambient to high nitrate, although this was
not statistically significant. A potential explanation for the lack of a significant relationship
93

between chlorophyll a and velocity is that it is a proxy for the biomass of all photosynthetic
organisms, including diatoms, whereas the other biomass metrics measured (phycoerythrin and
biovolumes) in the present study were cyanobacteria/Phormidium specific (EcheniqueSubiabre et al., 2016). Additionally, during the experiment some cobbles, as well as having a
Phormidium patch, were colonised by other algal taxa. Although Phormidium was the
dominant taxa in the present study, diatoms (e.g., Navicula, Synedra and Cymbella) comprised
a large proportion of the total biovolume and this increased throughout the experimental period.
There was also a shift in community composition but this was not attributed to changes in
nitrate and velocity. Chlorophyll a concentrations not only represent biomass of Phormidium
patches, but also of other species which had colonised the cobbles. As well as varying with
community composition, chlorophyll a concentrations vary according to environmental
conditions such as nutrients, light and temperature (Baulch et al., 2009; Kasprzak et al., 2008),
which makes its use as a proxy for biomass problematic. Other studies, including the present,
have shown that Phormidium mats are not uni-cyanobacterial; diatoms and green algae can
also be abundant in mats (Brasell et al., 2015; Hart et al., 2013) and it is likely that this mixed
assemblage may have masked differences of Phormidium biomass among treatments.
Chlorophyll a is therefore not an appropriate metric for assessing Phormidium biomass accrual.
In future studies, it is therefore recommended that cyanobacterial specific pigments or
biovolumes are assessed.
4.5.4 Detachment
The forth hypothesis that decreasing velocity would increase detachment was supported, as
more Phormidium patches either partially or fully detached under slow velocity treatments.
This result is similar to Hart et al. (2013) who experimentally reduced velocity in a field setting,
which led to a decrease in Phormidium cover. One potential explanation for this is the
accumulation of oxygen bubbles, produced during photosynthesis within the mats, and their
consequent entrapment due to the thickness of the boundary layer followed by detachment of
mats from the substrate (Boulêtreau et al., 2006). Bouma-Gregson et al. (2017) investigated
the effects of bubbles on buoyancy and detachment processes of benthic Anabaena and found
that the floating or sinking of mats was driven by oxygen production during photosynthesis,
rather than intracellular changes. Oxygen bubbles are often visible on Phormidium mats (Wood
et al., 2017) and are likely to accumulate under low flow conditions (Bosak et al., 2010;
Boulêtreau et al., 2006; Hawes et al., 2014). This could rapidly lead to a state being reached
where biomass sloughs relatively easily off cobbles, and results in the early termination of the
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accrual cycle. Mass benthic mat detachment events due to this phenomenon have been
observed (McAllister et al., 2018; Mendoza-Lera et al., 2016; Sabater et al., 2003). It is
important to understand what drives detachment processes and causes mass detachment events
because they increase the health risk associated with these proliferations. The detached mats
often accumulate at the edge of rivers, places where animals and humans drink or undertake
recreational activities.

4.6

Conclusion

Attempts to establish relationships between nitrate, flow, and Phormidium cover in the field
are complicated by covariation of other factors. Most laboratory studies have been conducted
in relatively static hydrodynamic conditions, which are not representative of lotic systems. The
results of this study showed that Phormidium accrual (measured as phycoerythrin and
biovolumes) was greater in the high velocity treatment (0.2 m s-1) compared to low velocity
(0.1 m s-1). This may have been enhanced further if the velocity in the fast treatments could
have been increased. This study also highlighted the rapid speed at which Phormidium grows,
starting at 0.3 cm2 and growing up to 65 cm2 in 16 days (200-fold increase). There was a
positive relationship between phycoerythrin concentrations and nitrate, however this only
occurred in the high velocity treatment. Whereas a decrease in velocity resulted in increased
detachment, which in a riverine system could mean increased dispersal and a higher associated
health risk.
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Appendix 4.1: Exponential accrual rates
Table 4.4 Exponential accrual rates (EAR) and measures of decline for each mesocosm. The R2 value and significance of the fit are also presented.
Velocity
treatment

Nitrate
treatment

Mesocosm
replicate

Fast

Ambient

1

0.98

<0.0001

0.84

0.04

0.38

0.03

Fast

Ambient

2

0.97

<0.0001

0.78

0.03

0.36

0.04

Fast

Ambient

3

0.81

<0.0001

0.74

0.06

0.33

0.09

Fast

Medium

1

0.96

<0.0001

0.87

0.1

0.51

0.06

Fast

Medium

2

0.91

<0.0001

0.87

0.15

0.5

0.1

Fast

Medium

3

0.99

<0.0001

0.76

0.03

0.46

0.03

Fast

High

1

0.98

<0.0001

0.93

0.07

0.48

0.04

Fast

High

2

0.92

<0.0001

0.87

0.17

0.54

0.1

Fast

High

3

0.99

<0.0001

0.9

0.06

0.46

0.03

Slow

Ambient

1

0.86

<0.0001

1.24

0.49

0.7

0.22

Slow

Ambient

2

0.92

<0.0001

0.96

0.14

0.5

0.09

Slow

Ambient

3

0.92

<0.0001

0.88

0.12

0.47

0.09

Slow

Medium

1

0.84

<0.0001

0.77

0.16

0.51

0.14

Slow

Medium

2

0.97

<0.0001

1.13

0.19

0.63

0.07

Slow
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Appendix 4.2: Clod card dissolution rates

Figure 4.9 Results from repeated measures ANOVA of clod card dissolution between slow and
fast velocity treatments (n=36).
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Appendix 4.3: Temporal changes in water temperature

Figure 4.10 Average daily water temperature over the experimental period.
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Appendix 4.4: Phycoerythrin concentrations normalised to patch size

Figure 4.11 Average Phormidium phycoerythrin (PE) concentrations normalised to patch size on
day 16 of the experimental period. Error bars represent standard error. SA = slow velocity (0.1 m
s-1), /ambient nitrate, FA = fast velocity (0.2 m s-1)/ambient nitrate, SM = slow velocity/ medium
nitrate, FM = fast velocity/ medium nitrate, SH = slow velocity/ high nitrate, FH = fast velocity/
high nitrate. See Table 4.1 for nitrate concentrations.
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Appendix 4.5: Correlation between phycoerythrin concentrations and Phormidium
biovolumes

Figure 4.12 Correlation between Phormidium biovolume and phycoerythrin concentrations for day
16 of the experimental period. The adjusted R2 value is presented.
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5. Reach and mat scale dynamics of benthic cyanobacteria
Phormidium along a velocity and nitrate gradient in three New
Zealand rivers
5.1

Abstract

Toxic benthic Phormidium proliferations are a recent, but escalating problem in freshwater
environments worldwide. In an attempt to understand Phormidium proliferations, most studies
have examined benthic cover dynamics and related them to physicochemical factors measured
in the surrounding environment. However, these studies are correlative and experimental
research is required to improve mechanistic understanding of the causes of proliferation. In this
study, a novel approach was developed which involved inoculating cobbles with Phormidium
and measuring accrual. This was used to examine how velocity and different sites influence
accrual dynamics. The following hypotheses were tested: (1) Phormidium mat expansion
assessed at the patch scale (area of mat), will reflect Phormidium cover measured at the reach
scale; (2) Phormidium biomass accrual and cover will be highest in high velocity habitats (i.e.,
riffles) and lowest in low velocity environments (i.e., pools); and (3) under similar velocities,
site-specific nutrient concentrations will determine Phormidium expansion rates among sites.
Patch expansion, measured on individual cobbles, accurately reflected reach-scale Phormidium
cover, which may be attributable to the fact that Phormidium mats predominantly grow via
lateral expansion. As predicted, there were distinct differences in Phormidium accrual among
habitat types that were consistent across rivers. Accrual was limited in pool habitats and higher
in faster flowing run and riffle habitats. The optimal near-bed velocity for Phormidium mat
expansion was 0.25 to 0.45 m s-1, which represented run habitats. Patch longevity also differed
among habitat types, with patches generally persisting in riffles but being removed quickly in
pools. Accrual cycles were terminated earlier in run habitats, compared to riffles, due to high
expansion rates reaching to maximum patch size and then detaching. The third hypothesis was
not supported, although Phormidium accrual differed among sites, this was attributed to
differences in shear stress and grazing pressure rather than nutrient concentrations. In this
study, Phormidium accrual dynamics were influenced by both velocity and site, however there
was no obvious link with nutrient concentrations.
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5.2

Introduction

Toxic planktonic cyanobacterial blooms have been a recognised water quality problem for
many decades (Francis, 1878; Kirkby, 1672). This has resulted in numerous studies
investigating the physicochemical factors influencing growth and bloom formation of
planktonic species (see(Oliver et al., 2012). In contrast, toxic benthic proliferations are a more
recent, but escalating, problem in freshwater environments worldwide (Quiblier et al., 2013).
Phormidium is one such benthic, mat-forming cyanobacterial genus, which is becoming
increasingly problematic in cobble-bed rivers worldwide (Aboal et al., 2002; Fetscher et al.,
2015; Gugger et al., 2005; McAllister et al., 2016; Quiblier et al., 2013). Species belonging to
this genus are known to produce a variety of cyanotoxins including anatoxin-a (ATX),
homoanatoxin-a (HTX) and their structural variants (Faassen et al., 2012; Fetscher et al., 2015;
Gugger et al., 2005; Heath et al., 2010; Wood et al., 2007). Despite its ability to produce
harmful toxins and the associated health risk, the physicochemical factors causing
proliferations in cobble-bed rivers are not yet fully understood.
To date, most studies have examined reach-scale benthic Phormidium cover dynamics and
related these to physicochemical factors measured in the surrounding environment
(e.g.,(McAllister et al., 2018; Wood et al., 2017). Such studies have linked water chemistry,
river flow and fine sediment to Phormidium cover, though to date the predictive power of
statistical relationships generated is limited (Heath et al., 2011; McAllister et al., 2018; Wood
et al., 2017; Wood et al., 2015). The elucidation of key variables may be complicated by the
nature of the Phormidium accrual cycle, which involves colonisation, initiation of a benthic
mat, growth via patch expansion and eventual detachment. At each of these successional
phases, Phormidium is likely to respond differently to physicochemical conditions (McAllister
et al., 2016).
The natural distribution of Phormidium mats in cobble-bed rivers is extremely patchy, which
has been attributed to small-scale differences in velocity (McAllister et al., 2018). Hart et al.
(2013) noted that Phormidium was positively associated with velocity and generally dominated
at velocities >0.4 m s-1, and Heath et al. (2015) highlighted that cover was greatest between 0.6
and 1.1 m s-1. The low-profile, dense, mucilaginous nature of Phormidium mats, allows it to
withstand higher velocities compared to other higher-profile species (Biggs et al., 1998). High
velocity environments are probably also conducive to Phormidium accrual as the exchange of
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solutes at the mat-water interface is enhanced due to the reduction of boundary layer thickness.
In Chapter 4, I showed that Phormidium biomass accrual, but not mat expansion, was positively
affected by an increase in velocity in experimental mesocosms. However, the difference
between velocity treatments was limited and it is likely that larger differences in velocity would
have elicited greater responses in Phormidium accrual.
Field studies have also shown that proliferations consistently occur at DRP concentrations
below 0.02 mg L-1 (Chapter 2; (McAllister et al., 2016; Wood et al., 2017; Wood et al., 2015).
Thresholds for water-column dissolved inorganic nitrogen (DIN) concentrations are less
defined. Initially, proliferations were thought to only occur when DIN was greater than 0.1 mg
L-1 (Wood & Young, 2011, 2012), however, subsequent research has documented
proliferations when DIN concentrations are below 0.02 mg L-1 (McAllister et al., 2018; Wood
et al., 2017). Studies investigating the effect of nitrate on Phormidium have been limited to
culture-based laboratory investigations (Heath et al., 2016; Heath et al., 2014), observational
field studies (Heath et al., 2011; McAllister et al., 2018; Wood et al., 2017) and most recently
experimental mesocosms (Chapter 4). In Chapter 4 of the current thesis, I demonstrated that
elevating nitrate concentrations from 0.02 mg L-1 to 0.4 mg L-1 did not elicit a significant
increase in Phormidium biomass accrual (chlorophyll a concentrations and biovolumes) or
expansion rates.
An important commonality among observational-based field studies on Phormidium is that
even after the inclusion of a wide range of physicochemical factors, reach-scale Phormidium
cover varies according to site (McAllister et al., 2018; Wood et al., 2017). This suggests that
time-independent and site-specific attributes, that are important in determining Phormidium
cover, are missing from analyses to date. One factor, which remains largely unexplored, despite
its general importance in controlling periphyton growth, is herbivory (Anderson et al., 1999;
Karouna & Fuller, 1992). The extent to which herbivorous macroinvertebrate communities
influence algal growth depends on factors including the mobility, feeding rates, body size, and
density of each species (Holomuzki et al., 2010; Steinman, 1996). Velocity also influences the
removal of algae by macroinvertebrates and can influence their density and composition (Hintz
& Wellnitz, 2013).
While previous observational-based studies have provided a broad insight in to factors related
to changes in Phormidium cover, conclusive evidence of the causative mechanisms is lacking.
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New insights into physicochemical drivers of Phormidium accrual could be obtained through
studying mat dynamics at the patch, rather than reach scale, through all successional stages.
Such studies are well suited to enhancing understanding of the role of two key variables that
are frequently linked to Phormidium cover, water velocity and nutrients.
To address this, in the present study, variation in Phormidium biomass accrual and expansion
was investigated across gradients of velocity (pools, runs and riffles) in three rivers with
varying water chemistry. Cobbles were manually inoculated with Phormidium (see Chapter 4),
which allowed the colonisation step of the accrual cycle to be standardised. The following
hypotheses were tested: (1) Phormidium growth assessed at the patch scale (area increase), will
reflect cover measured at the reach scale; (2) Phormidium biomass accrual and cover will be
highest in high velocity habitats (i.e., riffles) and lowest in low velocity environments (i.e.,
pools); and (3) under similar velocities, site-specific nutrient concentrations will determine
Phormidium expansion rates. To facilitate interpretation of findings, a range of abiotic and
biotic variables were measured, including nutrient concentrations and the abundance and
composition of invertebrates.

5.3

Methods

5.3.1 Study sites and experimental design
One site on each of the three predominately gravel and cobble-bed rivers were selected for this
study (Fig. 5.1; Appendix 5.1): the Ōpihi (site 1; 44°15′48″ S, 171°16′14″ E), the Te muka (site
2; 44°14′42″ S, 171°16′07″ E) and the Te ana a wai (site 3; 44°18′27″ S, 170°57′06″ E) rivers,
in the Canterbury region (South Island, New Zealand). The experiment was conducted from 10
January to 1 February 2017, in a pool, run and riffle habitat at each study site. Habitats were
selected within sites to be in close proximity to each other to limit variation of physicochemical
variables, and habitats among sites were selected to have similar velocities.
One hole (5 mm in diameter and depth) was drilled in the centre of each of the 135 cobbles
(surface area: 270–524 cm2), which was then seeded with homogenised Phormidium mats (see
Chapter 4) collected from the site in which cobbles would be placed in. At each site, 45 cobbles
were then placed in a slow-moving run (near-bed velocity: ca 0.25 m s-1) for two days to allow
for initial attachment of the filaments and expansion out of the hole. Following this initial
colonisation period, 15 cobbles were moved into each habitat type (pool, run, riffle).
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Figure 5.1 Location of sampling sites in the three study rivers (Canterbury, New Zealand).

5.3.2 Sample collection
Every two to three days I measured; (1) the near-bed velocity and depth at each of the 135
experimental cobbles using a Marsh-McBirney Flo-Mate 2000 (Marsh-McBirney Corp.,
USA), (2) dissolved oxygen (DO), pH and conductivity in each habitat, using a HACH HQ40d
portable water quality meter, and (3) turbidity of three triplicate samples collected in each
habitat using an AQUAfast AQ4500 Turbidimeter (Thermofisher, USA). Continuous river
flow was measured at permanent gauging stations using either Encoder, Accubar or Pressure
Transducer sensors coupled with iRIS 150 data loggers (Kisters Pioneering Technologies,
USA), which were located in close proximity to the sampling site (see Fig. 5.1). Temperature
and irradiance were measured in each habitat every 15 mins using HOBO Pendant Data
Loggers (Onset Computer Corporation, USA). Measures of irradiance were calibrated and
converted to PAR by running each HOBO sensor alongside a LiCor LI 190 Photosynthetically
Available Radiation (PAR) sensor connected to a LiCor Li1400 logger. Surface water samples
were collected weekly, from each habitat type, for nutrient analyses. Sub-samples for nitrate +
nitrite-N (NO3 + NO2-N) and ammoniacal-N (NH4-N) were filtered through GF/C filters
(Whatman, USA), whereas samples for DRP were filtered through 0.45 µm membrane filters
(Millipore, UK). Nutrient samples were frozen (-20°C) until further analysis.
Sediment traps (three per site) were deployed for one week from 25 January 2017 at the
upstream end of a riffle at the three study sites. Traps were 2.2 L plastic containers (Sistema
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Plastics, New Zealand) with an internal diameter of 15 cm and a depth of 13.5 cm. A hole for
each trap was dug in the river bed. The trap was filled with washed cobbles and placed into
each hole so that it was flush with the river bed. Lids were left on prior to deployment and
replaced before removal to prevent the loss of fine material. The slope of the water surface was
assessed at each site using a Topcon RL-H4C laser level with an LS-100D mm receiver
(Topcon, Japan).
Macroinvertebrate sampling and analysis
Three replicate macroinvertebrates samples were collected with a Surber sampler (0.04 m2,
500 µm mesh) from each habitat at each of the three study sites on 1 February 2017. In the
pool habitats, where velocity was low, flow was artificially created. Samples were placed in
containers and preserved using 70% ethanol. Macroinvertebrates were identified to genus level
or the lowest practicable taxonomic level according to Winterbourn et al. (2006). Sub-sampling
was necessary for selected samples as macroinvertebrate abundances were extremely high
(<2,000 individuals per sample). Samples were split into thirds and were counted until a target
number of at least 500 organisms was reached. The remainder of the sample was then checked
for any unrecorded taxa. Taxa were assigned into the following functional feeding groups
(FFG): collector-browsers, predators, grazers, shredders, parasites, omnivores and filter
feeders (Table 5.1;(Chadderton, 1988; Cowie, 1980; Cowley, 1978; Jaarsma et al., 1998; Lester
et al., 1994; Quinn & Hickey, 1990; Winterbourn et al., 1984).
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Table 5.1 Taxa found during this study, and the functional feeding group classification and
associated references. A single asterix represents a class rather than an order and two asterix
indicates a phylum.
Functional
Feeding Group
Collector/Browser

Filter feeder

Grazer

Omnivore
Parasitic
Predator

Shredder

Order
Amphipoda
Coleoptera
Diptera
Diptera
Diptera
Ephemeroptera
Ephemeroptera
Clitellata*
Tricoptera
Tricoptera
Tricoptera
Tricoptera
Anthomedusae
Veneroida
Cladocera
Cyclopoida
Diptera
Ostracoda*
Tricoptera
Tricoptera
Diptera
Gastropoda*
Gastropoda*
Gastropoda*
Tricoptera
Arachnida*
Nematoda**
Coleoptera
Diptera
Diptera
Diptera
Hemiptera
Megaloptera
Platyhelminthes
Tricoptera
Tricoptera
Tricoptera
Tricoptera
Tricoptera

Family
Paraleptamphopidae
Elmidae
Chironomidae
Chironomidae
Tipulidae
Leptophlebiidae
Leptophlebiidae
Conoesucidae
Conoesucidae
Ecnomidae
Hydroptilidae
Hydridae
Sphaeriidae
Cyclopoida
Simuliidae
Hydropsychidae
Philopotamidae
Ephydridae
Planorbidae
Tateidae
Physidae
Leptoceridae
Hydrophilidae
Chironomidae
Empididae
Tipulidae
Corixidae
Corydalidae
Dugesiidae
Hydrobiosidae
Hydrobiosidae
Hydrobiosidae
Polycentropodidae
Conoesucidae

Taxon
Paraleptamphopus
Elmidae
Orthoclad
Tanytarsini
Hexatomini
Deleatidium
Zephlebia
Oligochaete
Pycnocentria
Pycnocentrodes
Zelandoptila
Oxyethira
Hydra
Sphaeriidae
Copepod
Austrosimulium
Aoteapsyche
Hydrobiosella
Ephydridae
Gyraulus
Potamopyrgus
Physa
Hudsonema
Berosus
Tanypodinae
Empididae
Aphrophila
Sigara
Archichauliodes
Cura
Hydrobiosis
Neurochorema
Psilochorema
Polyplectropus
Olinga
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Phormidium cover, patch expansion and biomass
Phormidium cover, in each habitat, was assessed weekly at the reach scale as described by
Wood et al. (2009). This involved estimating percent cover at five equidistant points along
each of four transects using a bathyscope (Model 0800, Nuova Rade, Italy), giving a total of
20 values, from which an average cover was calculated.
Phormidium mat expansion on seeded cobbles was followed by photographing them every two
to three days using a COOLPIX S33 camera (Nikon, Japan) and calculating patch area using
ImageJ (National Institutes of Health, USA). Images were checked for distortion using a
calibrated target imaged from the same distance, and no effect was apparent. Biomass accrual,
as chlorophyll a and phycoerythrin concentrations, was measured on days 8, 16 and 23. For
biomass samples, three pre-seeded cobbles were randomly selected from each habitat type.
Each cobble was scrubbed with a nylon brush with 200 mL of deionized water for two mins
and then homogenised with a handheld blender (Kenwood, UK). Aliquots (5 mL) for
chlorophyll a and phycoerythrin were filtered (GF/C filters; Whatman, USA) and the filters
frozen (-20°C) until later analysis. An additional 2 mL sample of the homogenate was collected
on day 23 for taxonomic assessments. This was preserved in Lugol’s iodine and stored at 4ºC
until analysis. Surface areas of sampled cobbles were estimated using aluminium foil and
biomass measurements were normalised to cobble size. A single layer of foil was molded and
trimmed to the surface area of the cobble and then weighed. The weight of foil was converted
to surface area by creating a calibration curve using foil of a known surface area.
5.3.3 Laboratory analyses
Nitrate + nitrite-N samples were analysed as nitrate after a spongy cadmium reduction
(Mackereth et al., 1978). Ammonia concentrations were assessed using the phenate method,
however, all concentrations were below the detection limit of 0.01 mg L-1. Dissolved reactive
phosphorus (DRP) was analysed by the molybdenum blue method (Water Environmental
Federation & American Public Health Association, 2005). The limits of detection were: 0.02
mg L-1 for NO3 + NO2-N and 0.002 mg L-1 for DRP. All absorbances were measured
spectrophotometrically using a HACH DR3900 spectrophotometer (Hach, USA).
Particle size distribution of sediment collected in traps was determined gravimetrically using
sieves with different mesh sizes (500 µm, 250 µm, 125 µm and 63 µm). Material greater than
1 mm was discarded. The flow through water was collected in 20 L buckets and allowed to
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settle for three days, before the extra water was siphoned off. Each size fraction was dried at
105°C for 24 hours and then weighed.
Chlorophyll a was extracted from material collected on filters in boiling ethanol (96%; 2 mL,
2 min). After storage at 4ºC for 24 hours, the samples were centrifuged (3000×g, 15 min) and
absorbance measured spectrophotometrically. An acidification step was carried out to account
for phaeopigments as suggested by Biggs and Kilroy (2000). Phycoerythrin was extracted in 5
mL of potassium phosphate buffer (0.1M; pH=6.8) and mechanically homogenised with a
teflon and glass homogeniser. Samples were stored at 4ºC for 24 hours, before being filtered
(GF/C, Whatman, USA) and phycoerythrin concentrations assessed using a fluorometer
(Aquaflor, Turner Instruments). Calibration of the fluorescence output was accomplished by
creating a dilution series from an extract of Phormidium, containing sufficient phycoerythrin
to allow quantification using spectrometric absorbance. Absorbance was converted to
concentration using the specific absorption coefficient of 300,000 taken from Bryant et al.
(1976).
5.3.4 Data analyses
Shear stress was estimated using the formula given by Statzner et al. (1988):
Shear stress = surface water slope × water depth × 3 × 45 ,
where g = 9.81 m s-2 and pw = 1.0 g mL-1. The average water depth was calculated from over
300 measurements throughout runs and riffles from each respective river. Depths of pools were
not incorporated into this calculation as shear stress in these environments is likely to be very
different than in runs and riffles.
Initially to explore patch expansion rates the following simple exponential growth model was
fitted to the mat expansion data:
6=

789: ;789<
=: ;=<

,

where b is the Exponential Accrual Rate (EAR; day-1), lnN2 is the natural log of patch size at
time two (t2) and lnN1 is the natural log of patch size at time one (t1).
However, this simplified model did not fit data well and logistic and exponential growth
models were fitted to the data. The logistic growth model, achieved better fits for site 1 data
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(Appendix 5.2). EARs were calculated for three patches from each habitat type within site 1,
by fitting the following growth model:
N =

?
@A B CDEF

,

where N is the patch size at day t, K is the carrying capacity (maximum patch size reached), a
is a constant which indicates the relative position from the origin and b is the EAR.
Expansion data from site 2 was not able to be appropriately modelled by any type of function
due to the lack of increase in patch size across habitat types. Due to the short-lived nature of
patches in the pool habitat of site 3 EARs were not calculated. However, patches in the run and
riffle habitats of site 3 exhibited exponential growth and an exponential growth model was
consequently fitted to describe patch expansion:
G = G0 + JK (M=) ,
where y is the patch size (cm2) at day t, y0 is the initial patch size at time t = 0, a is a constant
and b is the EAR.
Homogeneity of variances of data was tested by inspecting the residual and fitted values as
well as a Levene’s test. Normality was checked through the inspection of Quantile-Quantile
plots and conducting a Shapiro-Wilk test. Data were transformed when necessary to meet
model assumptions. One-way ANOVAs were utilised to assess the effect of habitat type on
EAR and K for site 1, whereas EARs calculated in the run and riffle habitats of site 3 were
compared using a t-test. One-way ANOVAs were also employed to detect significant
differences in the densities of macroinvertebrate communities. To evaluate the effect of site
and habitat type on biomass two-way ANOVAs were conducted. For chlorophyll a and
phycoerythrin concentrations this was employed for each day individually (i.e., day 8, 16 and
23). Where significant differences among treatments were identified by ANOVAs, post-hoc
Tukey’s honest significance test (HSD) tests were used to identify which treatments were
significantly different.
Variance and normality tests, and ANOVA analyses were performed in the software R Studio
(version 3.1.1;(R Core Team, 2014). Patch expansion models were conducted using SigmaPlot
(Systat Software, United States of America).
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5.4

Results

5.4.1 Physicochemical variables
Median near-bed velocities at the experimental cobbles over the deployment were similar in
each habitat type across sites, varying from 0 (site 2) to 0.05 m s-1 (site 3) in pools, 0.16 (site
3) to 0.25 m s-1 (site 2) in runs and 0.45 (site 3) to 0.55 m s-1 (site 1) in riffles (Fig. 5.2A).
Water depths were more variable, although there was a tendency for median depths to decrease
within sites with increasing velocity (Fig. 5.2B). Velocities and depths were relatively stable
in pool habitats among sites through time (Appendix 5.3, 5.4). However, in runs and riffles
there was an increase in both these metrics on day 15 of the experimental period, which
coincided with a period of high flow (Appendix 5.3, 5.4). Median DIN concentrations varied
markedly among sites but were consistent within sites temporally (Appendix 5.5). Overall, site
3 had the lowest DIN concentrations (0.07 mg L-1) and site 2 had the highest (0.96 mg L-1; Fig.
5.2C). Median DRP concentrations were also relatively constant among habitats within sites
with the exception of the pool habitat in site 1, which had a higher median concentration than
the run and riffle (Fig. 5.2D). With the exception of the pool habitat, site 1 had the lowest
median concentration of 0.01 mg L-1, followed by site 3 (0.02 mg L-1) and site 2 had the highest
of 0.05–0.06 mg L-1 (Fig. 5.2D).
Average water temperature was comparable between sites, varying from 15.7 (site 3 pool) to
17.6°C (site 1 riffle; Table 5.2). Average PAR across habitats were generally highest at site 2
(1287–1786 µmol PAR m-2 s-1) and lowest at site 1 (269–1126 µmol PAR m-2 s-1; Table 5.2).
Average conductivity varied consistently among sites, ranging from 95.5 µS cm-1 (site 1 run)
to 147.9 µS cm-1 (site 2 riffle; Table 5.2). Average turbidity was generally low across all sites
(<1 NTU), varying from 0.3 NTU (site 1 pool) to 0.9 NTU (site 2 pool; Table 5.2).
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Figure 5.2 Boxplots of (A) near-bed velocity (n=150), (B) water depth (n=150), (C) dissolved
inorganic nitrogen (DIN) concentrations (n=4), and (D) dissolved reactive phosphorus (DRP)
concentrations (n=4) measured in each habitat type. Horizontal lines in boxplots represent medians,
box ends are quartiles and whiskers extend to the lowest or highest data point. Black dots are
outliers.

Across all sites, pools had the smallest average wetted widths (range: 3.8–6.2 m) and run
habitats were the widest varying from 22.1 to 33.8 m, at site 2 and site 3, respectively (Table
5.2). Shear stress estimated at site 2 (1.05 kg m s-2) was markedly higher than that of sites 1
(0.17 kg m s-2) and 3 (0.11 kg m s-2; Table 5.2), which was due to a higher surface water slope.
Sedimentation rates were comparable among sites for <63 µm to 250 µm sediment size classes
(Appendix 5.6). The largest difference among sites was observed in the 500 µm size class,
where median sedimentation rates were 20, 26 and 4 g m2 day-1 for sites 1, 2 and 3 respectively
(Appendix 5.6). Average daily flows followed a similar pattern across sites, being relatively
stable up until day 14 of the experiment, when flow increased two to four-fold (Fig. 5.3) for a
period of three days. The flow pulse was proportionally greater at sites 1 and 3 (three to four
times prior flow) than at site 2 (less than twice prior flow).
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Figure 5.3 Average daily river flow at each of the three study sites throughout the study period.
See Figure 5.1 for site locations.
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Table 5.2 Average water temperate, irradiance, conductivity, turbidity and wetted width (± one standard deviation) measured at each habitat type at the
three sampling sites. A single shear stress value was calculated for each site. Temperature and irradiance were measured every 15 mins. PAR =
Photosynthetically Available Radiation. For conductivity, mean turbidity and wetted width n=11. Turbidity measurements were taken in triplicate. See
Figure 5.1 for site locations.
Site/Habitat

Temperature
°C

Irradiance
µmol PAR m-2 s-1

Conductivity
µS cm-1

Turbidity
NTU

Wetted width
m

Pool

17.0 (0.5)

268.9 (240.3)

97.2 (2.9)

0.3 (0.2)

6.2 (0.3)

Run

17.7 (0.7)

1125.8 (528.5)

95.5 (3.4)

0.4 (0.2)

24.5 (2.1)

Riffle

17.6 (0.7)

563.7 (193.1)

95.8 (3.7)

0.4 (0.1)

19.4 (2.3)

Pool

16.6 (0.5)

1786.8 (827.9)

143.2 (1.6)

0.9 (0.6)

3.8 (0.3)

Run

16.3 (0.7)

1330.1 (655.0)

147.7 (3.2)

0.5 (0.2)

22.1 (1.8)

Riffle

16.3 (0.7)

1287.0 (759.1)

147.9 (2.6)

0.5 (0.1)

12.3 (1.4)

Pool

15.7 (0.7)

970.3 (586.5)

139.4 (9.4)

0.5 (0.2)

5.8 (0.5)

Run

16.5 (0.9)

759.6 (470.1)

132.9 (6.9)

0.4 (0.1)

33.8 (1.6)

Riffle

16.7 (0.9)

929.3 (840.0)

132.5 (6.3)

0.4 (0.1)

7.2 (1.5)

Shear stress
kg m s-2

Site 1
0.17

Site 2
1.05

Site 3
0.11
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5.4.2

Macroinvertebrate assemblages and associated functional feeding
groups
The abundance of invertebrates of the various feeding guilds varied among and across sites in
complex ways. The density of collectors/browsers, mostly Deleatidium sp., Orthoclads,
Oligochaetes, Pycnocentria and Pycnocentrodes (Table 5.1), differed among habitat types and
sites (One-way ANOVA: F8 = 15.46, p < 0.0001; Fig. 5.4A). Density tended to be similarly
high at all run habitats across rivers, and low in pools, while densities in riffles was high at site
1 but less so at other sites. The density of grazers, which included the gastropods
Potamopyrgus, Physa and Gyraulus, and Ephydrids, (Table 5.1), differed among habitats and
site. It was generally lowest in run and riffle habitats across sites, with the exception of site 1
run (One-way ANOVA: F8 = 16.84, p < 0.0001; Fig. 5.4B). Site 1 and 3 pools had the highest
average density of grazers of 5,181 m-2 and 4,681 m-2 respectively, whereas the pool at site 2
had a very low grazer density of 86 per m-2 (Fig. 5.4B). The grazing community in the pool
habitats of site 1 and 2 were made up of 41 and 50% of Potamopyrgus, whereas in the site 3
pool Potamopyrgus contributed 98% (Appendix 5.7). Hudsonema sp. was the only
macroinvertebrate assigned to the omnivorous functional feeding group and its density varied
across habitat types and sites (One-way ANOVA: F8 = 8.68, p < 0.0001; Fig. 5.4C; Table 5.1).
Hudsonema was found at a relatively high density in the site 3 pool and riffle habitats (average:
779 per m-2 and 1,014 per m-2 respectively). Similarly, the only shredder identified was Olinga
sp., however densities were low did not differ significantly among habitat types and sites (Oneway ANOVA: F8 = 2.27, p = 0.121; Fig. 5.4D; Table 5.1). The highest average density of
Olinga sp. was 60 per m-2 in the pool habitat of site 3 (Fig. 5.4D).
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Figure 5.4 Average density of macroinvertebrates (n=3) belonging to various functional feeding
groups (± one standard error) in each habitat at the three study sites (see Fig. 5.1). Note y-scale
varies between plots. Yellow bars = pool habitats, light green bars = run habitats, and dark green
bars = riffle habitats.

5.4.3 Phormidium accrual dynamics at the reach and patch scale
Reach-scale observations showed that Phormidium mats were present at all sites, but cover
varied spatially and temporally (Fig. 5.5). Phormidium was only observed in pool habitats on
two occasions, at site 1 (Fig. 5.5). It was also rare in all habitat types at site 2, where cover was
only observed on days 1 and 23 and did not exceed 1% in any habitat type (Fig. 5.5). In contrast,
median cover in the run and riffle habitats of site 1 increased from 17.5% and 36% on day 1 to
93% and 80% respectively by day 23. At site 3, median Phormidium cover in the riffle habitat
was consistently higher than that of the run habitat. Phormidium cover in both these habitat
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types showed little increase from days 1 to 15 but had increased markedly by day 23, from 5
to 30% in the run habitat and 17 to 65% in the riffle habitat (Fig. 5.5).

Figure 5.5 Boxplots of reach-scale Phormidium cover (n=20) measured approximately weekly in
each habitat type among sites. Horizontal lines in boxplots represent medians, box ends are
quartiles and whiskers extend to the lowest or highest data point. Black dots are outliers.

In pool habitats, patches generally expanded quickly, forming a very thin round patch on
cobbles. However they were short lived in pool habitats, surviving an average of 7, 18 and 5
days at sites 1, 2 and 3 respectively (Fig. 5.6; Table 5.3; Appendix 5.8). The largest patches
across all sites were observed in run habitats (Fig. 5.6), and the increase was fastest and most
persistent in site 1. Patch expansion at site 2 was limited, this was especially apparent in the
riffle habitat where patch areas did not exceed 2.5 cm2 throughout the entire experimental
period (Fig. 5.6). At site 3, patch expansion was slower than at site 1, and smaller patches
eventuated. There was a steep increase in patch size on day 15 in the site 1 run and also a
change in growth trajectories in the run and riffle habitats of site 3, which coincided with the
period of increased river flow (Fig. 5.6; Appendix 5.8).
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Figure 5.6 Patch area (n=3) in each habitat type throughout the experimental period. Patch areas
were calculated from three mats within each habitat type. The blue line is a smoothed local
polynomial regression and grey shading represents standard error.

Patch survival, expressed as the percent of patches remaining at the end of the experiment, was
zero at all pool habitats. In runs and riffles survival was higher at sites 1 and 3 than at site 2,
and where they differed, riffles had higher survival rates than runs. Hundred percent survival
was observed in riffles in sites 1 and 3, and runs at site 1. More of the patches that survived to
the end of the experiment had begun to decrease in size in runs compared to riffles, and only
in riffles at site 1 was no erosion of patches observed (Fig. 5.6; Table 5.3).
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Table 5.3 Summary attributes of patch dynamics in each habitat type within the three study sites.
The first data row indicates the percent of patches still present at the end of the experiment, and the
second row the percent of those surviving patches that had decreased in size. SD = standard
deviation.
Attribute
Site/Habitat

% of patches
surviving

% of survivors
eroding

Patch life span (days:
mean ± one SD)

Site 1
Pool

0

0

7 (5)

Run

100

44

-

Riffle

100

0

-

Site 2
Pool

0

0

18 (4)

Run

8

100

17 (3)

Riffle

56

100

21 (2)

Site 3
Pool

0

0

5 (3)

Run

78

100

19 (6)

Riffle

100

14

21 (1)

At site 1 the EARs for each habitat were significantly different from each other (One-way
ANOVA: F2 = 30.5, p < 0.001; Table 5.4; Fig. 5.6). The highest EAR at site 1 was measured
in the run (5.2 cm2 day-1) and the slowest was 2.35 cm2 day-1 in the pool habitat. There was also
a significant difference in maximum patch size among habitat types at site 1 (One-way
ANOVA: F2 = 61.5, p < 0.0001; Table 5.4), with an average of 22.7 cm2 in the pool, 357.5 cm2
in the run and 291.8 cm2 in the riffle habitat (Fig. 5.6; Table 5.4). Average EAR, calculated
using an exponential growth model, at site 3 in run and riffle habitats were 0.20 and 0.23 cm2
day-1 respectively and there was no significant difference (T-test: t4 = 1.17, p = 0.307).
Table 5.4 Average Exponential Accrual Rates (EAR) and the maximum patch size (± one standard
deviation) for each habitat type at site 1 calculated using a logistic growth model. See Appendix
5.2 for model fits and errors associated with calculations.
Habitat type

EAR (cm2 d-1)

Pool

2.35 (0.15)

Maximum patch size
(cm)
22.66 (5.14)

Run

5.23 (0.79)

357.51 (19.35)

Riffle

3.32 (0.49)

291.76 (64.86)
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5.4.4 Phormidium biomass among sites and habitat types
Pigment analyses showed that areal concentrations of chlorophyll a and phycoerythrin on
experimental cobbles tended to change in similar ways and were correlated (Appendix 5.9).
Two-way ANOVAs showed a significant effect of site on average chlorophyll a and
phycoerythrin concentrations on days 8, 16 and 23 and a significant effect of habitat on days
16 and 23 (Fig. 5.7; Table 5.5). Tukey’s HSD tests showed that the differences between
chlorophyll a and phycoerthrin concentrations among habitat types, increased through time
(Fig. 5.7). For example, on day 8, phycoerythrin concentrations in habitats within sites were
not significantly different from each other, and all site 2 habitats were not different from those
of site 3 and the pool and run habitat of site 1 (Fig. 5.7). On day 16, the mats in the site 1 run
had significantly higher biomass than all other habitats, however on day 23 the phycoerythrin
concentrations in the site 1 riffle increased markedly and these two habitats were significantly
different to all others (Fig. 5.7). Phycoerythrin concentrations measured in pool habitats were
consistently lower than all other habitat types (Fig. 5.7). When phycoerythrin concentrations
were normalised to patch size, rather than cobble size, biomass per unit area was greater in all
riffle habitats compared to runs on days 8, 16 and 23. On day 23 average phycoerythrin
concentrations, normalised to patch size, at both sites 1 and 3 were higher in riffle habitats (site
1: 517 mg m-2, site 3: 167 mg m-2) compared to run habitats (site 1: 251 mg m-2, site 3: 101 mg
m-2).
Table 5.5 Summary of two-way ANOVAs comparing biomass estimates (chlorophyll a and
phycoerythrin concentrations) among sites and habitat types. Significant p values (< 0.05) are given
in bold. df = degrees of freedom.
Day

Parameter

Site

Habitat

df

F

p value

df

2

8.87

0.002

2

Day 16

2

12.03

0.002

Day 23

2

72.62

2

Day 16
Day 23

Day 8

Day 8

Chlorophyll a

Phycoerythrin

F

Site × Habitat
p value

df

F

p value

0.75

0.486

4

2.05

0.130

2

54.40

<0.001

-

-

-

<0.001

2

56.66

<0.001

-

-

-

38.16

<0.001

2

14.11

<0.001

4

4.97

0.007

2

7.71

0.009

2

99.29

<0.001

-

-

-

2

207.40

<0.001

2

523.18

<0.001

-

-

-
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Figure 5.7 Average chlorophyll a (A) and phycoerythrin (B) concentrations normalised to cobble
size on days 8, 16 and 23. Error bars represent standard error. Letters indicate signifcance at the p
< 0.05 level according to a post-hoc Tukey’s Honest Significant Difference (HSD) test.

5.5

Discussion

5.5.1 Phormidium expansion dynamics at the patch and reach scale
The majority of studies investigating Phormidium proliferations assess the percentage of the
stream substrate with benthic cover at the reach scale rather than measuring patch expansion
on individual cobbles (Heath et al., 2011; McAllister et al., 2018; Schneider, 2015; Wood et
al., 2017). The first hypothesis of this study was that Phormidium growth assessed at the patch
scale, as area increase, would reflect accrual measured at the reach scale, as percent cover was
supported. Phormidium has an unusual accrual characteristic, in that well-developed mats
spread laterally across the substrate rather increasing in thickness (McAllister et al., 2016).
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This may partly explain why patch expansion and reach-scale cover followed similar accrual
patterns. Patch expansion, measured in this study, accurately reflected the Phormidium accrual
cycle and allowed a detailed and nuanced understanding of how factors affect both accrual and
detachment processes. Coherence between patch and reach dynamics provides confidence that
cover dynamics can be viewed as the consequence of individual patch dynamics. For
monitoring and management purposes assessing reach-scale benthic cover provides a useful
approximation of accrual dynamics.
5.5.2

Phormidium accrual among habitat types - the importance of
velocity
In the present study, there were distinct differences in Phormidium accrual among habitats that
were consistent across rivers. As predicted, accrual was least in the slow-flowing pool habitats,
and higher in the faster flowing run and riffle habitats. In part this supports a subsidy-stress
relationship between Phormidium accrual and velocity. The subsidy-stress model suggests that
accrual may be enhanced by velocity, as it increases the exchange of solutes between the mat
and overlying water both from the mat and into the mat, by reducing the thickness of the
diffusive boundary layer (Sand-Jensen, 1983). Were this due to nutrient limitation, the effect
might be expected to be offset at site 2, where nutrient concentrations were much higher than
in the other sites. In addition to slow growth, the pool habitats also had short patch longevity,
which is not consistent with the subsidy-stress model, where abrasion would be expected to be
low at low water velocity. Short patch longevity could be attributed to high grazing pressure in
pool habitats (discussed further below). Another potential explanation, which could also
explain detachment observed in run habitats, is the accumulation of oxygen bubbles. Boundary
layer thickness is greatest in low and intermediate velocity environments and oxygen bubbles
are therefore more likely to accumulate under these conditions (Bosak et al., 2010; Boulêtreau
et al., 2006; Hawes et al., 2014). This process is unlikely to be important in pool habitats, due
to limited biomass accrual. In run habitats maximum patch sizes were reached earlier, this in
concert with accumulation of oxygen within mats likely led to a state where biomass easily
sloughed and ultimately resulted in termination of the accrual cycle.
The subsidy-stress model goes on to posit that as velocity increases, growth rate should
increase, through alleviation of resource limitation, but so would abrasion stress and drag,
enhancing autogenic detachment, especially in the later stage of the growth cycle. The results
of this study provided limited data to support this. Instead, patch growth was highest in the
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intermediate run habitat, and there was no evidence that higher velocities in the riffles enhanced
autogenic detachment or abrasion over runs, at least for the duration of the experiments in the
present study. Indeed, abrasion and patch loss was also higher at the intermediate than highest
velocities.
Phormidium is clearly capable of growing and persisting at high velocity. The optimal velocity
for Phormidium patch expansion in the present study was in run habitats, which had average
near-bed velocities of 0.25 to 0.45 m s-1, and lower in the faster-flowing riffles (0.4–0.7 m s-1),
though the optimal habitat for persistence was the riffle. Previous studies have suggested
broadly similar optimal velocities of 0.4 m s-1 to 1.1 m s-1 (Hart et al., 2013; Heath et al., 2015).
Biggs et al. (1998) highlights that the growth form of Phormidium, which is dense, low profile
and tightly adhering mucilaginous mat, should be advantageous in such high velocity
environments.
The observation that optimal Phormidium performance is generally found at moderately high
velocities was also supported by EARs in this study, which were slightly higher in runs than
riffles, though by day 23, reach-scale cover and Phormidium biomass did not vary markedly
between these habitats. The relationships between patch accrual, cover and velocity are
simplified when biomass is normalised to patch area, rather than cobble size. Phormidium from
riffles had a higher biomass per area of mat compared to mats in runs. Phormidium mats from
riffles were also darker and thicker than those grown in runs suggesting that patches in riffles
increased in thickness rather than spreading laterally, and the absolute biomass accrual may be
similar, and more persistent, despite smaller patch size. Several studies and numerous field
observations have indicated that Phormidium mats are initially largely confined to riffles (high
velocity, turbulent areas) in rivers (Heath, 2009; Heath et al., 2015). However, the results of
the present study show that these observations could reflect longer patch life spans in riffle
habitats, and that Phormidium mats reach maximum mat size in runs earlier, with accrual cycles
therefore being terminated earlier in run habitats. It is noteworthy that in the pools, at the lowest
velocity, mats were at their thinnest and had the lowest concentration of pigments per unit
patch area, supporting an overall tendency for mats to expand rather than thicken as velocity
decreases.
In the present study, concentrations of chlorophyll a and phycoerythrin on experimental
cobbles followed similar patterns. Previously, in Chapter 4 phycoerythrin was correlated with
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Phormidium biovolume but not with chlorophyll a concentrations. This was attributed this to
diatoms accounting for over 60% of the total biovolume of Phormidium mats. In the present
study, Phormidium was the overwhelming biomass dominant, usually comprising 80% of the
total biovolume (unpub. data). Thus, when Phormidium is dominant a relationship between
photosynthetic pigments can be expected due to a constant chlorophyll: phycoerythrin ratio,
while when diatoms become numerically abundant this relationship is distorted.
5.5.3 Phormidium accrual across sites
The third hypothesis was not supported, although Phormidium accrual differed among sites
this was not conclusively linked to DIN. There are however several other potential factors
underlying these differences.
Phormidium proliferations (defined as greater than 20% benthic cover;(Wood et al., 2009),
were documented at both sites 1 and 3, which had average DIN concentrations of 0.4 and 0.07
mg L-1 respectively, highlighting the dynamic range over which proliferations can occur. Site
2, which had the highest DIN concentration did not support a proliferation. Nutrient
concentrations at site 1 (DIN: 0.4 mg L-1, DRP: 0.02 mg L-1) may have contributed to high
EARs and high biomass accrual. At site 3, which had the lowest water-column nutrient
concentrations, Phormidium growth was initially limited and slow. However, towards the end
of the experiment patches expanded at a much higher rate and overall average Phormidium
cover peaked at 31.5% and 78.8% in the run and riffle habitat respectively. This suggests that
there is no lower DIN limit for formation of proliferations. This is consistent with previous
research which has highlighted that Phormidium is capable of reaching a high biomass under
low DIN conditions (McAllister et al., 2018; Wood et al., 2017). Wood et al. (2017) found that
there was a positive relationship between DIN and cover up to 0.6 mg L-1, beyond which there
was no effect. This was not rejected by the data of the present study, though the failure of
chlorophyll a to accrue on cobbles at site 2 suggests that Phormidium here is not being replaced
there by other more nitrophilous taxa.
The apparent disconnect between DIN and Phormidium proliferation may in part be due to an
alternative supply of fixed nitrogen. Although Phormidium itself does not contain the genes
required for nitrogen fixation these mats contain a variety of organisms, some of which are
capable of nitrogen fixing (Brasell et al., 2015; Heath, 2009). In this study, there was found no
evidence that nutrient concentrations were an important factor influencing Phormidium accrual
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and the effect of velocity was much more pervasive. Nutrient concentrations may still be
important during the colonisation phase of the accrual cycle, however this was not investigated
in the present study.
A notable difference between site 2 and the others, which may have contributed to differences
in accrual in the faster flowing habitats, was that while velocity was similar shear stress was
not. Patch size and persistence at site 2 may have been limited by the physical constraints
imposed by the high shear stress. Sporadic incidences of high turbidity were also observed at
this site, potentially due to an upstream discharge or the prevalence of high disturbance
recreational activities (i.e., four-wheel driving). This was not captured by spot measurements
of turbidity but may have also contributed to the lack of patch expansion.
5.5.4 Impact of a flood event
On day 15 there was a distinct change in patch size and growth trajectories in the run habitat
of sites 1 and 3 and the riffle habitat of site 3. This increase in expansion and apparent change
in alternative stable state of growth (Fig. 5.6) coincided with a temporary increase in river flow.
The average discharge at sites 1 and 3 increased to approximately four times the flow
immediately prior; at site 3 this represented a 2-fold increase of the long-term median flow and
at site 1 exceeded the long term median by 1.2 times (McAllister et al., 2018). This increase in
flow, albeit small, appeared to accelerate Phormidium expansion, the most extreme expansion
resulted in an increase from 96 cm2 to 290 cm2 in a period of only 3 days (site 1 run). Most
studies to date have linked high Phormidium accrual to prolonged periods of stable or receding
flows, and considered abrupt increases to have negative impacts on biomass (Biggs, 1990;
Cadel-Six et al., 2007; Gugger et al., 2005; Heath et al., 2011; Sabater, 2000; Wood et al.,
2017), albeit the size of flow increase required to abrade Phormidium is river specific (Wood
et al., 2017). However similarly to the results of the present study, McAllister et al. (2018)
found that at one site (of eight studied) an increase in river flow elicited an increase in
Phormidium cover. Increased flow could have indirectly and directly enhanced Phormidium
growth through a variety of mechanisms, including increasing inputs of nitrate and fine
sediment from runoff, the latter carrying adhered phosphorus; both have been linked to
increases in Phormidium proliferations (Wood et al., 2017; Wood et al., 2015). Increased flow
may have also reduced grazing pressure and removed other weakly-attached algae thereby
reducing competition.
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5.5.5 Macroinvertebrate communities and Phormidium growth
Herbivory plays an important role in accrual dynamics for general periphyton but to my
knowledge, no studies have yet specifically investigated the impact of macroinvertebrate
grazing on Phormidium mats (Kohler & Wiley, 1997; Lowe & Hunter, 1988; Taylor et al.,
2002). The degree to which macroinvertebrates reduce algal growth is dependent on many
interacting factors, including herbivore type, density, mobility, body size, mouthpart
morphology, algal type and successional stage (Holomuzki et al., 2010; Steinman, 1996). In
the present study, densities of herbivorous macroinvertebrates differed among sites and
habitats. There was a relationship between these differences and Phormidium patch expansion
and longevity. For example, patches in the pool habitats of site 1 and site 3 had an average life
span of 7 and 5 days respectively, whereas patches in the pool habitat of site 2 existed for 17
days. The density of grazers (Potamopyrgus, Physa, Ephrididae, Gyraulus) exceeded 4,000
individuals per m-2 in the pool habitat of site 1 and 3, but was less than 100 individuals per m2

in site 2. The lack of grazing pressure in the pool habitat of site 2 may have enhanced the

longevity of patches. The abundance of grazers (in particular the mud snail, Potamopyrgus
anitpodarum), omnivores and shredders was particularly high in the pool habitat of site 3, and
may explain the earlier removal of mats at this site. Potamopyrgus anitpodarum, is known to
significantly reduce algal biomass in streams where densities exceed 1,500 per m2 (Biggs &
Lowe, 1994; Holomuzki & Biggs, 2006; Winterbourn & Fegley, 1989) and high abundances
have been found in Phormidium mats previously (Hart et al., 2013). The radular mouthparts of
snails allow them to feed on low-profile, tightly adhered algae, like Phormidium mats, which
are unavailable to many collector-browser species due to their blade-like or sweeping
mouthparts (Holomuzki & Biggs, 2006).
Grazing activity is most likely to significantly control periphyton biomass in physically stable
environments (Steinman et al., 1991; Wellnitz & Leroy Poff, 2006), such as the pool habitats
in the present study. Holomuzki and Biggs (2000) compared Potamopyrgus to Deleatidium,
Pycnocentrodes and Hudsonema and observed that when exposed to high flow Potamopyrgus
moved to deeper protected habitats, suggesting that they favour more stable, low velocity
environments. Despite the high densities of some herbivorous macroinvertebrates in run and
riffle habitats in this study, they appeared to not be preventing Phormidium accrual. Biggs et
al. (1998) suggests that when resource supply and algal growth rates are high, algal growth
rates will exceed the consumptive capacity of herbivores. Further investigations into causal
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relationships between various herbivorous macroinvertebrates and Phormidium growth are
required.

5.6

Conclusion

Previous attempts in the field to identify correlations between Phormidium cover and
physicochemical factors, particularly flow and nutrient concentrations, have been limited and
complicated by the covariation of other factors. The aim of this experiment was to advance the
current understanding of which factors influence Phormidium accrual using a novel method to
inoculate cobbles with a standardised amount of Phormidium. Both velocity and site were
important factors influencing the rate at which Phormidium mats expand and accrue biomass.
No evidence was found to suggest that nutrients are important in the latter two stages of the
Phormidium accrual cycle; growth and detachment. However, nutrient concentrations may still
be important in the colonisation phase, which was not examined in the present study. The
optimal near-bed velocity for Phormidium accrual was 0.25 to 0.45 m s-1, which represented
run habitats. Accrual in pools was extremely limited with patches being removed quickly,
whereas in riffles they grew at a slower rate than runs but had longer accrual cycles. Differences
in Phormidium accrual among habitat types and sites were suggested to be related to
differences in grazing pressure and shear stress. While assessing Phormidium cover at the reach
scale is useful for management and monitoring purposes, measuring patch expansion on
individual cobbles provides a more detailed and nuanced understanding of how factors affect
Phormidium at various stages of the accrual cycle.

131

5.7

References

Aboal, M., Puig, M. A., Mateo, P., & Perona, E. (2002). Implications of cyanophyte toxicity
on biological monitoring of calcareous streams in north-east Spain. Journal of Applied
Phycology, 14(1), 49-56.
Anderson, E., Welch, E., Jacoby, J., Schimek, G., & Horner, R. (1999). Periphyton removal
related to phosphorus and grazer biomass level. Freshwater Biology, 41(3), 633-651.
Biggs, B. J. (1990). Periphyton communities and their environments in New Zealand rivers.
New Zealand Journal of Marine and Freshwater Research, 24(3), 367-386.
Biggs, B. J., Goring, D. G., & Nikora, V. I. (1998). Subsidy and stress responses of stream
periphyton to gradients in water velocity as a function of community growth form.
Journal of Phycology, 34(4), 598-607.
Biggs, B. J., & Kilroy, C. (2000). Stream periphyton monitoring manual. NIWA, Christchurch,
New Zealand.
Biggs, B. J., & Lowe, R. L. (1994). Responses of two trophic levels to patch enrichment along
a New Zealand stream continuum. New Zealand Journal of Marine and Freshwater
Research, 28(2), 119-134.
Bosak, T., Bush, J. W. M., Flynn, M. R., Liang, B., Ono, S., Petroff, A. P., & Sim, M. S. (2010).
Formation and stability of oxygen-rich bubbles that shape photosynthetic mats.
Geobiology, 8(1), 45-55.
Boulêtreau, S., Garabétian, F., Sauvage, S., & Sánchez-Pérez, J. M. (2006). Assessing the
importance of a self-generated detachment process in river biofilm models. Freshwater
Biology, 51(5), 901-912.
Brasell, K. A., Heath, M. W., Ryan, K. G., & Wood, S. A. (2015). Successional change in
microbial communities of benthic Phormidium-dominated biofilms. Microbial
Ecology, 69(2), 254-266.
Bryant, D. A., Glazer, A. N., & Eiserling, F. A. (1976). Characterization and structural
properties of the major biliproteins of Anabaena species. Archives of Microbiology,
110(1), 61-75.
Cadel-Six, S., Peyraud-Thomas, C., Brient, L., De Marsac, N. T., Rippka, R., & Méjean, A.
(2007). Different genotypes of anatoxin-producing cyanobacteria coexist in the Tarn
River, France. Applied and Environmental Microbiology, 73(23), 7605-7614.
Chadderton, W. (1988). Faunal and chemical characteristics of some Stewart Island streams.
New Zealand Natural Sciences 15, 43-50.
Cowie, B. (1980). Community dynamics of the bethnic fauna in a West Coast stream ecosystem.
Doctorate of Philosophy, University of Canterbury, Canterbury, New Zealand.
Cowley, D. (1978). Studies on the larvae of New Zealand Trichoptera. New Zealand Journal
of Zoology, 5(4), 639-750.
Faassen, E. J., Harkema, L., Begeman, L., & Lurling, M. (2012). First report of (homo)
anatoxin-a and dog neurotoxicosis after ingestion of benthic cyanobacteria in The
Netherlands. Toxicon, 60(3), 378-384.
Fetscher, A. E., Howard, M. D. A., Stancheva, R., Kudela, R. M., Stein, E. D., Sutula, M. A.,
Busse, L. B., & Sheath, R. G. (2015). Wadeable streams as widespread sources of
benthic cyanotoxins in California, USA. Harmful Algae, 49, 105-116.
Francis, G. (1878). Poisonous australian lake. Nature (London), 18, 11-12.
Gugger, M., Lenoir, S., Berger, C., Ledreux, A., Druart, J.-C., Humbert, J.-F., Guette, C., &
Bernard, C. (2005). First report in a river in France of the benthic cyanobacterium
Phormidium favosum producing anatoxin-a associated with dog neurotoxicosis.
Toxicon, 45(7), 919-928.

132

Hart, D. D., Biggs, B. J., Nikora, V. I., & Flinders, C. A. (2013). Flow effects on periphyton
patches and their ecological consequences in a New Zealand river. Freshwater Biology,
58(8), 1588-1602.
Hawes, I., Giles, H., & Doran, P. T. (2014). Estimating photosynthetic activity in microbial
mats in an ice-covered Antarctic lake using automated oxygen microelectrode profiling
and variable chlorophyll fluorescence. Limnology and Oceanography, 59(3), 674-688.
Heath, M. W. (2009). Mat forming toxic benthic cyanobacteria in New Zealand: Species
diversity and abundance, cyanotoxin production and concentrations. Masters of
Science, Victoria University, Wellington, New Zealand.
Heath, M. W., Wood, S., Brasell, K., Young, R., & Ryan, K. (2015). Development of habitat
suitability criteria and in-stream habitat assessment for the benthic cyanobacteria
Phormidium. River Research and Applications, 31(1), 98-108.
Heath, M. W., Wood, S., & Ryan, K. (2010). Polyphasic assessment of fresh-water benthic
mat-forming cyanobacteria isolated from New Zealand. FEMS Microbiology Ecology,
73(1), 95-109.
Heath, M. W., Wood, S., & Ryan, K. (2011). Spatial and temporal variability in Phormidium
mats and associated anatoxin-a and homoanatoxin-a in two New Zealand rivers.
Aquatic Microbial Ecology, 64(1), 69-79.
Heath, M. W., Wood, S., Young, R., & Ryan, K. (2016). The role of nitrogen and phosphorus
in regulating Phormidium sp. (Cyanobacteria) growth and anatoxin production. FEMS
Microbiology Ecology, 92(3), fiw021.
Heath, M. W., Wood, S. A., Barbieri, R., Young, R., & Ryan, K. (2014). Effects of nitrogen
and phosphorus on anatoxin-a, homoanatoxin-a, dihydroanatoxin-a and
dihydrohomoanatoxin-a production by Phormidium autumnale. Toxicon, 92(17), 179185.
Hintz, W. D., & Wellnitz, T. (2013). Current velocity influences the facilitation and removal
of algae by stream grazers. Aquatic Ecology, 47(2), 235-244.
Holomuzki, J. R., & Biggs, B. J. (2000). Taxon-specific responses to high-flow disturbance in
streams: implications for population persistence. Journal of the North American
Benthological Society, 19(4), 670-679.
Holomuzki, J. R., & Biggs, B. J. (2006). Food limitation affects algivory and grazer
performance for New Zealand stream macroinvertebrates Advances in Algal Biology:
A Commemoration of the Work of Rex Lowe (pp. 83-94). Dordrecht: Springer.
Holomuzki, J. R., Feminella, J. W., & Power, M. E. (2010). Biotic interactions in freshwater
benthic habitats. Journal of the North American Benthological Society, 29(1), 220-244.
Jaarsma, N., De Boer, S., Townsend, C., Thompson, R., & Edwards, E. (1998). Characterising
food-webs in two New Zealand streams. New Zealand Journal of Marine and
Freshwater Research, 32(2), 271-286.
Karouna, N. K., & Fuller, R. L. (1992). Influence of four grazers on periphyton communities
associated with clay tiles and leaves. Hydrobiologia, 245(1), 53-64.
Kirkby, C. (1672). A relation of an inland sea, near Danzick, yielding at a certain season of the
year a green substance, which causeth certain death; together with an observation about
white amber: communicated by Mr. Kirkby, in a letter written to the publisher from
Danzick. Philosophical Transactions of the Royal Society of London, 7(83), 4069-4070.
Kohler, S. L., & Wiley, M. J. (1997). Pathogen outbreaks reveal large-scale effects of
competition in stream communities. Ecology, 78(7), 2164-2176.
Lester, P., Mitchell, S., & Scott, D. (1994). Effects of riparian willow trees (Salix fragilis) on
macroinvertebrate densities in two small Central Otago, New Zealand, streams. New
Zealand Journal of Marine and Freshwater Research, 28(3), 267-276.

133

Lowe, R., & Hunter, R. (1988). Effect of grazing by Physa integra on periphyton community
structure. Journal of the North American Benthological Society, 7(1), 29-36.
Mackereth, F., Heron, J., & Talling, J. (1978). Water analysis: some revised methods for
limnologists (Vol. 36). Ambleside: Freshwater Biological Association.
McAllister, T., Wood, S., Atalah, J., & Hawes, I. (2018). Spatiotemporal dynamics of
Phormidium cover and anatoxin concentrations in eight New Zealand rivers with
contrasting nutrient and flow regimes. Science of The Total Environment, 612, 71-80.
McAllister, T., Wood, S., & Hawes, I. (2016). The rise of toxic benthic Phormidium
proliferations: A review of their taxonomy, distribution, toxin content and factors
regulating prevalence and increased severity. Harmful Algae, 55, 282-294.
Oliver, R. L., Hamilton, D. P., Brookes, J. D., & Ganf, G. G. (2012). Physiology, blooms and
prediction of planktonic cyanobacteria Ecology of Cyanobacteria II (pp. 155-194).
Dordrecht: Springer.
Quiblier, C., Wood, S., Echenique-Subiabre, I., Heath, M., Villeneuve, A., & Humbert, J.-F.
(2013). A review of current knowledge on toxic benthic freshwater cyanobacteria–
ecology, toxin production and risk management. Water Research, 47(15), 5464-5479.
Quinn, J. M., & Hickey, C. W. (1990). Characterisation and classification of benthic
invertebrate communities in 88 New Zealand rivers in relation to environmental factors.
New Zealand Journal of Marine and Freshwater Research, 24(3), 387-409.
R Core Team. (2014). R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria, 2012.
Sabater, S. (2000). Diatom communities as indicators of environmental stress in the Guadiamar
River, SW. Spain, following a major mine tailings spill. Journal of Applied Phycology,
12(2), 113-124.
Sand-Jensen, K. (1983). Physical and chemical parameters regulating growth of periphytic
communities Periphyton of Freshwater Ecosytems (pp. 63-71). Dordrecht: Springer.
Schneider, S. C. (2015). Greener rivers in a changing climate?—Effects of climate and
hydrological regime on benthic algal assemblages in pristine streams. LimnologicaEcology and Management of Inland Waters, 55, 21-32.
Statzner, B., Gore, J. A., & Resh, V. H. (1988). Hydraulic stream ecology: observed patterns
and potential applications. Journal of the North American Benthological Society, 7(4),
307-360.
Steinman, A. (1996). Effects of grazers on freshwater benthic algae. In R. Stevenson, M.
Bothwell, & R. Lowe (Eds.), Algal Ecology: Freshwater Benthic Ecosystems (pp. 341373). San Diego, CA: Academic Press.
Steinman, A., Mulholland, P., & Kirschtel, D. (1991). Interactive effects of nutrient reduction
and herbivory on biomass, taxonomic structure, and P uptake in lotic periphyton
communities. Canadian Journal of Fisheries and Aquatic Sciences, 48(10), 1951-1959.
Taylor, B. W., McIntosh, A. R., & Peckarsky, B. L. (2002). Reach-scale manipulations show
invertebrate grazers depress algal resources in streams. Limnology and Oceanography,
47(3), 893-899.
Water Environmental Federation, & American Public Health Association. (2005). Standard
methods for the examination of water and wastewater. Washington, DC, USA:
American Public Health Association.
Wellnitz, T., & Leroy Poff, N. (2006). Herbivory, current velocity and algal regrowth: how
does periphyton grow when the grazers have gone? Freshwater Biology, 51(11), 21142123.
Winterbourn, M., Cowie, B., & Rounick, J. (1984). Food resources and ingestion patterns of
insects along a West Coast, South Island, river system. New Zealand Journal of Marine
and Freshwater Research, 18(3), 379-388.

134

Winterbourn, M., & Fegley, A. (1989). Effects of nutrient enrichment and grazing on
periphyton assemblages in some spring-fed, South Island streams. New Zealand
Natural Sciences, 16, 57-65.
Winterbourn, M., Gregson, K. L., & Dolphin, C. H. (2006). Guide to the aquatic insects of
New Zealand. Bulletin of the Entomological Society of New Zealand, 14.
Wood, S. A., Atalah, J., Wagenhoff, A., Brown, L., Doehring, K., Young, R. G., & Hawes, I.
(2017). Effect of river flow, temperature, and water chemistry on proliferations of the
benthic anatoxin-producing cyanobacterium Phormidium. Freshwater Science, 36(1),
63-76.
Wood, S. A., Depree, C., Brown, L., McAllister, T., & Hawes, I. (2015). Entrapped sediments
as a source of phosphorus in epilithic cyanobacterial proliferations in low nutrient
rivers. PLoS one, 10(10), e0141063.
Wood, S. A., Hamilton, D., Paul, W., Safi, K., & Williamson, W. (2009). Managing
Cyanobacteria in Recreational Fresh Waters - Interim guidelines. Ministry for the
Environment, Wellington, New Zealand.
Wood, S. A., Selwood, A. I., Rueckert, A., Holland, P. T., Milne, J. R., Smith, K. F., Smits, B.,
Watts, L. F., & Cary, C. S. (2007). First report of homoanatoxin-a and associated dog
neurotoxicosis in New Zealand. Toxicon, 50(2), 292-301.
Wood, S. A., & Young, R. G. (2011). Benthic cyanobacteria and toxin production in the
Manawatu-Wanganui region. Cawthron Report No. 1959. Cawthron Institute, Nelson,
New Zealand.
Wood, S. A., & Young, R. G. (2012). Review of Benthic Cyanobacteria Monitoring
Programme 2012. Cawthron Report No. 2217. Cawthron Institute, Nelson, New
Zealand.

135

Appendix 5.1: Substrate composition at study sites

Figure 5.8 Mean percent cover of various substrate size classes at each study site in riffle/run
habitat.
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Appendix 5.2: Exponential accrual rates
Table 5.6 Exponential accrual rates (EAR) and associated error for each site and habitat type. The R2 value and significant level of the fit are also
presented.
Site
Site 1

Habitat
type
Pool

Run

Riffle

Site 2

Run

Riffle

Replicate

Model fitted

2.30

2.89

5

2.51

3.16

0.99

<0.0001

Logistic

5

2.24

2.60

0.99

<0.0001

1

Logistic

11

5.14

33.91

0.99

<0.0001

2

Logistic

11

6.06

32.95

0.97

<0.0001

3

Logistic

11

4.49

50.33

0.98

<0.0001

1

Logistic

9

3.16

121.44

0.99

<0.0001

2

Logistic

10

3.87

61.15

0.98

<0.0001

3

Logistic

11

2.94

221.34

0.99

<0.0001

1

Exponential

10

0.18

0.03

0.99

<0.0001

2

Exponential

10

0.24

0.06

0.97

<0.0001

3

Exponential

10

0.17

0.02

0.99

<0.0001

1

Exponential

9

0.27

0.04

0.98

<0.0001

2

Exponential

10

0.23

0.02

0.99

<0.0001

3

Exponential

10

0.20

0.01

0.99

<0.0001

Logistic

2

Logistic

3

EAR

EAR error

R2 of fit

Significance of
fit
0.99
<0.0001

1

Number of
measurements
6
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Appendix 5.3: Temporal change in near-bed velocities above experimental cobbles

Figure 5.9 Temporal near-bed velocity measurements in each habitat type at the three study sites.
The blue line is a smoothed local polynomial regression and grey shading represents standard error.
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Appendix 5.4: Temporal change in depth above experimental cobbles

Figure 5.10 Temporal depth measurements in each habitat type at the three study sites. The blue
line is a smoothed local polynomial regression and grey shading represents standard error.
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Appendix 5.5: Temporal change in water-column dissolved nutrient concentrations
Table 5.7 Temporal dissolved inorganic nitrogen (DIN) and dissolved reactive phosphorus
concentrations (DRP) measured in each habitat type at three study sites. W = week.
DIN (mg L-1)

DRP (mg L-1)

W1

W2

W3

W4

W1

W2

W3

W4

Pool

0.49

0.52

0.40

0.38

0.03

0.03

0.04

0.03

Run

0.38

0.37

0.30

0.28

0.01

0.01

0.01

0.01

Riffle

0.45

0.38

0.29

0.28

0.01

0.02

0.01

0.01

Pool

0.99

0.94

0.89

0.88

0.06

0.05

0.05

0.06

Run

1.12

1.01

1.02

0.83

0.06

0.04

0.06

0.04

Riffle

1.11

0.85

0.97

0.95

0.05

0.05

0.06

0.06

Pool

0.06

0.07

0.09

0.05

0.03

0.02

0.02

0.02

Run

0.09

0.08

0.09

0.03

0.02

0.02

0.02

0.01

Riffle

0.08

0.08

0.09

0.03

0.02

0.01

0.02

0.01

Site 1

Site 2

Site 3
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Appendix 5.6: Sedimentation rates

Figure 5.11 Boxplots of sedimentation rates by sediment size at the three study sites. Three
replicates sediment traps were deployed for a week in riffle habitats at each site. Horizontal lines
in boxplots represent medians, box ends are quartiles and whiskers extend to the lowest or highest
data point.
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Appendix 5.7: Macroinvertebrate grazer community composition

Figure 5.12 Community composition (n=3) of taxa belonging to the grazer functional feeding
group in each habitat type across the three study sites.
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Appendix 5.8: Temporal patterns of patch expansion at site 1

Figure 5.13 Examples of patch expansion on three experimental cobbles, from each habitat type at site 1.
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Appendix 5.9: Correlation between chlorophyll a and phycoerythrin concentrations

Figure 5.14 Correlation between chlorophyll a and phycoerythrin concentrations throughout the
experimental period. The adjusted R2 value is presented.
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6. Importance of accrual cycles in understanding Phormidium
proliferations in New Zealand rivers
6.1

State of knowledge prior to this thesis

The majority of early research on Phormidium proliferations was conducted in New Zealand
rivers, where they have become increasingly problematic (Fig. 6.1;(Heath, 2009; Quiblier et
al., 2013). Research was initially reactive and instigated by a series of animal toxicosis events,
where several dogs died rapidly after the ingestion of benthic cyanobacterial mats (Hamill,
2001; Wood et al., 2007). Consequently, much of the initial research focused on understanding
toxin production of Phormidium mats (e.g.,(Wood et al., 2010; Wood et al., 2006; Wood et al.,
2011; Wood et al., 2012), after which the focus shifted and began to investigate the
environmental drivers of Phormidium proliferations.

Figure 6.1 Selected publications on Phormidium in New Zealand rivers from 2001 to 2015.

Typically, Phormidium proliferations have primarily been investigated by observational
approaches, attempting to relate physicochemical variables measured in the overlying watercolumn to reach-scale Phormidium cover dynamics. Such studies seek consistent and
transferable relationships between key environmental variables and proliferation, which allow
inferences to be drawn as to those variables most likely to control biomass dynamics.
Heath et al. (2011) conducted one of the first observational studies, in which they attempted to
understand proliferation by exploring links between physicochemical variables and
Phormidium cover. Focusing on cover in two rivers over time, they found that water
temperature and river flow were the two strongest correlates with Phormidium cover. They
also highlighted, consistent with Clausen and Biggs (1997), that flows exceeding three times
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the mean resulted in the removal of Phormidium mats. Subsequent research focused largely on
the resetting ability of high flows, as the predominant force terminating Phormidium accrual
cycles, but paid little attention to autogenic detachment or the velocity requirements for optimal
growth (Heath et al., 2011; Wood et al., 2017a). However, in an intensive field survey of the
Hutt River (Wellington), Heath et al. (2015) used habitat suitability curves, to show that
Phormidium has a wide tolerance to depth, velocity and substrate type.
Observational studies also highlighted the propensity of Phormidium proliferations to form at
sites with low water-column dissolved reactive phosphorus (DRP) concentrations (ca. < 0.01
mg L-1;(Heath et al., 2011; Wood & Young, 2012). The ability of Phormidium to proliferate
when water-column DRP concentrations were low was suggested to be due to an alternative
supply of phosphorus related to the presence of a thin-layer of sediment within the mat matrix
(Quiblier et al., 2013). Wood et al. (2015) provided evidence to support this and showed that
biogeochemical conditions within Phormidium mats were conducive to the release of
sediment-bound phosphorus. The authors measured a high pH (>9) during the day, due to
photosynthesis and low oxygen concentrations (<4 mg L-1) at night, due to respiration. They
also found that water within the Phormidium mat matrix contained 320-fold higher DRP than
the overlying water-column. Thus suggesting that the diffusive flux of DRP would be out of
the mats and that, once a mat has formed, Phormidium was unlikely to be reliant on watercolumn derived DRP for growth.
An influence of water-column nitrogen concentrations on Phormidium cover was not well
captured by observational studies and remains uncertain. Wood and Young (2012) noted that
sites with the greatest benthic Phormidium coverage, also had the highest total nitrogen: total
phosphorus ratios. This led to the development of the hypothesis that elevated dissolved
inorganic nitrogen (DIN) concentrations were a prerequisite of Phormidium proliferation.
However, this hypothesis has not been fully supported by other observational studies in New
Zealand (e.g., Chapter 2 and 5). An alternate hypothesis that, like phosphorus, an independent
source of nitrogen was available via nitrogen fixation was partially dispelled by Heath (2009)
who found that Phormidium isolated from New Zealand rivers did not contain the genes
involved in nitrogen fixation. The results from this thesis develop this issue further, by
identifying that other bacteria with nitrogen-fixation genes can be present in mats, and this is
discussed below.
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Observational studies have provided fundamental knowledge on the drivers of proliferation
and allowed inferences to be drawn that nutrients and flow may play roles in determining
Phormidium cover. They have allowed the development of hypotheses, which have advanced
mechanistic understanding of how these factors influence Phormidium accrual. Complex
interactions and nuances appear to exist between physicochemical variables and Phormidium
at its various accrual phases and this has precluded the development of accurate predictive
tools. Chapter 2 of this thesis describes an observational analysis of Phormidium in Canterbury
rivers, one of the most interesting outcomes was that “site” remained an important variable
predicting cover. Inferences from these observations are that a complex of interacting variables,
which combine uniquely in each river, may determine Phormidium cover dynamics and/or that
key variables determining growth may not be being included in the observational analysis
undertaken to date.
A constraint on the observational method is that it integrates measures of change in organisms
and the environment over time. For periphyton the accrual cycle is an important aspect of
dynamics that can confound episodic observations, and this is further complicated by the
possibility that different factors are important at different phases of the accrual cycle. I
therefore considered that following the accrual cycle might provide a more insightful and
mechanistic understanding of which factors accelerate or impede the formation of Phormidium
proliferations.
In this chapter I draw together information gained throughout the thesis, including
observational surveys with high temporal and spatial resolution, manipulative mesocosm
experiments to elucidate mechanistic links between mat-expansion and velocity and nitrate,
and targeted field studies examining how mat-expansion changes among sites and along a
velocity gradient. This new knowledge is then used to develop a new paradigm for
understanding the dynamics of Phormidium, which is based on the factors influencing various
phases of the accrual cycle.
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6.2

The relative effects of physicochemical factors on the phases of the
Phormidium accrual cycle

The accrual cycle concept is fundamental in understanding periphyton dynamics (Biggs et al.,
1998). The Phormidium accrual cycle (Fig. 6.2) involves the initiation of a mat through
colonisation, its subsequent growth via lateral expansion (which could be driven by cell
motility and biomass accrual) and lastly, erosion and/or detachment of mats. Outside of
colonisation, the balance of growth- and loss-promoting factors determines the length of the
accrual cycle, the size and persistence of the accumulation. By understanding the extent to
which physicochemical variables control these parts of the cycle, insights into dynamics at
reach scales, as the aggregate of the dynamics of individual patches, may be possible.
Phormidium mats are functionally different from other periphyton types as they contain a
diverse microbial assemblages and form thick, dense and cohesive mats, which adhere tightly
to the substrate (Brasell et al., 2015). Because biogeochemical conditions within these mats
can be distinctly different from the overlying water column (Wood et al., 2015), it is possible
that physicochemical factors differentially affect Phormidium depending on its accrual phase.

Figure 6.2 Important physicochemical factors influencing each phase of the Phormidium accrual
cycle.

6.2.1 Colonisation
The initiation of the Phormidium accrual cycle can involve colonists from the overlying water
column or residual populations remaining on the substrate after the termination of the previous
cycle. For most of the experiments described in this thesis (Chapters 4 and 5) the effects of
both colonisation and substrate were removed by using controlled inoculations on stable
substrates. The influence of physicochemical variables on Phormidium colonisation was
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investigated, however, in two attempted experiments. These experiments were only partially
successful due to repeated floods that destroyed experiments, but they provide evidence to
indicate the patchy nature of colonisation and highlight that different physiochemical factors
may influence success of establishment. These experiments were not detailed in the research
chapters, but brief findings are presented here.

Figure 6.3 Set-up of stream-side mesocosm experiments (Chapter 4). (A) Initial iterations of the
experiments where bare substrates were placed into mesocosms and, (B) the final set-up where
cobbles were inoculated with Phormidium mats.

Firstly, in initial iterations of stream-side mesocosm experiments reported in Chapter 4,
substrates (tiles and cobbles) were scrubbed clean and placed into channels (Fig. 6.3A). The
aim of this was to explore how all phases of the Phormidium accrual cycle, including
colonisation, are affected by nitrate and velocity treatments.
Natural colonisation was an extremely haphazard process in the mesocosm-based experiments,
even though Phormidium was present in the waterway where the water was sourced, and
cobbles covered with mature Phormidium mats were placed at an upstream position within
each mesocosm. Less than 10% of experimental substrates were colonised. Upstream biomass
should theoretically enhance colonisation (Fisher, 1983), however perhaps the short-time
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frame of my experiments (three weeks) prevented natural colonisation. The lack of colonisation
limited replication and did not allow for the rigorous testing of the effects of physicochemical
variables on Phormidium colonisation or the subsequent phases of the accrual cycle. This issue
prompted the development of the controlled inoculation technique to eliminate the variability
of colonisation on accrual and allowing robust replication in experimental design (Fig. 6.3B,
6.4).

Figure 6.4 Cobbles inoculated with homogenised Phormidium mats.

Secondly, to enhance knowledge on colonisation during the in-stream experiment, four
different treatments were employed and 40 cobbles placed into several rivers (Fig. 6.5).
Treatments (10 replicates of each) included;
1) vigorously scrubbed cobble seeded with Phormidium, as described in Chapter 4,
2) vigorously scrubbed bare cobble,
3) lightly scrubbed cobble previously colonised by Phormidium and seeded with
Phormidium and,
4) lightly scrubbed cobble previously colonised by Phormidium.
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Figure 6.5 (A) In-stream colonisation experiment. From left to right in (B) and (C) close-up
photographs of experimental treatments; 1) vigorously scrubbed cobble seeded with Phormidium,
2) vigorously scrubbed bare cobble, 3) lightly scrubbed cobble previously colonised and seeded
with Phormidium and, 4) lightly scrubbed cobble previously colonised by Phormidium.

Despite multiple attempts, the in-stream colonisation experiment (Fig. 6.5) could not be
completed due to flooding and competition with other periphyton. I did, however, make several
interesting observations during these experiments, which offer insights into colonisation.
Vigorously scrubbed cobbles (treatment 2) were not colonised by Phormidium during the short
length of the experiment (two weeks), whereas cobbles that were cleaned by light brushing
(treatment 4) were. This suggests that bacterial communities associated with pre-colonised
cobbles may enhance colonisation and that relic Phormidium populations could also enhance
growth. Brasell et al. (2015) identified, using molecular approaches, three distinct phases of
bacterial assemblages as Phormidium mats developed after a disturbance events. These
bacterial assemblages are likely to play an important role in Phormidium colonisation and may
partially explain why substrates that had been scrubbed clean were only sporadically colonised
in initial mesocosm experiments. Recolonisation was enhanced on cobbles that had been
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previously colonised by Phormidium (treatment 4; Fig. 6.5, 6,6). This has important
management implications as it suggests that the probability of a Phormidium proliferation
occurring at a particular site is enhanced if a bloom has occurred there in the past.

Figure 6.6 Two cobbles inoculated with Phormidium. Both cobbles were seeded in the centre with
Phormidium, however the cobble on the left was previously colonised and lightly scrubbed,
whereas the cobble on the right was not previously colonised by Phormidium and was vigorously
scrubbed.

Physical characteristics of substrates, including size, heterogeneity, stability and mobility, as
well as shear stress are also likely to influence Phormidium colonisation. The last is supported
by the findings of Chapter 5 at site 2 were natural colonisation, measured as cover, was
extremely limited, which I attribute to high levels of shear stress. The results of my thesis
indicate that relic populations influence colonisation rates and it is likely that the magnitude of
previous resetting flows are also likely to indirectly affect colonisation.
6.2.2 Growth
The speed at which cover and biomass can accrue and the balance between growth-promoting
and growth-limiting factors determine the Phormidium accrual cycle. These factors can relate
to resource supply, which in turn affects the rate of biological processes, as well as other
physicochemical constraints (i.e., herbivory, velocity). In this thesis, I focused predominately
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on the effects of velocity and nitrate on Phormidium growth and briefly explore herbivory. I
also investigated the site-specificity of these relationships.
The effect of velocity on Phormidium growth
In Chapter 2, I observed extreme patchiness in Phormidium growth at the reach scale and
hypothesised that this could be attributed to patch scale variation in velocity. This hypothesis
was further explored in Chapters 4 and 5. In these chapters, 324 and 135 cobbles respectively
were inoculated with a standardised amount of Phormidium and photographs taken every 2 to
3 days to assess patch expansion as well as measuring Phormidium biomass (chlorophyll a and
phycoerythrin concentrations and biovolumes) at regular intervals. In Chapter 4, a small
increase in velocity of 0.1 m s-1 in mesocosms was sufficient to increase Phormidium biomass
(chlorophyll a and phycoerythrin concentrations and biovolumes) but not expansion rates.
Other researchers have also concluded that intermediate to high velocities (0.4–1 m s-1)
positively affect Phormidium cover (Hart et al., 2013; Heath et al., 2015). These studies
however, used different approaches to understand how velocity affects Phormidium growth.
Both Heath et al. (2015) and Hart et al. (2013) measured Phormidium cover, rather than growth,
and velocity at multiple points (n=27 in Hart et al. (2013) and n=650 in Heath et al. (2015)) at
a single time point in a single river, during summer low flows.
The relatively small difference in velocity between slow and fast treatments in Chapter 4 may
explain why an increase in Phormidium expansion rates was not observed. The velocity
treatments used were constrained by the experimental system, which was not capable of
maintaining higher velocities. However, a wider range of velocities were incorporated in
Chapter 5, where cobbles inoculated with Phormidium were placed in pool, run and riffle
habitats (near-bed velocity range: 0–1 m s-1) in three south Canterbury rivers. Although
Phormidium has a wide tolerance to velocity (Heath et al., 2015), my results indicate that the
speed at which biomass and cover can accrue is highly dependent on velocity. I found that
optimum near-bed velocities for Phormidium mat expansion were 0.25 to 0.45 m s-1, which in
this study was representative of a run habitat rather than the higher velocity riffle habitats. This
appears to contradict previous research, which has suggested that accrual, measured as percent
cover, is greater in riffles (Bouma-Gregson, 2015; Hart et al., 2013; Heath et al., 2015).
Intermediate velocities that enhance solute exchange but are insufficient to cause biomass loss
through increased shear stress are postulated to be optimal for Phormidium growth (Biggs &
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Thomsen, 1995; Wood et al., 2017a) and this suggestion is supported by the findings of this
thesis (Fig. 6.7).

Figure 6.7 A conceptual diagram showing the mechanistic effects of velocity on the efflux and
influx of solutes and its effect on Phormidium accrual rates. The influx of solutes does not relate
to dissolved reactive phosphorus as concentrations within mats are higher than the overlying water
column (Wood et al., 2015).

Differences in velocity also resulted in changes to Phormidium mat morphology (Chapter 5
and to a lesser extent Chapter 4; Fig. 6.8). Patches in low-medium velocity habitats (pools and
runs) spread relatively quickly laterally (at least initially), whereas Phormidium mats in riffles
were darker and expansion rates were reduced. Throughout this thesis Phormidium biomass
(chlorophyll a and phycoerythrin concentrations and biovolumes) was normalised to cobble
surface area as this was scrubbed during sampling. However when biomass was normalised to
patch area, rather than cobble size, a different pattern emerged. In Chapter 5, Phormidium from
riffles had a higher biomass per area of mat compared to mats in runs, which indicates that
although mats increased laterally at a slower rate than those in runs, they increased in thickness
more quickly. Absolute biomass accrual in riffles and runs may be similar, but more persistent
in riffles, despite smaller patch sizes. I conclude that velocity is a key factor influencing
biomass accrual and patch expansion, mat morphology, the length of accrual cycles and
ultimately the speed at which Phormidium proliferations can form.
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Figure 6.8 One-week old inoculated Phormidium mats in pool (A), run (B) and riffle habitats (C)
at the Ōpihi River, Canterbury.

The influence of nitrogen on Phormidium accrual/growth
In Chapter 2, Phormidium cover was highest under low to intermediate DIN concentrations
(0.02–0.2 mg L-1) but beyond this there was a negative correlation. There was a strong effect
of a single river on this relationship which means the upper threshold for Phormidium
proliferation should be treated with caution. Low to intermediate DIN optima are both
supported and contradicted by other studies. In Spanish rivers Phormidium autumnale is
prevalent in hypertrophic systems (Loza et al., 2013), whereas Wood et al. (2017a) noted that
greater Phormidium cover was observed at intermediate DIN (up to 0.8 mg L-1). This observed
correlation was explored further in Chapter 4, where nitrate concentrations and velocity were
manipulated in a stream-side mesocosm experiment. The effect of three nitrate treatments
(0.02, 0.1 and 0.4 mg L-1) on Phormidium expansion rates and biomass (chlorophyll a and
phycoerythrin concentrations and biovolumes) were investigated. This 20-fold increase in
nitrate concentrations did not elicit a response in Phormidium expansion rates, biovolumes or
chlorophyll a concentrations. However, there was an increase in phycoerythrin concentrations,
under high velocity treatments, with nitrate. This relationship may simply be attributed to
luxury uptake of nitrate, beyond growth requirements, and the consequent storage of nitrogen
as phycoerythrin pigments. Although the method utilised to seed cobbles with Phormidium in
both Chapters 4 and 5 precludes any inference about how physicochemical factors, including
nitrogen, influence Phormidium colonisation, my results show that once the mat phase is
reached in the accrual cycle, rates of accrual are not limited by water-column derived DIN
concentrations.
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The occurrence of Phormidium proliferations (i.e., greater than 20% benthic coverage) in the
Ōrari River, which has extremely low DIN (0.02 mg L-1; Chapter 2), together with the failure
to demonstrate net accrual rate limitation in mesocosms at similar nutrient concentrations, led
to the development of the hypothesis that nitrogen-fixing bacteria are present in Phormidium
mats and could contribute to the nitrogen requirements for growth. This idea was investigated
further in Chapter 3, where molecular techniques were employed to ascertain if nitrogen-fixing
bacteria were present in mats and whether their diversity and abundance varied with watercolumn nitrogen concentrations. High-throughput sequencing showed that nitrogen-fixing
bacteria were present in Phormidium mats but that they had relatively low diversity (sixteen
operational taxonomic units) and diversity was greatest at high, rather than low DIN
concentrations. Due to inconsistencies of nifH QPCR assays (Chapter 3), I was unable to
confidently quantify the abundance of nitrogen-fixing bacteria within Phormidium mats.
Prior to the commencement of this PhD, the most subscribed to school of thought was that
elevated DIN was a prerequisite of Phormidium proliferation (Quiblier et al., 2013).
Conversely, I documented high Phormidium coverage at sites with low DIN concentrations
and found no evidence that increasing nitrate led to an increase in Phormidium mat expansion
(Chapters 2 and 4). I conclude that DIN plays a minor role in facilitating proliferation once the
mat stage in accrual has been reached, but may be important during the colonisation phase.
Site-specific factors affecting Phormidium growth
A reoccurring theme in this thesis is the emergence of site as an important factor influencing
Phormidium accrual. In Chapter 2, site persisted as an important explanatory variable in models
and in Chapter 5 when velocity was constant, differences in accrual were observed among sites.
These results collectively suggest that physicochemical variables interact and combine
uniquely to influence cover in each river and/or key variables that are site specific and time
independent are missing from analyses.
I began to explore other potentially important site-specific factors within Chapter 5, including
shear stress and macroinvertebrate communities. Phormidium growth was extremely limited
in the Te muka River (site 2) with inoculated patches not growing much throughout the
experimental period, which I attributed to high shear stress. Although the dense, low-profile
nature of Phormidium mats should lessen its susceptibility to elevated shear stress, it is likely
a hydraulic threshold exists beyond which growth and expansion of mats is prevented. At this
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site, sporadic events of high turbidity were also observed, which could have further limited
growth by increased abrasion. The other relatively unexplored factor highlighted in this thesis
was the effect of herbivory on growth, which is known to be important in regulating periphyton
(Anderson et al., 1999; Karouna & Fuller, 1992; Kohler & Wiley, 1997). The effect of
herbivory was evident in slow velocity environments (i.e., pools) and differences in
abundances of various macroinvertebrates explained differences in patch longevity among
sites. Velocity is known to influence the efficiency at which macroinvertebrates remove algae
with higher removal predicted in physically stable habitats (Hintz & Wellnitz, 2013; Steinman
et al., 1991; Wellnitz & Leroy Poff, 2006). In this thesis at higher velocities, no effect of
macroinvertebrates was observed. This could be explained by Biggs et al. (1998) who
suggested that when resource supply and algal growth rates are high, they will exceed the
consumptive capacity of herbivores.
Other important factors influencing accrual rate of Phormidium are likely to include water
temperature and sediment. While, Heath et al. (2011) found that water temperature was an
important factor influencing Phormidium cover, in Chapter 2 it was removed from models.
However, a subsequent study, which combined the data sets of Wood et al. (2017a), Chapter 2
and an unpublished data set collected in Nelson, New Zealand, also found that temperature
increased Phormidium cover (Wood et al., 2017b). DRP concentrations below 0.01 mg L-1
were initially thought to be required for Phormidium to proliferate. However, my research
suggests a slightly higher upper limit of 0.02 mg L-1. The propensity of proliferations to form
under low DRP conditions is related to the ability of Phormidium to gain phosphorus from
sediment in the mat matrix (Wood et al., 2015). Although competition between other algal
groups was not specifically investigated within this thesis, I observed that in the Ōpihi River
experimental cobbles were more likely to be colonised by other algae in the riffles compared
to the runs (Chapter 5). This may have slowed lateral expansion rates of Phormidium in high
velocity environments.
6.2.3 Resetting and dispersal
The final phase of the accrual cycle occurs when mats slough off the substrate, often
accumulating at the river edge. This represents a heightened risk from a management
perspective as humans and animals are more likely to come in contact with detached mats. It
is important to understand conditions that enhance or lead to detachment of Phormidium mats.
It was initially thought that three times median flows were capable of removing all Phormidium
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mats (Clausen & Biggs, 1997; Heath et al., 2011). However, Wood et al. (2017a) illustrated
that the magnitude of flow required to remove Phormidium is site-specific. Traditionally,
resetting of Phormidium proliferations was almost exclusively attributed to increases in river
flow. However, this thesis has highlighted, through observations and manipulative
experiments, that autogenic detachment is also an important mechanism resulting in the
termination of Phormidium accrual cycles.
Whilst conducting field work for Chapter 2, I observed a sudden decrease of Phormidium
cover, which did not coincide with an increase in river flow. This phenomena may be related
to the entrapment of oxygen bubbles within the mat matrix increasing buoyancy and the risk
of detachment (Bosak et al., 2010; Bouma-Gregson et al., 2017; Mendoza-Lera et al., 2016).
In Chapters 4 and 5, I followed the Phormidium accrual cycle through to the detachment phase
and found that slower velocities enhanced detachment of mats. Oxygen bubbles, produced
during photosynthesis are commonly observed in Phormidium mats (Wood et al., 2017a) and
it is likely that the accumulation of these resulted in the detachment of mats. The accumulation
of these oxygen bubbles is more likely to occur in low velocity environments (Boulêtreau et
al., 2006) where the development of a thick boundary layer restricts the efflux of oxygen out
of the mat matrix, making mats more positively buoyant and therefore likely to detach.
The length of the accrual cycle was greatest in high velocity environments (i.e., riffles) and
shortest in low velocity environments (i.e., pools; Fig. 6.7). Of the possible explanations of
this, my data supported the view that patches in runs had the highest expansion rates, reaching
maximum patch size, and therefore detaching, earlier, whereas patches in riffles continued
growing, at a slower rate, for longer. The length of the accrual cycle was greatest in riffles,
which may partially explain why researchers have often suggested that Phormidium grows
better in riffles (Bouma-Gregson, 2015; Hart et al., 2013; Heath et al., 2015). Patches in riffles
were also less susceptible to partial ablation during disturbance events than those in runs,
suggesting that mats were acclimated to high velocities (Chapter 5). Autogenic detachment
appeared to be unimportant in pool habitats because patches did not accrue enough biomass or
grow large enough for these processes to dominate. Instead, patches in pools were removed by
grazing macroinvertebrates resulting in the early termination of accrual cycles.
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6.3

A conceptual model of the effects of velocity and nitrate on accrual cycles

When attempting to understand how various physicochemical factors affect Phormidium, it is
helpful to consider it within the concept of accrual cycles as factors likely to affect the various
phases in the cycle (Fig. 6.9). The first phase of the Phormidium accrual cycle is colonisation,
within which rapid colonisation can be initiated from either relic populations after the
termination of the previous cycle or from new colonists. Extensive abrasion delays
recolonisation, and this points to a positive feedback in Phormidium accrual, where previous
colonisation enhances subsequent development.
After colonisation Phormidium mats form, expanding laterally via gradual spread. At the mat
stage, Phormidium expansion rates and biomass were greatest under intermediate velocities.
Low velocities resulted in very short-lived patches whereas patches in high velocities had the
longest accrual cycles. Patches from riffles grew thicker and therefore had the highest biomass
per unit of mat area, however their lateral growth was constrained perhaps due to increased
drag and shear stress. Nitrate had no clear effect on the rate of accrual at any velocity, but at
high velocities nitrate enhanced phycoerythrin concentrations. Velocity determined the
morphology of mats, whereby mats in riffles grew slower but were thicker and mats in runs
spread quickly but were thinner. Patches detached more quickly under low-intermediate than
at high velocities and this was not effected by nitrate concentrations.
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Figure 6.9 A conceptual diagram illustrating the effects of velocity and nitrate on Phormidium expansion rates and detachment at different stages of the
Phormidium accrual cycle.
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6.4

Management implications

In this thesis, I have improved knowledge on how velocity and nitrate influences Phormidium
accrual cycles and provided new insights into Phormidium ecology, which may assist in
understanding their recent increase in abundance. It was anticipated that this research would
assist in providing management and mitigation strategies, however it has revealed another layer
of complexity in understanding Phormidium proliferations.
A reoccurring theme of this thesis is that the factors that influence Phormidium accrual
dynamics vary between sites. It is likely that there is a hierarchy of importance of various
physicochemical factors and Phormidium accrual, these relationships are not only spatially
dynamic but also vary temporally as mats undergo a series of developmental changes as they
develop. This highlights the difficulty in developing a robust prediction tool and essentially
precludes the ability to generalise across a wide range of rivers. It also represents a challenge
from a management perspective as it suggests that mitigation options may need to be river- or
even site-specific.
In Chapter 5, I investigated whether patch-scale patterns of Phormidium accrual reflected
reach-scale cover dynamics. Coherence between patch and reach dynamics provides
confidence that cover dynamics are a consequence of individual patch expansion and that for
monitoring and management purposes assessing reach-scale cover provides a useful
approximation of accrual dynamics.
Possible management options to lessen the extent and severity of Phormidium proliferations
could include:
1) Maintaining natural variation in river flow
•

This is particularly important for larger rivers on the Canterbury plains because,
as the long-term median flow of these rivers decrease through both climatic
changes and water abstraction, they will become more susceptible to
experiencing Phormidium proliferations.

•

Floods must be maintained because in addition to autogenic detachment (which
occurs naturally but only after high cover has been reached) they are the only
mechanisms known to terminate Phormidium accrual cycles.
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•

In dammed rivers this could be improved by regulating flood flows. Water is
extracted from many rivers on the Canterbury plains and it is likely that
continued and increased water takes will exacerbate the Phormidium problem
and extraction volumes should therefore be managed accordingly.

2) Reduce the input of sediments in rivers as sediment-bound phosphates provides an
alternative supply of phosphorus for Phormidium growth (Wood et al., 2015).
•

This could be reduced through better agricultural management practices and
riparian planting. Riparian planting could also increase shading and therefore
reduce water temperatures and ultimately slow Phormidium accrual rates.

3) Enhance habitats of herbivorous macroinvertebrate communities
•

Macroinvertebrates limited Phormidium growth in pool habitats. If other
habitats had similar densities of important herbivores, Phormidium accrual rates
may be reduced.

4) Support future research endeavours
•

Further investigations are required to gain an in-depth understanding of the
factors driving Phormidium proliferations (see Section 1.4).

6.5

Directions for future research

The reliance of Phormidium on water-column derived nutrients for growth
The occurrence of proliferations when water-column DIN concentration was low, together with
the existence of nitrogen-fixing bacteria within Phormidium mats (Chapters 2 and 3), suggests
that there is a disconnect between water-column nutrients and Phormidium accrual. Thus,
supporting the assertion that Phormidium mats grow independently of water-column derived
nutrients, once the mat stage in the accrual cycle has been reached, and highlighting the
potential that other processes, like within mat nutrient cycling, instead dominate. The
importance of these processes could be further assessed by exploring the following:
•

In Chapter 3, I was unable to confidently quantify the abundance of nitrogen-fixing
bacteria within Phormidium mats. Further optimisation of QPCR assays to successfully
quantify the abundance of nitrogen-fixing bacteria within Phormidium mats would
allow inferences to be drawn of how abundances are affected by the physicochemical
conditions of the surrounding environment.

•

Advances in molecular and genomic methodologies offer new opportunities to
understand Phormidium dynamics at a cellular level. Metatranscriptomic studies could
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provide further insights into the functioning of these nitrogen-fixing communities
within Phormidium mats. This methodology would allow the identification of
biologically active organisms in mat communities, rather than simply reporting which
organisms/genes are present.
•

The measurement of the presence and abundance of nitrogen-fixing genes (Chapter 3)
provides no information on the nitrogen-fixing potential of mats. Nitrogen-fixing rates
of Phormidium mats could be assessed by acetylene reduction assays, which in concert
with metatranscriptomic studies would indicate whether these genes were switched on
or not.

•

Wood et al. (2015) noted that DRP concentrations within Phormidium mats were 300
times greater than the surrounding water-column. Measuring nitrogen concentrations
within Phormidium mats would provide further evidence into the importance of cycling
processes and identify whether, like DRP, the net flux of DIN is out of the mat into the
water-column.

The effects of herbivory on Phormidium accrual
A site-specific factor, highlighted within this thesis that affected Phormidium growth and led
to the early termination of accrual cycles was herbivory. In Chapter 5, I speculated that in low
velocity habitats (i.e., pools) mats were removed quickly due to high abundances of grazing
macroinvertebrates. I conducted preliminary grazer exclusion experiments, where patches
grown in grazer exclusion treatments survived and those exposed to grazers did not. However,
more rigorous and robust experiments are required to understand how grazers influence
Phormidium accrual dynamics. These could include:
•

Investigating the stomach contents of herbivorous macroinvertebrates in areas with
Phormidium proliferations.

•

Inoculating cobbles with Phormidium and placing them in rivers, which have similar
physicochemical characteristics but differ in their macroinvertebrate communities.
Treatments could include cobbles encased in macroinvertebrate excluding mesh and
exposed cobbles. As velocity is an important factor influencing Phormidium accrual, a
control treatment would be required to factor out the effects of mesh. Experiments could
also be conducted in low velocity environments where changes in velocity caused by
mesh would be reduced. Further iterations could involve the targeted exclusion of
particular species or sized macroinvertebrates, through using different sized mesh to
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tease out their various influences. Another methodology which could also be employed
in similar experiments to inhibit macroinvertebrate grazing, is the use of electric fields.
•

The stream-side mesocosm set-up used in Chapter 4 could also be used to understand
how herbivory affects the Phormidium accrual cycle. Selected mesocosms could be
seeded

with

specific

macroinvertebrates

and

others

left

uncolonised

by

macroinvertebrates.
•

In Chapter 5, I found that there was an interaction between velocity and
macroinvertebrate communities, whereby patches in pools appeared to be more affected
by macroinvertebrates compared to those in riffles and runs. This experimental system
would also lend itself to investigate the interactive effects of velocity and herbivory on
Phormidium accrual cycles.

Detachment and the termination of accrual cycles
My thesis has contributed to the understanding of detachment processes, through the
documentation of autogenic detachment events and the exploration of how velocity influences
detachment. However further research would continue to advance current understanding and
potential studies could include growing mature mats, from inoculated cobbles, and placing
mats in different physicochemical conditions (i.e., light, temperature, velocity) and examining
how they influence detachment.
Anatoxin concentrations and their relationships with physicochemical variables
Although exploring toxin concentrations of Phormidium mats was not a substantial part of this
thesis, I observed high spatial and temporal variation of anatoxin concentrations (Chapter 2).
This is unsurprising as both non-toxic and toxic genotypes co-exist within mats (Heath et al.,
2010; Wood et al., 2010) and there is significant variation in toxin quotas produced among
toxic genotypes (Wood et al., 2012). The variability in anatoxin concentrations and its
relationship with physicochemical variables could be further understood by the development
of methods to quantify the abundance of non-toxic and toxic Phormidium genotypes.
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Appendix 1: The rise of toxic benthic Phormidium proliferations: A review of
their taxonomy, distribution, toxin contents and factors regulating prevalence
and severity
Tara G. McAllister, Susanna A.Wood, Ian Hawes
Abstract
There has been a marked increase in the distribution, intensity and frequency of proliferations
of some species of the benthic mat-forming, toxin-producing genus Phormidium in rivers
globally over the last decade. This review summarises current knowledge on their taxonomy,
distribution, toxin content, environmental drivers of proliferations, and monitoring and
management strategies in New Zealand. Although toxic Phormidium proliferation occurs in
rivers worldwide little is known about these factors in most countries. Proliferations, defined
as >20% cover of a riverbed, have been identified in 103 rivers across New Zealand.
Morphological and molecular data indicate the main species responsible is Phormidium
autumnale. In New Zealand Phormidium produces anatoxins (anatoxin-a, homoanatoxin-a,
dihydroanatoxin-a, and dihydrohomoanatoxin-a) and these were detected in 67% of 771
samples from 40 rivers. The highest concentration measured was 712 mg kg−1 dried weight
(Oreti River, Southland), with considerable spatial and temporal variability in anatoxin
concentrations between and within rivers. A synthesis of field based studies suggests that
Phormidium proliferations are most likely when there is some enrichment of dissolved
inorganic nitrogen but when water-column dissolved reactive phosphorus is less than
0.01 mg L−1. Once established Phormidium-dominated mats trap sediment and internal mat
biogeochemistry can mobilise sediment-bound phosphorus, which is then available for growth.
Removal of Phormidium-dominated mats is primarily due to shear stress and substrate
disturbance, although there is also evidence for autogenic detachment. A combination of
factors including; changes to riparian margins, increased nitrate and fine sediment loads, and
alterations in flow regimes are likely to have contributed to the rise in Phormidium
proliferations.
1. Introduction
The filamentous cyanobacterial genus Phormidium (Fig. 1A) is cosmopolitan and is found in
diverse habitats including; intertidal marshes, alpine streams, thermal springs, and Arctic and
Antarctic lakes (Broady and Kibblewhite, 1991; Quesada et al., 1999; Komárek and
Anagnostidis, 2005). Under favourable hydrological and environmental conditions,
Phormidium forms cohesive mats which can cover large areas of substrate (Fig. 1B–D).
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Expansive Phormidium mats have been recorded in both oligotrophic and eutrophic
environments (Mez et al., 1998; Komárek, 1999; Wood et al., 2012a). Although dominated by
Phormidium, these mats also contain a plethora of other organisms including bacteria, other
cyanobacteria, and to a lesser extent eukaryotic algae (Hart et al., 2013; Brasell et al., 2015).
These consortia of micro-organisms often benefit each other physiologically, and are bound
together, and to the substrate, by extracellular polymeric substances (EPS). Hereafter these
microbial communities are collectively referred as Phormidium-dominated mats. These mats
also contain inorganic matter, including sediment (Fig. 1B; Wood et al., 2015b).

Fig. 1. (A) Example of typical Phormidium filament observed in Phormidium-dominated mats
in New Zealand. This filament was from the study of Wood et al., 2007 (Hutt River,
Wellington, New Zealand), (B) a thick Phormidium-dominated mat from the Selwyn River
(New Zealand), the left-hand side of the mat has been peeled back to show the layer of fine
sediment commonly observed at the mat-rock interface, and (C, D) Phormidium proliferations
in the Opihi River (New Zealand).
Species belonging to the genus Phormidium can produce a range of cyanotoxins (Gugger et
al., 2005; Teneva et al., 2005; Wood et al., 2007; Borges et al., 2015). The most commonly
produced toxins are the powerful neuromuscular-blocking anatoxin-a (ATX) and
homoanatoxin-a (HTX) and their structural derivatives (Quiblier et al., 2013). Animal deaths
linked to ingestion of microbial mats containing anatoxin producing Phormidium species have
been reported in France, Netherlands, the United States of America, and New Zealand (Gugger
et al., 2005; Wood et al., 2007; Puschner et al., 2008; Faassen et al., 2012). In France, ingestion
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of mats dominated by ATX-producing Phormidium favosum were implicated in the rapid death
of two dogs at the Loue River (Gugger et al., 2005). A similar event occurred in Netherlands,
where three dogs died at Lake IJmeer after ingesting mats containing Phormidium and high
concentrations of ATX (Faassen et al., 2012).
Over the last decade there has been an apparent increase in the prevalence of benthic
Phormidium proliferations (defined as >20% coverage of the benthos by Phormidiumdominated mats) in some New Zealand rivers (Heath, 2009). The first documented animal
toxicosis event due to ingestion of benthic cyanobacteria occurred in 1998 in the Waikanae
River (lower North Island), where five dogs died in three days (Hamill, 2001). Using a mouse
bioassay and high-performance liquid chromatography with fluorescence detection (HPLCFLD) the presence of natural degradation products of ATX was subsequently confirmed in a
benthic mat dominated by Oscillatoria-like species (Hamill, 2001). Further sudden deaths of
dogs were reported at the Mataura River (lower South Island) in 1999 and 2000. Benthic
Oscillatoria-like mats were collected and their toxicity confirmed by mouse bioassay (Hamill,
2001).
In November 2005, at least five dogs died rapidly after visiting the Hutt River (lower North
Island). Extensive benthic mats dominated by Phormidium autumnale were found in the river
(Wood et al., 2007). Liquid chromatography–mass spectrometry (LC–MS) analysis of the mats
and the stomach contents from a deceased dog identified ATX, HTX and the variants dihydroanatoxin-a (dhATX) and dihydro-homoanatoxin-a (dhHTX; Wood et al., 2007). Since this
incident, ingestion of Phormidium-dominated mats has been linked to dog toxicosis events in
other parts of New Zealand and anatoxins detected on multiple occasions (e.g., Heath et al.,
2010; Wood et al., 2012b).
This review summarises the current knowledge on Phormidium-dominated mat taxonomy,
distribution, toxin content, environmental drivers of proliferations and monitoring and
management strategies in New Zealand. Data on proliferation occurrence and toxin content
have been collated from researchers and management authorities to provide a national
overview. Although Phormidium mats have been identified in other environments in New
Zealand, including lakes (Wood et al., 2012a), this review focuses only on rivers, and primarily
cobble-bedded rivers, as these are the sites with the most pronounced and problematic
proliferations. Previous literature of periphyton dynamics and more recent Phormidium169

specific research was reviewed to provide an in-depth synthesis of potential factors causing
proliferations. Finally, data are provided to support and speculate on reasons for the apparent
increase in the distribution and extent of Phormidium-dominated proliferations and areas
requiring further research are highlighted. The information collated in this review will assist
other countries beginning to address the causes of, and risk associated with, toxic Phormidium
proliferations (Quiblier et al., 2013; Borges et al., 2015; Bouma-Gregson, 2015; Fetscher et al.,
2015).
2. Taxonomy
The genus of Phormidium is species-rich with approximately 170 described species (Komárek
and Anagnostidis, 2005; Strunecký et al., 2013). It is characterised morphologically by curved
trichomes which are usually contained in a colourless sheath. Trichomes contain cells (2.5–
11 µm wide) which are roughly isodiametric and usually have a pointed or rounded apical cell
sometimes with a calyptra (Fig. 1A; Komárek and Anagnostidis, 2005). There have been
significant taxonomic challenges with this genus, with molecular approaches often
contradicting morphological studies (Marquardt and Palinska, 2007; Palinska and Marquardt,
2008; Palinska et al., 2011; Strunecký et al., 2013). For example, Marquardt and Palinska
(2007) characterised 30 strains belonging to the Phormidium genus, on the basis of
morphology, using a polyphasic approach. They found that strains fell into different
phylogenetic clusters, which also contained Microcoleus, Leptolyngbya and Oscillatoria
ribotypes. Furthermore, two species that were morphologically assigned to P. autumnale, were
found to be genetically dissimilar, grouping in different clusters. These results indicate that the
genus Phormidium is not monophyletic and is likely to require significant further revision.
Studies in New Zealand have used polyphasic approaches to investigate species isolated from
Phormidium-dominated mats (Heath et al., 2010; Wood et al., 2012a; Harland et al., 2014).
Heath et al. (2010) isolated strains from Phormidium-dominated mats across New Zealand.
They noted considerable morphological variability among strains, but based on an analysis of
an approximately 650 base pair (bp) region of the 16S ribosomal RNA (16S rRNA) gene they
consistently identified the dominant species in the mats as Phormidium autumnale. Heath et
al. (2010) further concluded that P. autumnale mats are composed of multiple morphospecies
and that only some strains have the ability to produce toxins. Using morphology, Harland et al.
(2014) classified 15 strains isolated from South Island rivers as Phormidium cf. uncinatum but
based on their phylogenetic analysis (16S ribosomal RNA, approximately 1330 bp; GenBank
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accession numbers JX08873-82, JX08895-99) these clustered with other P. autumnale
characterised using phenotypic and molecular methods (Comte et al., 2007; Palinska and
Marquardt, 2008). Based on morphology Wood et al. (2012a) was unable to identify
differences among 30 Phormidium strains isolated from four mats. Comparatively, 16S rRNA
(1340 bp; GenBank accession numbers JX847017–036, JX088073–93) gene sequence
comparisons showed a difference of at least 17 nucleotides among anatoxin and non-anatoxinproducing strains and these formed two separate sub-clades during phylogenetic analysis. All
strains showed high sequence homology to P. autumnale (Comte et al., 2007; Palinska and
Marquardt, 2008).
Considerable uncertainty regarding the classification of Phormidium autumnale and
Phormidium uncinatum exists internationally. Komárek and Anagnostidis (2005) separated the
two species based on cell morphometrics; P. autumnale is in Group VII of the Phormidium
genus, having roughly isodiametric cells and having attenuation towards the apical cell,
whereas, P. unicinatum is placed in Group VIII based on abrupt tapering of cylindrical
trichomes and distinctly shorter cells. Whitton (2011) suggested that they should be
amalgamated to form a single species (P. autumnale), as both species possess a calyptra and
their trichome widths overlap. Recent research suggests that the genus Microcoleus should
include several common Phormidium species, including P. autumnale (Strunecký et al., 2013).
Phylogenies based on 16S rRNA and internally transcribed spacer (ITS) demonstrated that
strains of Microcoleus vaginatus and P. autumnale are members of a highly supported
monophyletic clade. Morphologically M. vaginatus and P. autumnale are very similar,
particularly in trichome morphology, differing only in the formation of colonies and
organisation of filaments. On-going research using a multi-gene approach may resolve these
taxonomic uncertainties, however at present it is considered that the organism forming most of
the riverine accumulations in New Zealand should be ascribed to P. autumnale.
Phormidium-dominated mats in New Zealand rivers have a distinct macroscopic appearance,
comprising a several millimetre-thick tightly adhering darkly pigmented and cohesive mat that
colonises river substrate by gradual spread. This ready field identification has resulted in a
pragmatic approach being adopted for taxonomic identification during monitoring programmes
or research aimed at investigating environmental drivers. Consequently, Phormidium is now
rarely identified to species level in monitoring programmes, and instead is referred to as
Phormidium-dominated mats.
171

3. The current distribution of Phormidium-dominated proliferations in New Zealand
Freshwater scientists from governmental organisations across New Zealand were asked to
provide names of rivers in their regions that had experienced Phormidium proliferations.
Information from these organisations identified that Phormidium proliferations had occurred
at one or more sites in 103 rivers across New Zealand since 2009 (Fig. 2; North Island = 61
rivers, South Island = 42 rivers). While by no means an exhaustive national survey, the rivers
where proliferations are recorded tend to be on the eastern side of the country, often in the rain
shadow of prevailing westerly winds.

Fig. 2. New Zealand Rivers where one (or more) sites have experienced Phormidium
proliferations (defined as greater than 20% coverage) on one (or more) occasions since 2009.
Adapted from Wood et al. (2015c).
4. Anatoxins in Phormidium-dominated mats
The primary toxins identified in Phormidium-dominated mats in New Zealand are; ATX, HTX,
dhATX, and dhHTX (Wood et al., 2007, 2014a, 2015a). Anatoxins are low molecular weight
alkaloids, which mimic the action of acetylcholine at neuromuscular nicotinic receptors of the
post-synaptic membrane at the neuromuscular junction (Carmichael et al., 1975; Aronstam and
Witkop, 1981; Carmichael, 1997). Anatoxins are not degraded by cholinesterase and
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consequently continually stimulate muscle cells, causing muscular twitching, fatigue, paralysis
and eventually respiratory arrest (Carmichael et al., 1977; Devlin et al., 1977; Stevens and
Krieger, 1991).
In this review, published (Heath and Wood, 2010; Wood et al., 2010, 2014a, 2015a; Heath et
al., 2011) and unpublished data on anatoxin concentrations detected in Phormidium-dominated
mats has been compiled. This dataset comprised of 771 samples from 40 rivers. To simplify
visualisation of toxin data, the concentrations of ATX, HTX, dhATX and dhHTX in each
sample were combined and a total toxin concentration presented (Fig. 3). Sampling effort
varied among rivers, and some rivers were sampled multiple times on the same day to assess
spatial variability in anatoxin concentrations (Fig. 3; see x-axis).
Anatoxins were detected in 30 (75%) rivers and in 520 (67%) of the samples and showed high
spatial and temporal variability among and within rivers (Fig. 3). The highest concentration
was measured in the Oreti River (712 mg kg−1 dried weight (dw)). Single samples from the
Whakatikei, Wainuiomata, Waikaia, Wai-iti, Mataura, Mangaroa, Maitai and Hutt rivers also
contained high concentrations (>100 mg kg−1 dw) of toxins. The median anatoxin
concentration for the majority of rivers was below 1 mg kg−1 dw (Fig. 3). Multiple studies have
observed marked changes in total anatoxin concentrations within a one week period (Heath et
al., 2011; Wood et al., 2014a, 2015a). For example, Wood et al. (2014a) noted an increase in
anatoxin concentrations from 1.2 to 82.4 mg kg−1 dw in Phormidium-dominated mats from
the Makakahi River between 10 February 2012 and 17 February 2012. Total anatoxin
concentrations can also be highly spatially variable. For example, Wood et al. (2010) analysed
15 samples from 10 × 10 m grids in seven rivers. Of the seven sites sampled, there was only
one site where all 15 samples contained toxins.
Differences in the relative abundance of co-occurring organisms or inorganic material in
Phormidium-dominated mats could account for some of the observed spatial and temporal
variability in weight-specific total toxin concentrations. Additionally, toxic and non-toxic
genotypes co-occur in Phormidium-dominated mats, often in close proximity (Heath et al.,
2010; Wood et al., 2010, 2012b), and their relative abundance may also affect the total anatoxin
concentrations. Wood et al. (2012b) isolated and cultured multiple Phormidium strains from
1 cm2 areas taken from four different mats collected in two rivers. Molecular and chemical
analysis showed both toxic and non-toxic genotypes co-existed, and that among toxic strains
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the concentration of toxin produced per unit biomass varied approximately 100-fold.
Consequently the relative amount of toxic versus non-toxic genotypes is not only important,
but also the abundance of toxic genotypes that produce higher anatoxin quotas (amount of toxin
produced per cell).
Variables that regulate the presence and abundance of each genotype within Phormidiumdominated mats are unknown. Heath et al. (2010) suggested that toxin-producing strains in the
Hutt River ‘out-competed’ non-toxic Phormidium strains at temperatures above 15°C, but
subsequent studies in other rivers have not observed this pattern (Wood et al., 2014a). To date
analysis of field data has not identified correlations between toxin concentrations and any
environmental parameters, but further research is required to elucidate possible environmental
drivers of toxicity. Using culture-based studies, (Heath et al., 2014) showed increased nitrogen
and phosphorus concentrations resulted in a significant decrease in HTX quotas. Multiple
studies have demonstrated that toxin quota peaked in the initial growth phase (Harland et al.,
2013; Heath et al., 2014, 2016).
Analysis of the toxin data collated in this review showed that, ATX, HTX, dhATX and dhHTX
are usually detected simultaneously although their relative concentrations vary (Fig. 4).
Dihydro-anatoxin-a and dhHTX were the most prevalent variants (Fig. 4). Anatoxin-a was least
commonly detected; only occurring on a few occasions in the Hutt, Wai-iti, Waikaia and
Wainuiomata rivers (Fig. 4). A possible explanation for the low detection of ATX is that it
degrades readily, especially in sunlight and at high pH; whereas the dihydro-compounds are
more stable (Smith and Lewis, 1987). This may partially explain the absence of ATX, although
HTX is thought to be just as unstable as ATX.
Limitations in the use of ‘grab’ samples to detect low concentrations of extracellular toxins in
rivers led to a study by Wood et al. (2011) to evaluated the potential of an in situ method known
as solid phase adsorption toxin tracking (SPATT) for detecting anatoxins in river water. A
three-day field study in a river containing toxic Phormidium-dominated mats was undertaken
and toxins were detected in all SPATT bags, even when grab samples failed to show detectable
concentrations. These data suggest that low concentrations of anatoxins are likely to be present
in river water when Phormidium-dominated mats occur. This may be of particular concern
when river water is used by drinking supplies.
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Fig. 3. Total anatoxin concentrations in Phormidium-dominated mats from 40 New Zealand rivers (n = 771). Toxins are expressed as mg kg−1 of
dried weight. Note different y-axis scales in each panel to accommodate different ranges of concentration. T = number of different dates samples
were collected. Solid black line shows median, box shows 1st and 3rd quartiles, whiskers extend to the last data point within 1.5 times the interquartile range if there is data that far from it. Open circles are outliers beyond this range.
Adapted from Wood et al. (2015c).
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Fig. 4. Stacked bar graph showing the percentage of each anatoxin variant present in
Phormidium-dominated mat samples from 30 rivers. dhATX = dihydroanatoxin,
dhHTX = dihydrohomoanatoxin, HTX = homoanatoxin-a, ATX = anatoxin-a.
Adapted from Wood et al. (2015c).

5. Environmental drivers of proliferations
The concept of accrual cycles is fundamental to understanding periphyton dynamics (Biggs et
al., 1998). The accrual cycle describes colonisation and initiation of a periphyton community,
its subsequent growth, and the process that removes it and allows the cycle to restart (Fig. 5;
Biggs, 1996). At its simplest level, the accrual concept describes a cycle whereby following
colonisation, periphyton biomass and cover increases, at a rate determined by the balance of
growth-promoting and growth-inhibiting factors, until removed and reset by full or partial
disturbance (Fig. 5). Typically growth-controlling factors include water-column nutrients, light
and temperature, grazing and ablation.
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Fig. 5. Schematic diagram of accrual cycle for Phormidium-dominated mats in New Zealand rivers. DRP = dissolved reactive phosphorus,
P = phosphorus, BAP = biologically available phosphorus, DIN = dissolved inorganic nitrogen, DBL = diffuse boundary layer.
Adapted from Wood et al. (2015c).
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Mats dominated by Phormidium differ from other periphyton types, like filamentous greens
and diatoms, due to their thick, cohesive mat growth form. Mats can be many millimetres thick
and the environment inside the mat can be very different to that in the river itself (Wood et al.,
2015b). Steep biogeochemical gradients can occur within such systems, which can promote
nutrient fixation and recycling, that can make them to some degree independent of nutrient
fluxes from overlying water (Stal, 2012; Wood et al., 2015b).
Differences in the functioning of Phormidium-dominated mats from other periphyton types,
and differences at successional stages, mean that the environmental control of Phormidiumdominated biomass expansion can be complex, nuanced and at times contradictory. Factors
that are important to a thin film or trailing filaments may be less so to a thick mat, making
simple relationships difficult to extract. Key phases of the accrual cycle for Phormidiumdominated mats are discussed below.
5.1. Colonisation and attachment
Initiation of an accrual cycle may involve growth from new colonists, or from residual
populations left after the previous cycle has been completed. The first of these is still poorly
understood in the context of river periphyton. Stable substrates, such as bedrock, boulder and
cobble, tend to be preferred sites for Phormidium growth (Heath et al., 2015). The presence of
certain bacteria may also enhance colonisation. Brasell et al. (2015) used morphological and
molecular approaches to track microbial succession following a disturbance event that cleared
the substrate in the Hutt River (Wellington). They identified three distinct and concordant
phases of bacteria assemblages as Phormidium-dominated mats developed, although they
acknowledge that further research is required to fully understand the functional roles of bacteria
at each stage.
Substrate heterogeneity, including particle clusters, cracks, crevices and projections, may be
important in facilitating Phormidium colonisation. Heterogeneous substrate provides ‘refuges’
during flushing flows (Francoeur et al., 1998; Bergey, 2005; Murdock and Dodds, 2007). Rapid
recovery of Phormidium cover has been observed after partial ablation in Canterbury rivers
(Thiesen, 2015), suggesting that relic populations may facilitate subsequent proliferation (Fig.
5).
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Several studies (Wood et al., 2014a, 2015a) suggest that water-column nutrient concentrations
during the initial colonisation phase strongly influence whether Phormidium can establish and
subsequently form mats. This may be integrally linked with competition with other periphyton
components, for example, some cyanobacteria are known to be very adept at luxury uptake of
phosphorus, storing it in their cells for later cell division (Fig. 5; Nausch et al., 2004).
5.2. The transition from biofilm to mat
Several studies and numerous field observations by the authors have shown that Phormidiumdominated mats are at least initially, largely confined to riffles (high velocity, turbulent areas)
in rivers (Heath, 2009; Heath et al., 2015). Flow requirements for successful accrual have,
however, received less attention than those required for removal. A dynamic relationship
between flow and accrual exists that has different influences at different growth stages
(Quiblier et al., 2013), though there are only limited data to support this. Biggs et al. (1998)
developed a general stress-subsidy model for periphyton to describe this relationship. The
stress-subsidy concept suggests that during the initial accrual stages growth in nutrient poor
water may be enhanced by flow, as it increases the flux of nutrients from river to periphyton
by reducing the thickness of the diffusive boundary layer separating the substrate from river
water and through which solutes must pass by diffusion (Larned et al., 2004). This may
partially explain why Phormidium-dominated mats begin their growth phase predominately in
riffles (Heath, 2009). In later stages of growth, the subsidy-stress concept suggests that stress
increases as high velocity increases the probability of detachment of thicker periphyton
communities.
5.3. Accrual/growth
The duration of an accrual cycle is particularly important in determining the biomass and cover
that can be accumulated (Biggs, 2000). Within this overall constraint, growth promoting
variables affect biomass dynamics across all accrual phases, and these can relate to the supply
of resources or factors that affect the rate of specific biological processes. For river periphyton
in general, Francoeur et al. (1999) found using artificial substrate experiments, that temperature
was the most important variable affecting accrual rate. Heath et al. (2011) also suggested that
water temperature is an important factor in determining whether Phormidium proliferations
were present or absent, based on field observations of greater proliferation during warm,
summer months. Conversely, subsequent studies with larger datasets have shown no
relationship between temperature and the occurrence of Phormidium proliferations
(McAllister, 2014; Wood et al., 2014a, 2015a). Biggs (2000) concluded that, when the effects
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of accrual time were allowed for, the best predictors of overall periphyton biomass were
inorganic nitrogen and phosphorus concentrations.
More recently, targeted research on Phormidium proliferations has gathered data to test the
nutrient requirements for their formation. Wood et al. (2014a) investigated the nutrient
concentrations that favour Phormidium proliferations through weekly sampling of 10 rivers in
the Manawatu-Whanganui region over a two-year period. They based their analysis on the
suggestion of Biggs and Close (1989) that simple point-by-point correlations between nutrient
concentrations and periphyton biomass do not provide a true indication of the historic nutrient
loading on the community as nutrients are progressively depleted from the water column as
biomass accrues. To allow for this time-integration effect, Wood et al. (2014a) used a mean of
the DIN and DRP concentrations over the cumulative accrual period, as the mean nutrient
concentrations since Phormidium coverage was zero. Their data suggested that Phormidium
proliferations were most likely when DRP was less than 0.01 mg L-1, but they did not identify
a lower limit (Fig. 6A; Wood et al., 2014a). Most proliferations occurred at a dissolved
inorganic nitrogen (DIN - mostly nitrate) of >0.2 mg L-1. Exceptions were identified, in
particular downstream of sewage treatment plants, and these still require further investigation
(Fig. 6A). Data analysed from 24 Canterbury rivers suggest a similar upper threshold of
0.01 mg L-1 DRP for high Phormidium cover, but again identify no lower limit (Fig. 6B) and
again that proliferations were rare below a DIN concentration of 0.2 mg L-1 (Fig. 6B).
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Fig. 6. Relationships between mean Phormidium coverage and dissolved inorganic nitrogen
(DIN) and dissolved reactive phosphorus (DRP) for (A) ten rivers monitored weekly for two
years in the Manawatu region. All points in the top right corner with Phormidium coverage
are downstream of sewerage treatment plants (modified from Wood et al. (2014a) and (B) 24
rivers monitored monthly for two years in the Canterbury region. For (A) DIN and DRP are a
cumulative mean over the accrual period, and (B) shows the DIN and DRP concentrations on
the day of sampling. Dashed lines show suggested DIN and DRP thresholds that favour
Phormidium proliferations.
Analysis of two summers of monitoring data from seven sites in the Maitai River (Nelson) also
shows the capacity of proliferations to occur at low DRP concentrations (<0.01 mg L-1) though
here, as in Canterbury, proliferations were present when DIN was below the apparent
Manawatu-Whanganui lower threshold of 0.2 mg L-1 (Fig. 6A; Wood et al., 2014a, 2015a).
Analysis of the Maitai River data showed that a reduction in DIN was not associated with a
reduction in Phormidium cover (Wood et al., 2015a). Additionally, despite prolonged stable
flows following a detachment event, Phormidium-dominated mats did not re-establish at sites
where proliferations previously persisted. The authors suggested that monitoring may not have
started early enough to capture elevated DIN concentrations in the river during the initial stages
of mat establishment. Furthermore, established Phormidium-dominated mats are likely to be
able to persist under lower than predicted DIN concentrations due to nutrient cycling occurring,
aided by nitrogen fixing bacteria. The synthesis of these field-based studies suggests that
Phormidium proliferations can occur, or at least initiate, at low ambient concentrations of both
DRP and DIN. The ability to accumulate biomass at low ambient nutrient concentrations and
accumulate and retain nutrients as they grow is a well described, microbial mat trait (Bonilla
et al., 2005; Quesada et al., 2008).
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A common feature of most Phormidium-dominated mats is a thin layer of fine sediment at the
substrate/mat interface (Fig. 1B). Fine-grained sediment particles that are washed across the
mat surface stick to the EPS and are incorporated into the mat matrix (Frantz et al., 2015).
Filaments of Phormidium are very motile, and likely use this to stay above the trapped particles
and thus fine sediments are gradually moved to the lower mat matrix. Wood et al. (2015b)
showed that biogeochemical conditions inside natural Phormidium-dominated mats can be
very different to the outside water column, including the development of high pH (>9) during
the day (due to photosynthetic depletion of bicarbonate) and low oxygen (<4 mg L mg L-1)
concentrations at night (due to respiration). Such conditions are conducive to the release of
DRP loosely bound to sediments trapped in the mat matrix, and this may be an additional source
of DRP and one of the reasons why Phormidium-dominated mats can reach high biomass when
water-column DRP is low. They provide further support for this suggestion through the
detection of 320-fold higher DRP concentrations in water trapped within the mucilaginous mat
matrix compared to overlying river water. At this stage of the accrual cycle, with higher
concentrations within than outside the mat the net diffusive flux of DRP will be out of the mats
(Fig. 5), and water-column nutrient concentrations may be of little relevance to biomass
accrual.
Wood et al. (2015a) and Wood et al. (2015b) used sediment traps to investigate whether there
was a relationship between increased sedimentation rates and the prevalence of Phormidiumdominated mats. Deposition of fine sediment (<63 µm, the dominant sediment size observed
within Phormidium mats) was higher at sites with proliferations. Sequential extraction of
phosphorus from trapped sediment found that biologically available phosphorus concentrations
were higher at sites with proliferations (Wood et al., 2015b). Collectively these studies suggest
suspended fine sediment, provided it contains biologically available phosphorus, is an
important factor in promoting Phormidium proliferations once the mat stage in the accrual
cycle is reached.
To date, in-depth investigations into nitrogen dynamics within Phormidium-dominated mats
have not been undertaken. Molecular techniques have shown that cultures of Phormidium,
isolated from New Zealand rivers, do not contain key enzymes required to fix nitrogen (Heath,
2014). Preliminary data, however, indicate that nitrogen fixing bacteria are present within mats
(McAllister et al., unpub. data) and may contribute to nitrogen cycling.
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Analysis of a limited number of river water samples for essential elements from two separate
studies found no correlation between proliferation and any single element, but suggested a
relationship between the sodium:potassium ratio (McAllister, 2014; Wood et al., 2015a). Using
cultures (Harland et al., 2013) showed that low (40 µg L-1) and high (4000 µg L-1) iron
concentrations inhibited Phormidium growth. Additionally, at high iron concentrations the
cultures no longer adhered to the culture container walls. No correlation existed in field data
though between proliferation and iron concentration.
Grazing is a final consideration in periphyton accrual dynamics. Large losses in biomass can
result from consumption by grazers, with the extent dependent on herbivore type and density,
and periphyton type and successional stage (Steinman, 1996; Holomuzki et al., 2010). To our
knowledge, no studies have specifically investigated the impact of invertebrate grazing on
Phormidium-dominated mats. The mud snail, Potamopyrgus antipodarum is known to
significantly reduce algal biomass and has been shown to have a dominant presence in
Phormidium mats (Hart et al., 2013). Wood et al. (2014b) showed that Deleatidium,
Pycnocentrodes, Polypedilum/Orthocladiinae and the fly larvae Maoridiamesa were abundant
within Phormidium-dominated mats in four New Zealand rivers. These taxa all have the
potential to influence algal growth through grazing (Chadderton, 1988; Quinn and Hickey,
1990; Lester et al., 1994; Jaarsma et al., 1998). The presence and abundance of these
macroinvertebrate taxa varied among study rivers and further research is required to determine
their impact on Phormidium biomass. Toxins produced by Phormidium may act as a chemical
defence reducing the impact of grazers. Recent studies in New Zealand indicate high toxicity
of aqueous Phormidium extracts to the mayfly Deleatidium (Bridge, 2013). Collectively these
studies suggest grazers may facilitate and/or inhibit Phormidium colonisation and growth, and
this likely varies with habitat, geographic location or successional stage.
5.4. Resetting/dispersal
Re-setting primarily occurs due to shear stress exceeding the attachment tenacity of periphyton,
or through substrate disturbance (Fig. 5). Both velocity and the concentration of entrained
suspended sediment can impact the degree of abrasion. For tightly adhering growth forms, such
as Phormidium mats, Francoeur and Biggs (2006) found that flow velocity alone was
important, and that adding turbidity to flow had little further impact. Field observations have
been used to relate the flood frequency in New Zealand streams to periphyton biomass, and
Clausen and Biggs (1997) found that high median flows and high frequency of flows greater
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than three times the median both tended to reduce long term average periphyton biomass. These
observations, however, were not species resolved and it has been shown that Phormidium mats
often tolerate higher flows than other periphyton classes (Hart et al., 2013). Heath et al. (2015)
undertook an intensive field survey and then used habitat suitability curves to show that
Phormidium had a large tolerance to velocity, depth and substrate type.
More recently, studies have specifically focused on flows that reset Phormidium mats, and a
nuanced picture emerges. Differences in the effect of flow on detachment appear to exist
between rivers and among floods in the same river. Multiple river studies in both Canterbury
(McAllister, 2014) and Manawatu-Whanganui regions (Wood et al., 2014a) have consistently
shown that the magnitude of flow increase required to remove Phormidium mats is river
specific, and not a uniform three times the median flow. Wood et al. (2014a) used a quantile
regression approach and defined the ‘Phormidium flushing flow’ for each river as the multiple
of median flow at which 90% of measurements of cover were predicted to be below 20%. Their
analysis highlighted marked differences in ‘Phormidium flushing flows’ among rivers.
It has also been reported that loss of Phormidium-dominated mats can occur when flows
decline (McAllister, 2015). This may be partly related to gas bubble formation within mats,
due to local oxygen supersaturation during rapid photosynthesis creating buoyancy and
increasing the risk of exfoliation (Fig. 5; Biggs and Thomsen, 1995; Boulêtreau et al., 2006;
Quiblier et al., 2013). Gas bubble formation within the mat matrix is more likely under low
flow regimes, since diffusion of oxygen out of the mat will be slowed by the existence of a
thick boundary layer (Hawes et al., 2014). Boundary layers limit both influx and efflux of
materials, and are thicker under slow, laminar flows (Larned et al., 2004). Thus Phormidium
may be expected to perform best under a moderate flow regime, creating flows that are
sufficient to enhance nutrient and gas flux during growth in oligotrophic waters, yet insufficient
to cause exfoliation of mature mats.
Wood and Young (2012) suggested that different strength flows may be required to remove
mats at various stages of the accrual cycle (Fig. 5). During the initial attachment and growth
phase Phormidium filaments adhere relatively tightly to the substrate, and thus a greater flow
may be required to remove the mats. Conversely as mats increase in size and drag increases,
they may become increasingly vulnerable to abrasion by flows. This shift in vulnerability to

184

high and low flows over time further complicates relationships between flow and Phormidium
proliferations.
6. Management and mitigation
New Zealand guidelines for managing cyanobacterial risk in water used for recreational
purposes were developed in 2009 (Wood et al., 2009). These guidelines include a section
specifically on benthic cyanobacteria. They include a three-tier alert level framework that uses
benthic cyanobacterial abundance and the occurrence of mats visibly detaching from the
substrate to determine alert level status. Abundance is determined by assessing the percentage
coverage of benthic cyanobacteria at five points on four transects set out perpendicular to the
river edge. The threshold levels currently defined are: surveillance - up to 20% coverage, alert
– 20–50% coverage and action – greater than 50% coverage. Monitoring and management
actions are associated with each threshold, some of which involve changing the frequency of
monitoring and issuing of health warnings. Detached mats that accumulate along river edges
are deemed a high risk to human and animal health due to enhanced accessibility. Therefore
the presence of detaching mats, regardless of percentage coverage, automatically raises the site
to highest alert level status (red mode). The protocols and guidelines given in the 2009
document are now used by most governmental agencies involved in Phormidium monitoring.
The current guidelines for drinking-water quality management for New Zealand suggest that
river intakes should be inspected for benthic cyanobacterial mats (Ministry of Health, 2015a).
Methodologies are consistent with the recreational guidelines, however only a small number
of drinking water supplies currently undertake regular inspections using this methodology.
Given the detection of anatoxins in river water (Wood et al., 2011), and the relatively high
number of water supplies in New Zealand with river intakes (Ministry of Health, 2015b) more
knowledge on their abundance and potential risk is required.
To our knowledge mitigation strategies to remove/reduce Phormidium-dominated mats have
not been implemented in New Zealand. Flushing flows have been used, in flow regulated
rivers, to remove other nuisance periphyton growth (Measures and Kilroy, 2013). Most rivers
with Phormidium-dominated mats are not flow regulated and therefore there is limited scope
to utilise this technique. As knowledge on environmental variables that regulate benthic
proliferations improves it may be viable to develop and implemented catchment wide or inriver solution to remove or reduce Phormidium-dominated mats.
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7. What variables have changed that could account for the increase in intensity and
extent of proliferations in New Zealand rivers
Surveying of general periphyton has been undertaken for many decades in New Zealand. The
classification strategy commonly used involves coarse macroscopic assessment of benthic
coverage, and classification of periphyton into groups such as, slimy filamentous, coarse
filamentous, films and mats, and types of ‘mats’ have not been further distinguished. This
makes hindcasting the occurrence and extent of Phormidium proliferations challenging. Since
2009, however, when most monitoring agencies started to differentiate Phormidium from other
mats, records have increased and anecdotal evidence suggests that Phormidium proliferations
were not present to the same extent in many of the rivers where they now occur.
The rivers with observed Phormidium issues are primarily non-alpine rivers on the lower-lying
parts of the dry, eastern side of New Zealand (Fig. 2). These are also often areas with shallow
aquifers that are part of an increasingly allocated water supply, often used to support intensive
agriculture. Based on our current understanding of drivers of Phormidium proliferations, the
most likely processes that may have changed in last decade are: flow regimes (due to water
abstraction or climate change), run-off of nutrients, sediment and other contaminants, and
habitat modification.
7.1. Flow regimes
Demand for water is increasing, particularly during summer. Direct removal of surface water
reduces river flows, and abstraction of groundwater may affect the interaction between river
flow and groundwater storage which may further exacerbate low flow conditions. Long term
records of flow in lowland rivers that are frequent sites of Phormidium proliferations are
limited. To further investigate the possible association between change in flows and
Phormidium abundance two rivers were selected, the Ōpihi (Canterbury region) and Hutt
(Wellington region), where Phormidium proliferations have increased in the last decade and
where long-term (15–30 year) flow and nutrient data was available. Generalised Additive
Models (GAMs; Wood, 2006) were used to individually model non-linear trends in nutrients
and frequency of three times the median flow (3FRE) events during summer, defined as
November to March, for each river and to detect periods of change. Frequency of 3FRE events
were modelled using poisson distributed errors and nutrient data was modelled using gaussian
distributed errors.
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Analysis of the frequency of 3FRE events during summer, showed large inter-annual
variability (Fig. 7; Hutt River: mean = 11.95, range = 1–30 and Ōpihi River: mean = 11.76,
range = 0–50). The GAM models for both rivers were significant, indicating temporal changes
in the frequency of 3FRE events in the Hutt and Ōpihi rivers (p < 0.01, p < 0.001 respectively).
Significant increases in the frequency of 3FRE events occurred in the Hutt River during
2003/2004 and 2004/2005 and a significant decrease of events occurred between 2012/2013
and 2014/2015. Comparatively, 1999/2000, 2006/2007, 2011/2012 and 2012/2013 were
identified as periods with a higher frequency of 3FRE events in the Ōpihi River and 2013/2014
and 2014/2015 had less 3FRE events compared to baseline conditions. This analysis suggests
that there has not been a consistent decrease in the frequency of 3FRE for the Hutt and Ōpihi
rivers and demonstrates there is marked inter-annual variability. An in-depth analysis,
potentially including other flow metrics, including the amount of time between 3FRE events,
across a wider number of rivers may be required to reveal national scale change. This analysis
suggests that changes in flow regimes, while likely to be important in explaining temporal
variability within a river, are not the only factor contributing to an increase in Phormidium
proliferations nationally.

Fig. 7. Number of three times the median flow (3FRE) events per summer (November to
March) in the Hutt and Ōpihi rivers. The black line is a cubic regression spline (±95%
confidence intervals, grey shading) fitted using a generalised additive model (GAM). The
dotted lines illustrate model intercepts for each river, representing the overall mean number
of 3FRE events (baseline conditions). Note different y-axis scales.
7.2. Nutrients, sediment and contaminant run off
The data collated in this review indicated that only slightly elevated water-column DIN
concentrations are required for Phormidium growth, and that proliferation occurs when watercolumn DRP is low. A recent national analysis of New Zealand water quality in rivers showed
that between 1994 and 2013 DRP concentrations decreased at the sites monitored by local
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authorities, with 48% of the 132 monitored sites showing statistically significant decreases
(Ministry for the Environment and Statistics New Zealand, 2015). Conversely, nitrate-nitrogen
concentrations increased. These trends would be consistent with current knowledge on the
nutrient regimes that might promote Phormidium proliferations.
Generalised additive modelling of the annual mean DIN and DRP concentrations for the Hutt
and Opihi rivers illustrated contrasting temporal trends (Fig. 8). The Hutt River had a relatively
lower mean DIN concentration of 0.24 mg L−1 compared to the Ōpihi River, which had a mean
of 0.48 mg L−1. The DIN model for the Hutt River was significant (p < 0.001) whereas the
model for the Ōpihi River was only marginally significant (p = 0.04). Dissolved inorganic
nitrogen concentrations in the Hutt River were relatively stable between 1989 and 2005 (with
the exception of in 1994 and 1997), however from 2006 onwards there was a decreasing trend
in DIN concentrations in this river (Fig. 8). Comparatively, the model indicated that DIN
concentrations in the Ōpihi River had increased between 1989 to 2010, after which
concentrations stabilised until 2013 and then decreased in 2014 (Fig. 8).
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Fig. 8. Annual average DIN and DRP time series for the Hutt and Ōpihi rivers. The black line
is a cubic regression spline (±95% confidence intervals, grey shading) fitted using
generalised additive models (GAMs). The dotted lines show each GAM model intercept,
representing the overall mean nutrient concentrations for the time period (baseline
conditions). Note different y-axis scales to accommodate different concentrations.
There have been significant changes in DRP concentrations in both the Hutt and Ōpihi rivers
(p < 0.001, p < 0.01 respectively). Dissolved reactive phosphorus concentrations in the Hutt
River showed a similar pattern to DIN concentrations; after a period of relative stability from
1990 to 2002, concentrations decreased substantially and remained below 0.005 mg L−1 until
2015. In the Ōpihi River, DRP concentrations were more variable temporally and decreased
significantly between 2004 and 2007. The increasing DIN and low DRP in the Ōpihi River is
consistent with the notion that shifts in nutrient concentrations may be contributing to the
severity of Phormidium proliferation. However, the decreasing DIN in the Hutt River does not
support this and suggests that identifying and relating nation-wide shift to Phormidium
dominance may be challenging, and that regional or catchment scale studies will be required.
A further important consideration related to nutrients is the role of groundwater. Our
observations suggest that Phormidium proliferations commonly occur where there are
groundwater seeps or in gaining reaches. In New Zealand nitrate concentrations are often
elevated in groundwater, particularly in shallow well-oxygenated sources. Nationally
approximately 20% of monitored groundwater sites have experienced significant increases in
nitrate concentrations between 1995 and 2008 (Daughney and Randall, 2009). Further research
is required to determine whether Phormidium proliferations are more frequent in rivers where
groundwater supplements flows.
Phormidium proliferations tend to occur in areas where the land use is predominantly
agriculture or forestry. There are links between agricultural land use, especially pasture-based
dairying, and increased sediment-bound phosphorus run-off into waterways (McDowell et al.,
2009). The extent of agricultural land has not changed significantly since 1996, however, it has
become more intensive in some regions and forestry has increased by 11.5% (Ministry for the
Environment and Statistics New Zealand, 2015). While quantitative data on sedimentation
rates in rivers is lacking at a national scale, increasing land use intensification and forestry are
likely to result in increased sediment in rivers, which may be partly responsible for observed
rise in Phormidium proliferations.
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Continued urbanization, and intensified agriculture and horticulture in catchments can result in
augmented run-off or leaching of pesticides, herbicides and other emerging contaminants
(ECs). Research suggests cyanobacteria may be more resistant, to many of these compounds
than other algae (Lürling and Roessink, 2006; Forlani et al., 2008; Villeneuve et al., 2011;
Drury et al., 2013). This highlights the possibility that cyanobacteria gain a competitive edge
over other less tolerant taxa. Direct evidence linking increases in Phormidium-dominated mats
to pesticides, herbicides and ECs is currently lacking. In the Manawatu region Phormidiumdominated mats are common downstream of sewerage treatment plants where ECs are expected
to be at high concentrations (Carmichael et al., 1975; Hamill, 2013; Wood et al., 2014a,b).
7.3. Habitat modification
Habitat modification of New Zealand lowland rivers has occurred for many decades, and
published evidence that it has increased in recent years could not be found, however on-going
modification practices may synergistically contribute to proliferations. Cobble-bedded rivers,
particularly those close to urban areas, are used widely as sources of aggregate material for
building and roading. Gravel extraction results in the mobilisation of fine sediment and
increases velocity and bed shear stress which may favour Phormidium proliferations (Hart et
al., 2013; Wood et al., 2015a). Practices that reduce the efficacy of riparian zones may also
directly or indirectly enhance Phormidium abundance. Intact riparian zones provide a buffer
from hillslope sediment input, reduce water temperatures (which might limit Phormidium
growth rates) and increase shade (Osborne and Kovacic, 1993; Parkyn et al., 2003). They also
prevent access of livestock, thereby reducing sediment and nutrient inputs into rivers, currently
quantitative data to explore the relationship between Phormidium proliferation and these
practises is limited, although anecdotal evidence suggests that gravel extraction and associated
sediment mobilization promotes proliferations in the Hutt River and that Phormidium is more
prevalent at sites with no shading (Wood, unpub. data).
8. Conclusions and research gaps
There has been an increase in the distribution and extent of Phormidium-dominated
proliferations in New Zealand's rivers over the last decade. The data collated in this review
identified proliferations in 103 rivers and anatoxins in 67% of samples tested. Evidence is
mounting to support the proposition that rivers most susceptible to proliferations have slightly
elevated DIN (>0.1 mg L−1) and low water-column DRP (<0.01 mg L−1) and higher loads of
fine sediment enriched with biologically available phosphorus. To date data primarily comes
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from correlative studies and there is a need for more manipulative experimental research, using
stream channels or mesocosms, to explore the causative relationships of these and other
variables. In well-developed Phormidium-dominated mats, within-mat water is largely isolated
from the overlying water. In-depth investigations into nutrient cycling within Phormidiumdominated mats would provide valuable information on the role that bacteria and geochemistry
play in creating growth promoting/inhibiting conditions. Studies to date suggest grazers both
facilitate and inhibit Phormidium colonisation and growth, and further research is clearly
required on this aspect. Further studies are needed to improve knowledge on the long-term
relationships between river flow and Phormidium accrual cycles and this may assist water
managers in predicting periods of highest risk. To date most studies have been regionally
focused and investigations at a national scale, or in ways that will allow broad-scale inference,
might provide the opportunity to develop enhanced, regionally weighted approaches for
predicting Phormidium proliferations. Toxic and non-toxic genotypes co-exist within mats,
however, knowledge on how the relative abundance of genotypes and environmental factors
affect mat-scale anatoxin concentrations are lacking. Molecular techniques, such as
quantitative PCR, could be used to address this knowledge gap. Finally increasing knowledge
on the potential effects of Phormidium-dominated mats on aquatic organisms, both through
habitat modification and toxicity, should be a priority.
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