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Abstract

Didymosphenia geminafdyngbye) M. Schmidt is a freshwater benthic diatom

infamous for its unique ability to bloom in oligotrophic conditions. Two decades ago,

there was an abrupt increase in the frequency of these blooms accompanied by rapid

range expansion in the Northernrkisphere. Hypotheses presented to explain this

phenanenon included climate changeandhe e xi st ence of a new Ol
In 2004,D. geminatawvasfirst recognised in New Zealand. It was considered a threat to
biodiversity andecreational, cultural and economic valuBse invasion of the

Southern Hemispherenewed research efforts towards understanthiisginsightly
speciesBecause the New Zealand occurrence represantegasion, Biosecurity

New Zealand, agovernmentage y r esponsi bl e for New Zeal ¢
lead the responsklowever they hadvery little information about the alghat could

be usedor strategic planning-ew studie®utline the invasion ecology d). geminata

Meanwhile,it has spreatb 37 catchments of the South Island.

ManagingD. geminaté svasionprocessn New Zealand has relied on reports of the

al gads h a btheNathernpienuspherk. 8asedron these, an early assessment

of New Ze dilitafor ©.6geminatesuggeated that >70% bMfew Zeal andds
river sectiongstream ordep 3) werehighly suitable foD. geminataestablishment.

Yet D. geminatas invasivein New Zealand, and invasive species often do not follow
traditional habitat preferences when in new rangesassessment @. geminatéd s

invasion pathway and habitat window in New Zealand was paramount for successful

species management.

My original contribution to knowledge B description oD.g e mi niavasom s

ecology in New Zeal and. | describe the spec¢
limiting factors in terms of invasion, colonisation, growth, removal and recovery. My

analsis is based othreestudies oD. geminaté mvasion ecology in New Zealand.

The first study, based on presence / absence data from national delimiting surveys,
determined that overland spread occurred at the same rate as spread between connected
bodies of water. The parameters definihggeminaté® kabitat window for

colonisation were related to substrata, temperagi@@pgicalcalcium,geological



phosphorus and source of flow. The second study used data from a series ef region
scale monitoring surveys to examiDegeminatés preferences, tolerances and
constraints regarding biomass accumulation. The development of high biomass was
constrained byatervelocity at a threshold @.61m s*. Within this constraint,

biomass accumulation correlated positively with stream tesiyrex. The third study

used data from a twgear biomass monitoring study conducted in three reaches of a
hill-fed coastal river. It assessi roles ofwvaterflow and temperature iD.

geminat® accumulation, removal and recovery. Temperature and the size of the
standing crop were associated with all three phases. Accumulation was additionally
influenced by flow variables, while meoval was also related to the average size of the
substrate particles and depth. The latter also influenced accumulation rates after
physical removal.

My results can be used to suppbrtgeminatdong-term management decisions and
responses. bights gained abold. geminaté mvasion pathway can be applied in the
spread of other aquatic pests in New Zealand. The defined habitat parameters can be
used to identify highiisk streams in the North Island and potentially mitigate the
impads of D. geminatan infected catchments.
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1 Introd uction

1.1 Agquatic invasions

Biotic invasions threaten the integrity of aquatic ecosystems worldwide. In some
instances, the introduction of invasive species has caused native biodiversity loss and
changes in ecosystem structure and fundfidaick, Simberloffet al. 2000) Biotic

invasions are often facilitated by anthropogenic disturbance to natural ecosystems
(Lonsdale 1999)However, most biotic invasion theory focuses on the biological
characteristics of the invading species and of the ecosystems beidgdnaasuming

that competition and predation are the major procdssimg the invasion outcome

(Moyle and Light1996) I ndeed, New Zeal andds isol ati

history are often cited as primary reasons for the successful establishmeniatinen
plants and animald_ee, Allen et al. 2006)According to Darwin (1845), ihee, Allen

et al. (2006)New Zaland is defenceless against alien flora from the Northern
Hemisphere, which he considered competitively superior. Nevertheless, some species
endemic to New Zealand are invasive in other countries. For exapgtéanopyrgus
antipodarum(New Zealand mudsnaihas spread widely and become a problematic
invasive species in many areas, including Australia, Europe, Japan and North America
(Loo, Mac Nally et al. 2007)

In New Zealand, alien species introductions are primarily dependent on-human
mediated transpband tradewhich has increased by orders of magnitude in the past
two centuriesOver 200aquatic planand animal species have been introducedew N
Zealand(Closs, Dean et al. 2004hd insome water bodietheydominate the biota
(Wells, de Winton eal. 1997) Introducedreshwater pest plants incluéiydrilla
verticilata, Salvinia molesta, Ceratophyllum demerghornwart),Eichornia crassipes
(water hyacinthandLagarosiphon majarH. verticiliata is now established in New
Zealand, whileC. demersmandS. molestaare controlled ané. crassipesas been
eradicatedL. major continues to invade lakes of New ZealgBabsecurity New
Zealand 2012)

Il n 2004, it was during a routine survey

freshwater stalked diator@idymosphenia geminatdyngbye) M. Schmidt was first

o

o f



identified in New ZealandGiven its overseas reputation for rapid spread and massive

blooms iits arrival i n New Zeal and was of gr e
and water users. The media also took a strong interBstgaminatawith 338 articles

on the species printed by one of itd he count
arrival (sedrigurel for a few examples). The Ministry for Primary Industries (then

Ministry of Agriculture and Forestry) promptly declaredth@ e ci es an Aunwan
o r g a nUndenthediosecurity Act 1993, it is an offence to knowingly spread an

unwanted organism with penalties of up to five years imprisonrardtor a fine of up

to $100000Bi osecur i t y InipertvideatreStahdard fdeGugppment

associated with animals or water was updatgdctober 20070 requirebiosecurity

officers to treat all freshwater fishing equipment they determine or suspect is not

completely dryThe Department of Conservation introduced controls on pabtiess

to highly-valued waters. Fish and Game New Zealand, a public entity responsible for
managing freshwater angling, closed popular fishing locations, placed decontamination
stations at many angler access points, and in October 2008, banned theeli s lefcf

wackrs following research demonstrating the abilitypofjeminatecells to survive for

long periods out of a river in damp fe(tsilroy, Lagerstedt et al. 2007)

Soon afteD. geminaté discovery, Environment Southlandethtatutory agency

responsi ble for managing the Regionbés nat
review of the biology and distribution 8f. geminataand an assessment of the risks to

New Zeal andbés freshwaters. The review conc¢
and lakes may be susceptible to invagiitroy 2004). A later predictive model db.

geminat® sange in New Zealand suggestedttmore than 70% of river sections

(Strahler[1957] StreamOrder > 3 were suitable fob. geminataincluding multiple

streams in the North Island (whiehecurrentlyD. geminataree). However, both

assessments were based on overseas observations and limited by af dearth
information with which to make any firm st
freshwater habitat fdD. geminatalt was completely unknown whether some other

parameters (such as geology or temperature) may limit the abilityggminatao
colonise(Kilroy2004). Using occurrence data from a s|

! There has ben some interesting debate about whether the 2004 observation was the first for New
Zealand. SegVhitton, B. A., N. T. W. Ellwood, et al. (2009). "Biology of the freshwater diatom
Didymosphenia: a reviewHMydrobiologia630(1): 1-37, Kilroy, C. and M. Unwin (2011). "The arrival
and spread of the bloeforming, freshwater diatom, Didymosphenia geminata, in New Zealand."
Aquatic Invasion$(3): 249262.




its potential distribution in new areas is problematic because historical, geographical
and ecol ogi cal constraint s (LooaMac Nallyneiat. a
2007) There are some infamous New Zealand examples of introduced species
extending their native niche. For exampleichosurus vulpeculgthe Australian

brushtail possum), thought to be a herbivore, has been observed eating New Zealand
native bird eggs and yourfgee, Allen et al. 2006)Another example ik. major, with

a naturbdhabitat of upland streams in its native South Africa, but proliferations along
the shorelines of large lakes in New Zealand.

AlthoughD. geminatas now established ahe South Island, the North Island remains
D. geminatdtree. It s not known whether this is due to a lack of suitable habitat or the
success of spread management campaigns. A new assessBegeminat® sange in

New Zealand is timely.

MAF <c¢r acks dddymo o n Didymothreat to fisheries, power
algae around Te Anau rivers Dominion PosD1/11/2008

Southlanl Times27/12/2004
More funding for war on didymo
Fight against didymo to be stepped up | Southland Time$3/11/2008

Nelson Mail18/09/2007
Didymo on march across South Island
Didymo found in North Island Timaru Herald11/03/2009

Dominion PosB81/10/2007
Didymo scare caused by tainted sample
MUOor i cl ose ri ver | DominionPost/1/2009

Dominion Pos2/11/2007
Toilet paper plan& nasty weed
Didymo hits trophy river Dominion Pos23/03/2010

Dominion Pos26/03/2008

Figurel. Selected New Zealand newspaper headlines dhoggeminata(2004 2010). Note that the "Didymo scare"
headline is referring to the earlier reportbfgeminatan the North Island.
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1.2 Description of Didymosphenia geminata

1.2.1 Distribution and biology

Didymosphenia geminata,stalked Bacillariophyta (diatom), was first described from
the Faroe Islands, which are located north of Scof(érfdtton, Ellwood et al. 2009)t

is assumed to be indigenous to Norway, Scotland, Ireland, Sweden, Finland, France,
Spain, Switzerland, Vancouver Island and other Northern Hemisphere boreal or
montane region&Kilroy 2004). The species is distinguished by its latgeindulate
(having valve margins with three undulatiors)stule (often > 10@um long > 30um

wide, Figure2) from which polysaccharide stalks are secreted. These stalks provide a
strong attachment to the substrate, and their length and thickressaparison with

the cell body is considered remarkafi{@droy 2004). It has beesuggested that the

st al ks as td elevate tellsalmove the substrate to avoid competition and have
better exposure to current speed, which would enhance gas exelnangetrient
uptake(Aboal, Marco et al. 20125talks also exhibit strong phosphomonoesterase
activity, potentially conferring the alga with an ability to utilise organic phosphorous
(Ellwood and Whitton 2007)0ver time, the stalks lengthen and branclenvtine cell
divides and can result in the formation of spectacular blooms. These comprise thick
whitish-brown mats that can almost completely cover the substrate and be over 3 cm
thick. These mats have a very tough, fibrous consistency. Sloughed maahmsteri

often mistaken for toilet paper by the public (bégurel).

Although periodic blooms have historically been observed in parts of Northern Europe
(Blanco and Ector 2009)heir frequency appears to be increasing across the globe,
primarily over the past two decad@awecka and Sanecki 2003; Spaulding and Elwell
2007; Bhatt, Bhaskar et al. 2008; Bothwell, Lynch et al. 2008hcerns about blooms
were first raised in Vammuver Island in 1988Bothwell, Lynch et al. 20099nd were
followed by reports of an increased frequency of blooms in Eyigeecka and
Sanecki 2003)Asia(Bhatt, Bhaskar et al. 2008)e United State@Miller, McKnight et

al. 2009)and Canad&irkwood, Jackson et al. 2008)lthough the species has been
observed in Chile from as early as 1gBfanco and Ector 2009plooms were not
identified until 2011(Segura 2011)Concurrent with increasing bloom events was
range expansion in North America, Euecgnd New Zealan(Blanco and Ector 2009)

Whitton et al., (2009) point out that thesggparenincreases in range and intensity may



actually reflect a respongé an existing populatioto environmental changes rather
than new invasions. Howevehgt situation in New Zealand is a clear example of range
expansion. In the eight years since 2dD4geminatahas spread to 37 catchments of
New Zeal andbés South 1Island.

D. geminatas unusual among algan that it has the ability to bbm under

oligotrophic conditionsSundareshwar, Upadhayay et al. (20ddnsider iron to be

behindD. geminaté ability to proliferate in low nutrient conditions; in particular, that
ferric-ferrous redox shifts within mats result in phosph@esumulation and recycling.
Bothwell, Kilroy et al. (2012have recently refuted this hypothesis based on a lack of
association of iron enrichment with phosphorus uptake and the observation that blooms
mainly occur in iroppoor rivers. Instead, they argtiat photosyntheticaligriven

stalk production occurs when cell division rates are nutrient limited and light levels are
high (Kilroy and Bothwell 2011)There are good experimental foundations for this
argumentKilroy and Bothwell (2011showed that under low nutrient conditions, stalk
length increases with light (except at low ambient light and temperatures) as part of an
overflow mechanism to transfer fixed carbon. Under elevated nutrient conditions, cell
division increases while stalength decreases. A final hypothesisBorgeminaté® s

ability to bloom in oligotrophic conditions is the presence of phosphomonoesterase in
the stalks, which is thought to indicate an ability to utilise organic phosphorus when
overall phosphoraiconditions are loEllwood and Whitton 2007)The hypotheses

of Kilroy and Bothwell (2011andEllwood and Whitton (2007are not mutually

exclusive. Blooms could be triggered by photosynthetic overload, as per the hypothesis
of Kilroy and Bothwell (201), but sustained by organic phosphorous hydrolysed in
stalks, as per the hypothesisidfivood and Whitton (2007)



Figure2. Left: Light micrograph of &. geminatacell from the Fraser River, Otagerustule(cell wall) is
approximately 120 um long. Right: PhotograptpatchyD. geminatagrowth in the Kakanui River, Otago.

1.2.2 Effects

Within tightly defined conditions, ass growths ob. geminatacanextendand cover
almost all availabl&ardsubstrate. Mats of several centimetres thickness and up to 20
km in length have been reportéspaulding and Elwell 2007Correlatiors between the
presence oéxtensiveD. geminatamats,a decrease in the abundance of invertebrate
specieswith a preference for hard substrai@sd an increase ithironomids anather
smallertaxawith a preference for soft sediments have been obséedy, Larned et
al. 2009; Gillis and Chalifour 201®ost, Fritsen et al. 2011 severely affected
streams, fish populations canibgacted through decreased invertebrate populations
and the elimination of macrophytékonsson, Jonsson et al. 2Q@0D)ack of suitable
areas for spawnin@ickel and Cles 2008and significant diurnal dissolved oxygen
fluctuations associated with. geminatamats(Larned, Arscott et al. 2007)
FurthermoreD. geminatas known to blockvater intakeg¢Blanco and Ector 2009)
reduce fishing value@Beville, Kerr et al. 2012xand decrease the aesthetic appeal of

rivers and stream$&paulding and Elwell 2007)
1.3 D. geminata invasion, colonisation, growth and removal

1.3.1 Conceptual model

Recently, a conceptual model of the blooming behaviour and perstsoD.
geminatain oligotrophic streams was developed to guide research and mitigation
measure$Cullis, Gillis et al. 2012)The model distinguishes dynamic phaseb .of
geminataand proposes that threshold values of controllimrgrpaters determine

movement between therkigure3).



Figure3. Representation of the conceptual model for the blooming behaviour and persistengerofnatain
oligotrophic watergCullis, Gillis et al. 2012)Each coloured box represents a proposed dynamic phBse of
geminatagrowth.

The four dynamic phases comprising the model are the initial invasion, colonisation,
growth or invasive rgmonse, removal due to some disturbance event and subsequent
recovery and recolonisation. Successful invasion into new streams depends on both an
appropriate propagule sup@nda suitable habitat window for surviv@ack,

Simberloff et al. 2000; Culligillis et al. 2012) The habitat windowis defined bya set

of parameters and thresholds that describe the potential fgminatao surviveand

growin a river.Currently, theeparameterare unknowrfor D. geminata Cullis, Gillis

et al. 2012) Determining these parameters is vital for identifying streams at risk of
invasion and the accumulation of nuisance growths. Removal due to disturbance is
assumed to be the primary regufaté periphyton biomas@iggs, Tuchman et al.

1999) ForD. geminatawhich is known for its great attachment strengitroy 2004)

and ability to change the hydrodynamic environn{eatned, Packman et al. 2011he
parameters defining biom&aoss are currently unknown. They are thought to include a
critical threshold of shear stress related to the potential for the disturbance of the
substrate as well as the influence of the mats themg@\diss, Gillis et al. 2012)

Also unknown, are thtactors influencing biomass recovery after disturbance. This
thesis examines each of the model 6s four

1.3.2 Invasion and colonisation

It is not clear whethdd. geminateébehaves differently within a recently invaded
region. According to invasion theory, the invasibility of New Zealand streams is
determined by their level of disturbance, the biological resistance of the native

communities, and the way in which the natieenenunity is assembled.onsdale

(



1999) One study has examined biological resistand®.tgeminatan New Zealand, in
which only | ate successional stages of Ne\
partial resistance . geminatanvasion(Floder and Kilroy 2009)if D. geminaté s

i nvasive success in New Zealand is driven
some extraordinary characteristicibfgeminatait is expected thdd. geminatavould

eshblish and persist within the same range of thresholds in New Zealand streams as

those in native ranges. Howevttte organism has also become a nuisance in parts of

its native rangéSpaulding and Elwell 20073%0 an increased biogeographic

vulnerabilitydoes not necessarily expldn geminaté proliferation in New Zealand.
Alternatively,D. geminat® mvasive success in New Zealand may be attributed to
anthropogenic changes in the riverine environment, both in terms of hydrological

stability with more flow regulation and water abstraction, and a high rate of transfer of

the organism between waterways by humans.

Hypotheses fobD. g e mappaaenht & pansion at the global scattudethe
development of an aggressive straith particularly invasivgphenotypicattributes
(this couldbe the variant that colonised New Zealamat)thatD. geminatawas present
but rare in most habitats, but recent environmesitahgesiave made blooms more
likely to occur(Spaulding and Elwell 2007 Based ortorrespondence anabgsof the
differences in morphological variation between Lake Superior (USA) populations
Pillsbury et al. (2018demonstrated evidence for the latter hypoth@&esauséNew
Zealandexperimentsclearly demonstratetthat blooms only form under very low
phosphorus condition&ilroy and Bothwell 2012, it is thought that reduced
phosphorus conditions in rivers is the key environmental change Hehgaminat® s

increased nuisance behaviour and sp(8athwell 2013.

The rapid spread @. geminataacross catchments of the South Island of New Zealand
has been largely due to its ability to survive for long periods out of a river. Experiments
have shown that in cool, damp conditions with a little light expogurgeminatecells

can remairviable for as long as 250 daffsilroy, Lagerstedt et al. 2007yithin
catchments, the species can spread downstream via connected bodies of water. This
natural mechanism of dispersal should be capable of sprdadgeminatarapidly
throughouta system. Although the cells are motile, upstream spread is likely to be
facilitated by water users, including humans, birds, (igtatt, Bhaskar et al. 2008)

and livestock.



Dispersal is not the sole mechanism determining the geogragjeictory ofD.

geminat® mvasion. Whilst there was an initial rapid spreadgeminatehas not

spread ubiquitously, and the rate of spread has slowed. ClBaggminaté sange in

New Zealand is influenced by a combioa of dispersal and the availability of suitable
habitat conditions for colonisation. So far, research in New Zealand has been directed at
the dispersal stage of the invasion pathway and identified that anglers are the likely
vectors of sprea(Kilroy and Unwin 2011) Previous work has established their

probable movement{&Jnwin 2009) However, better predictions of the invasion

pathway and outcomes will be possible only when we also understand the factors that
infl uence t he s p eirtanewsldacatianbStréamg thyat ovedap thesé a b | i ¢
factors with angler pressure are at the greatest risk of invasion. The factors influencing
D. geminaté ability to establish in a new location are unknown. At a catchment scale,
they probably includealcium(Rost, Fritsen et al. 201anhd peatWhitton, Ellwood et

al. 2009) At a reach scale, they probably include velo@ullis, Gillis et al. 2012)

and substratéBlanco and Ector 2009)

1.3.3 Growth

Cullis, Gillis et al. (2012postulated that bloom ents are triggered by a critical

threshold response to changing environmental conditions. Together, these conditions
form a O6hot spotédé of biological activity.
determining these hotspots are high light availabifigebot and Bothwell 1993;

Whitton, Ellwood et al. 2009)ow ambient phosphorus concentratigikgroy and

Bothwell 2012)and low flows(Kirkwood, Shea et al. 2007lHowever, a synthesis of

these conditions do not exclusively trigger blooms, so it is likely that some other

factor(s) also influence bloom development.

The importance of distinguishing between the growtb.ojeminatecells and the

growth ofD. geminatastalks has been emphasized because they are controlled by
different biophysical mechanisnf&ullis, Gillis et al. 2012)Controlled experiments

have shown that under high light levels, low nutrients are associated with stalk growth
while higher nutrients are associated with cell dividiitroy and Bothwell 2011)It is
believed that under low nutrient conditions, the available energy goes into stalk
production(Cullis, Gillis et al. 2012)In addition to light, temperature is thougbtbe

an important controlling variable f@. geminatawith an assumed preference for

cooler temperaturg&umar, Spaulding et al. 2009; Whitton, Ellwood et al. 2009;



10

Cullis, Gillis et al. 2012)However, the exact nature of the relationskEmwieenD.
geminataand temperature is unknown, and may even be due to an association of

temperature with some other growtimiting factor (Cullis, Gillis et al. 2012)

Finally, it is assumed that calcium and silicate are also importabt fgpeminata

growth because of its stalk requirements (ctosdging) (Gretz, Riccio et al. 2006;
Rost, Fritsen et al. 2011Rost, Fritsen et al. (201bpserved a positive correlation
between calcium and the presenc®ofieminata No pubished studies have examined

the potential role of silicate iD. geminatasurvival or growth.

1.3.4 Removal

High flow events are considered to be the primary mechanism behind the removal of
benthic periphytoriBiggs, Tuchman et al. 1999 particur, Cullis, Gillis et al.
(2012)proposed that a skgpecific critical value of shear stress is responsible for the
bulk of biomass removaRbovethat critical value, shear removal of dead cells and

aged mats is likely to occutullis, Gillis et al. (2@2) noted that the magnitude of

biomass removal will also be influenced by the amount of removable material (the
standing crop). In general, the amount lost in a flood depends on the flood intensity and
the resistance of the periphyton communif{®igigs and Close 1989)No studies have
specifically addressed tempofal geminatebiomassflow dynamics, although

negative associations between flow and standing crop have been oljgénkiedod,

Jackson et al. 2007; Kirkwood, Jackson et al. 2008¢ flood event magnitude
required to scoub. geminata s unknown, but expected to

strong attachment capabiliti@silroy 2004).

1.4 Overview of the thesis

So far, the managementDf geminatan New Zealand &s been based on limited
overseas information. To provide more specific management directions, | seek to
describe the invasion ecologyBf geminata The following chapters represent

individual research projects. They are presented in thenrdte,drom larger to

smaller scale studies, and follow the invasion pathway from the initial invasion through

to colonisation, growth, removal and recovery.

Chapter 2 is aligned with the invasion and colonisation stages of the conceptual model
by Cullis, Gillis et al. (2012)and describes the spatial and temporal dynamics of the



11

South Island. geminatainvasion. It is expected that spread within connected bodies

of water will occur more rapidly than humamediated spread across catchments.

Johnso and Padilla (1996Jescribe two potential benefits of understanding spread
dynamics: First, is a better ability to predict the rates and directions of spread. By
determining the habitat requirements Bargeminataestablishment and growth, wan

focus management efforts on preventing spread to any remaining catchments that are
susceptible to invasion and on regulating the parameters that trigger excessive growth.
This information would be crucial shouli geminatanvade the Northdland. Second,
exotic species can act as Obiological trac
the dispersal of future invaders. Although it has different habitat requirements, another
of the worl dds modDsetssermagpaymesh&ebra eussel), cam dee r s
dispersed by similar means@o geminataRicciardi, Serrouya et al. 1995 houldD.
polymorphasuccessfully naturalize in New Zealand, its invasion potential may be
stemmed from the lessons learned from studifingeminata The spatial dynamics of

spread are examined to identify a potential habitat window for colonisation. It is

expected that there are specific parameters distinguishing sites &).wy#minata

from b) those withouD. geminatadespite a supply of propagules, and c) witHout
geminataanywhere in the catchment. This distinction between sites that are likely
receiving propagules from those that are not was made to study the charactertics of
geminatéfree sites within infected catchments. Unique insights could be gained from

such an approach.

Chapter 3 addresses the factors that Ibnigeminatebiomass accumulation at a

regional scale and is aligned with the growth phase of theeptual model. It is

expected that an interaction of limiting factors should influence biomass and production
among rivers over annual climate cycles. For example, nutrient limitation will primarily
only occur within certain temperature or light thresholWsile Chapter 2 provided a
description oD. geminaté snge in New Zealand, Chapter 3 offers more detail about
the actual impact dD. geminata(in terms of biomass) in a region and how it relates to
stream variables such as nuttieancentrations and temperature. It highlights the types
of streams that are susceptible to large proliferations as well as important seasonal

differences in the mat structure.

Chapter 4 examines the temporal variabilitypofgeminatebiomassm a hill-fed

coastal river in relation to flow and temperature. It encompasses the colonisation,
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growth and removal stages of the conceptual model. Specifically, this chapter seeks to
describe the factors controlling biomass accumulation and loss, anahihe@vindow

for nuisance blooms. It is expected that flow is the primary drivEr. geminata

biomass and that within suitable flow conditions, seasonal differences in temperature
control biomass accrual. Knowledge of the interaction betwesndss, flow and
temperature will help in the prediction of blooms in unregulated systems and

potentially prevent their occurrence.

In the final chapter, | discuss the research in terms of the dynamic phases proposed by
Cullis, Gillis et al. (2012and offer suggestions for managing this nuisance species in

New Zealand.
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2 The spread and distribution of D. geminata in New Zealand

Abstract

The spatial and temporal dynamics of Bidymosphenigeminatanvasion in New

Zealand are reviewed with a focus on liaditat conditions necessary to establish self
sustaining population§.he al gadés survival ability outs
humanmediated dispersal, and the natural linkages among ke streams have

promoted rapid spread of this aquatic pest to 37 catchments of the South Island since
2004. Overland spread appears to have occurred at the same rate as spread within
connected bodies of water. Although there are many potential vettmrsrtand

spread, anglers are suspected of being the primary means of dispersal. Here, | show that
the habitat window for establishment is defined by temperature, distance to the coast,
geologicalcalcium,geologicalphosphorus and source of flow. It ieetoverlap of these

habitat windows with angler activity that should be the focus of efforts to prevent or

slow the spread db. geminata
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2.1 Introduction

With its alarming rates of range expansion in the early 1@Bfisson, Jonsson et al.
2007;Bothwell, Lynch et al. 20099nd invasion into New Zealand in the 2000s, the
freshwater alg®idymophenia geminatarew the attention of a growing number of
ecologistySherbot and Bothwell 1993; Kirkwood, Shea et al. 2007; Blanco and Ector
2009; Kilroy, Larned et al. 2009; Whitton, Ellwood et al. 2009; Bothwell and Kilroy
2011) AlthoughD. geminatahas not been detected in the North Island, it is now firmly
established in the South Island of New Zealand. DNA testing has revealed that the
foundng propagules were likely imported from North Amer{€ary, Hicks et al.

2007)

Since its arrivalD. geminataehas proven adept at spreading across catchments,
demonstrating themportanceof overland vectors. Because the distributiolof

geminaté affected rivers correlates with angler usage, anglers have been indirectly
implicated as crossatchment disperse(Kilroy and Unwin 2011) Anglers have also

been linked t®d. geminatablooms in North America during the &afl990s(Bothwell,

Lynch et al. 2009)In particular, felt soled waders have been identified as the probable
vector(Bothwell, Lynch et al. 2009ecaus®. geminatecells can remain viable in

moist felts for days after leaving a rivig€ilroy, Lagerstedt et al. 200.7Accordingly,

they have been banned from use in New Zealand since October 2008. Other important
humanmediated vectors in New Zealand include kayaks, with 13 new incursions being
observed just downstream of w&hown angling locatins or kayak entry sitd&ilroy

and Unwin 2011)Power boats, hydroelectric or irrigation canals and 4Wibealhin
vehicles were considered potential vectors in a further 19 sites, picnicking and
swimming in a further two and field staff in one. Nevel#ss, it is anglers, particularly
those from overseas or who were visiting from another catchment, who are considered
the most importarD. geminataransmission vectors in New Zealafidlroy and

Unwin 2011)

Although the pattern dD. geminataspread in New Zealand is consistent with human
vectors, the actual invasion pathways should also be limited by the availability of
acceptable habitat patch@ehnson and Padilla 199®)ilroy, Snelder et al. (2008)
made a preliminary assessmehD. geminaté possible range in New Zealand based

on surrogate variables for temperature, light, pH and hydrological and substrate
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stability. Their analysis suggested that
order > 3; North Islanéhclusive) fell into the two highest habitat suitability categories

for D. geminata Fortunately, eight years after its initial incursion the alga does not

appear to have spread to that extent. Few data were availabl&ivbgnSnelder et

al. (2008)made their analysis, so a more precise understanding of the contribution of

habitat in regulating the distributional patterrDofgeminatavas unable to be made.

This information is vital for the development of management strategies dbould

geminata nvade New Zeal ando6és North I sl and, whe

expansion may be a viable goal.

In their review papeiVhitton, Ellwood et al. (2009)ote that the catchment as whole
should be considered when assessing factors that inflilerggsminatabecause the
catchment influences not only the physical and chemical conditions within streams, but
may also provide an upstream source of pgypes. In this study, | use survey records

of 1028 reaches of 369 rivers within 106 catchments of the South Island of New
Zealand and a database of catchment variables for each reach. The survey records
spanned 25 January 2005 to 17 May 2012. My objextiere to: 1) document the

current distribution oD. geminatan the South Island and 2) identify habitat

parameters related to the presence and abseilizegeminata

| predicedthatD. geminatgpositive stes would beconcentratedurther from the coast,
because coastal sites send to have a fine sedime(Biged and Kilroy 2000 | also
expected that flow source would have a rolBigeminat® distribution, in particular,
thatpositivesiteswould beless likely to occur in streams with a lelevation or hill
source of flev, because of themoderate frequency of higlow events(Biggs et al.
2008. Finally, | predicted that positive sites wouldd less likely to occur with
increasing proprtionate areas of glacier in the upstream catchment, becatlse of

increasing suspended sediment load.
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2.2 Methods

2.2.1 Study region

The South Island is the southernmost of
together span latitudes 3°S. The South Island landforms are predominantly

uplifted sedimentary mountain ranges and extensive glacial and alluvial outwash plains.
Mountain ranges oriented in a northesstithwest direction occur down the length of

the Suth Island. Regions to the west of these mountains experience higher rainfall than

N ¢

regions to the easilroy, Snelderetal. (2008l e scr i be New Zeal andos

dilute, soft and low in alkalinity with high water quality (generally) by inteameat
standards. Exceptions are rivers whose catchment geology comprises mainly soft
sedimentary rock. These, as well as rivers with glaciers in their catchments, tend to be
naturally turbid at base flogKilroy, Snelder et al. 2008)

2.2.2 Data sources and analysis

Biosecurity New Zealand (MABNZ) maintains an interndiased registry of a.
geminatasurveys in New Zealand. It is called the Didymo Samples Database
(http://www.biosecurity.govt.nz/pests/didymo/partneid)e registry includes posigv
(visually observed) and negative records. For this analysis, | downloaded all South
Island data from the database, comprising 3106 records up to 31 OctobeFig0ie (

4). Of these records, 540 represent positive observations, 2253 represent negative
observations at exposed sit€s geminatas elsewhere in the catchment) and 333
represent negative observations at sites within a catchmemich D. geminatahas

never been recorded. To allow each site to be mapped in relation to upstream and
downstream river reaches in the same catchment, the unique reach number for each site
was linked with the Freshwater Environments of Newlateh(FWENZ) Database on

the River Environments of New Zealand Netw{tkathwick, Julian et al. 2008 he
network is described biilroy, Snelder et al. (2008put briefly, it was derived from a
30-m digital elevation model and contains approximately 60 uniquely identified

river sections defined by confluences with tributaries. Each section of the river network
is combined with various grids of environmental data to derive environmental variables
such as climate and geology. The network data aredsts a geographical information

system layer. For details of the variables contained in the FWENZ, pleacaldet.
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From the MPIBNZ database, | independently classified all 1028 unique reaches into
one of the foll owing three status categor.

with respect td. geminataat the time of writing:

1. Negative(n = 148): a mgative reach whei®. geminatehad not been
previously recorded anywhere else in the catchment

2. Negativeexposedn = 543): a negative reach within a catchment with a
previous record dD. geminata Any catchment placement relativea®.
geminatapositive site (upstream or downstream) was used because the
data indicate that upstream spread occurred rapidly and often.

3. Positive(n = 337): a reach with a previous or current record.of

geminata

The Wilcoxon signedanktest(Wilcoxon 1945 was used to test for a significant
difference in the rates of cresatchment versus withicatchment spread. Multinomial
logistic regressioiHosmer and Lemeshow 2000as used to conduct a multivariate
analysis of habitat characteristics that predict reach membership to the three status
groups (negative, negativexposed, positive). First, multiple records were removed, so
that only the most recent record per reach remained. | initially considered 29 spatially
explicit environmental variables representing climate, topography, land cover types,
bedrock geology and hydrology that were available for each reach from the FWENZ
databaseTablel). Dummy variables were created for categorical variables, while
guastquantitative variables (for example, bextk calcium, which has a maximum

value of five) were treated as continuous variables. Multicollinearity was evaluated by
examining crossorreltions among all the variables. Flow and low flow, upstream
catchment area and flow, and elevation and average minimum July (winter)
temperature were highly correlated (0.73, 0.90-@naB, respectively). Based on their
potential relevance for the distution of D. geminatal included low flow and July
temperature and excluded flow, catchment area and elevation. Thus, the final number of

variables considered for modelling was reduce2ié.o

Relative risk ratios (RRR) are presented as modebowts. The RRR of a coefficient
indicates how the risk of the outcome falling in the comparison group relative to the
risk of the outcome falling in the referent gracilpangesvith the variable in question.
An RRR > 1 indicates that the risk of the outcdaikng in thecomparison group
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relative to the risk of the outcome falling in the referent giogpeases as the variable
increases. In other words, the comparison outcome is more liketydosmer
Lemeshowtest(Hosmer and Lemeshow 2000as used texamine model fit. Theest
is computed aa Pearsore® from a contingency tablef expectedrersusobserved

frequencies. A large p value indicates a goad fit

600

400
1

Number of observations

200
1

2005 2006 2007 2008 2009 2010 2011 2012
I Positive observation [l Negative observation

Figure4. Histogram ohumber ofMPI-BNZ Didymo Samples Btabase observatiofee the South Islandoy year
(2005 2012). The histogram includes all observations in the database and shows that survey effort has declined
dramatically over the last three years.
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Tablel Brief description of the FWENZ and REC variables used in the multinomiatiogegression analysis of
factors associated with. geminatestatus group membership (positive, negaéxposed, negative)

Parameter name

Upstream calcium

Upstream hardness

Upstream phosphorus
Upstream alluvium
Upstream bare land
Upstream exotic forest
Upstream glacier
Upstream indigenous
forest

Upstream pastoral farming
Upstream peat

Upstream scrub
Upstream tussock
Upstream urban
Upstream rainfall
variability

Distance to coast

Flow

Low flow

# of catchment rain days =
25 mm

Order

Climate

Geology

Valley-landform
Land cover
Source of flow
Elevation

Sinuosity

Slope
Summer temperature

Winter temperature

Description

Catchment average geol ogical ca
Catchment average geol ogical h a
6very highod)

Catchment average geol ogical ph

Area of alluvium in catchment (proportion)
Area of bare land in catchment (proportion)
Area of exotic forest in catchment (proportion)
Area of glacier in catchment (proportion)

Area of indigenous forest icatchment (proportion)

Proportion of annual runoff from pastoral farming
Area of peat in catchment (proportion)

Area of scrub in catchment (proportion)

Area of tussock in catchmegproportion)

Area of urban development in catchment (proportion)

Coefficient of variation of annual catchment rainfall

Distance from reach to the coast (m)
Total annual runoff volumégnm ni’)
Mean annual low flowl(s™)

Catchment rain days (> 25 mm / month)

Strahler stream order

Warm-extremelywet, warmwet, warmdry, coolextremelywet, coolwet,
cookdry

Alluvium, hardsedimentary, sofsediment, volcanibasic, volcanie
acidic, plutonic, miscellaneous

High-gradient, mediungradient, lowgradient

Bare, indigenous, pastoral, tussock, scrub, exotic forest, wetland, urbe
Glaciatmountain, mountain, hill, lovelevation, lake

Elevation at highest point on reach

The reach length (as the fish swims) divided by the Euclidian reach lel
(as the crow flies)

Ratio of the difference between the top &ottom of reach / reach length
Mean January air temperature

Mean minimum July temperature
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2.3 Results
2.3.1 The spread of D. geminata in the South Island, 2004 72012

As of 31 October 2012). geminatehad spread to 142 rivers in 37 catchments of the
South IslandKigure5,Table2) with a median crossatchment serial interval of 19

days (nterquartile ranggIQR, the difference between the upper and lower quartiles]

71 70) and a median withigatchment serial interval of 21 days (IQRL37). There

was no significant differenda the rate of crossatchment versus withicatchment
spread (z 1.095, p = 0.27)D. geminatéd sange continues to expand, albeit at a

slower rate figure6). The period 2007 through 2008 saw a rapid increase in the
number of invaded catchments, while rapid increases in the number of invaded rivers

was sustained until late 2009.

The initial discovery oD. geminatavas made in the lower Waiau River on 20 October
2004 but the probable point of first incursion was tracked to the Mararoa River, a
tributary of the Waia(Kilroy and Unwin 2011)D. geminatavas not observed in

another catchment until almost eay later (September 2005), when it was recorded in
the Buller, Clutha and Oreti catchments, where it also became a nuisance. Year two of
the invasion (2006) saw spread to one of
for renewable energy, irrigatn and recreation, the Waitaki. The Waitaki catchment

lies predominantly in the Canterbury region, the most central and populated region of
the South IslandStatistics New Zealand 2013) is likely that the spread into this key
catchment facilitated theapid spread into a further 11 catchments in 2007. Rapid range
expansion continued through 2008 and 2009, with an additional 6 catchments invaded
per year, before dropping to an addi@b 3 catchments in 2010 andn22011. No

newly invaded catchments\ebeen observed since October 2011.
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197.43km

Figure5. Map ofD. geminatgpositive (yellow) and negative (green) sites in the South Island of New Zesdarfd
December012, fromthe MPI-BNZ Didymo Samples Databadd¥ote thatnegative sites are concentrated closer to
the coast.
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Figure6. Cumulative number db. geminatapositive catchments. The date of the first positive observation in the
centralised, higluse Waitaki Catchment isdicated. There appears to be a fairly consistent exposure time of about
nine months between new catchment invasions, although this may reflect seasonal survey effort.
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Table2 D. geminatapositive catchmentsn order ofinvasiondate andshowingannual angler pressure (angbiys
+ SD)?

Catchment Firs_t_ Angler pressure  Catchment Firs_t_ Angler pressure

positive positive
Waiau 20/10/2004 5170 + 4100 Arahura 20/12/2007 1020 £ 290
Buller 26/09/2005 11 160 + 980 Ashburton 24/01/2008 10110 + 1400
Clutha 27/09/2005 191 480 + 7540 Wairau 12/03/2008 13 150 + 1340
Oreti 14/10/2005 25510 + 2220 Hokitika 20/05/2008 7010 + 1020
Waitaki 21/01/2006 174 280 £ 7540 Grey 4/06/2008 21 220 + 1590
Aparima 26/03/2006 8820 + 1170 Mikonui 13/11/2008 440 = 250
Hollyford 22/11/2006 660 £ 190 Totara 21/11/2008 370 + 250
Takaka 25/01/2007 1110 +£ 360 Mohikinui 4/01/2009 1010 + 410
Wairaurahiri 1/02/2007 90 +90 Paringa 13/01/2009 360 + 110
Motueka 7/02/2007 6190 + 590 Karamea 15/01/2009 1620 + 360
Haast 16/02/2007 910 £ 520 Waimea 20/01/2009 940 * 250
Hurunui 27/04/2007 18970 + 2020 Orari 20/01/2009 650 + 530
Rangitata 11/05/2007 33500 + 3560 Taramakau 9/02/2009 2890 + 530
Opihi 27/04/2007 27 490 +£ 2910 Waimakariri 26/01/2010 86 930 + 6250
Kakanui 10/05/2007 890 * 380 Selwyn 5/02/2010 1000 + 300
Mataura 23/05/2007 48 480 + 3770 Riwaka 11/02/2010 320+ 110
Waitaha 25/09/2007 440 =190 Porari 21/04/2011 No data
Clarence 3/10/2007 3830 + 720 Waikouiti 10/10/2011 1240 + 580
Rakaia 5/12/2007 36 930 + 2300

aAngler pressure data fronwin 2009)

2.3.2 River status

A multinomial logistic regression analysis was used to determine habitat characteristics
that influence the probability @. geminatastatus group membership (negative,
negativeexposed and positive). The variables included in the most parsimonious model
were mean January (summer) air temperature, distance to coastel@tion source of

flow, hill source of flow, and the average ppberus and calcium concentrations in the
underlying geologyTable3). There were no strong correlations among these variables
(Tabled). A generalised Hosméremeshow goodness-fit test for multinomial

logistic regression models found evidence for a goodit (19.23(16), p = 0.257).
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Table3 Multivariate multinomial regression summary of variables associated with .siieminatastatus Positive
sites are the reference category.

FWENZ Typeof — ppr SE 95% CI
variable variable

Negative
Mean January Temperature 0.78 0.08 0.015 0.640.95
(summer) air
temperature°C)
Distance to Substrate 0.99 <0.01 <0.001 0.98 0.99
coast & k) stability /

nutrients

Low-elevation  Hydrology 222 071 0.012 1.194.14
flow source
Hill flow source Hydrology 152 041 0.118 0.902.59
Phosphorus Nutrients 1.40 0.22 0.033 1.031.92
(scal e:
l owd to
hi gho
Calcium (scale: Nutrients 069 071 0.241 0.371.28
1 o6very
overy hi

Negative

-exposed
Mean January Temperature 0.84 0.05 0.009 0.74/0.96
(summer) air
temperature°C)
Distance to Substrate 0.99 <0.01 0.152 0.991.00
coast km) stability /

nutrients

Low-elevation  Hydrology 299 0.66 <0.001 1.94 4.61
flow source
Hill flow source Hydrology 157 0.21 0.001 1.202.04
Phosphorus Nutrients 096 0.09 0.633 0.791.15
Calcium Nutrients 0.61 0.12 0.010 0.4110.89

*Relative risk ratio. Negative: . geminataat site or anywhere in the catchment, negagixeosed: negative site
within infected catchment, positive.. geminatapositive site.
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Table4 Correlation matrix of variables included in the multivariate multinomial tagiegression model of sita.

geminatastatus group membership

Temperaturé  Coast Low elevation Hill Phosphorous
Temperature 1.00
Coast -0.30 1.00
Low elevation 0.14 -0.33 1.00
Hill 0.14 -0.09 -0.48 1.00
Phosphorous -0.01  0.23 011  -0.08 1.00
Calciun? 0.18 -0.04 029 -0.02 0.20

&mean January (summer) air temperature

®geological

Compared with reaches of other hydrological oritfie, relative risk ofeaches with a
hill source of flowbeing negativéncreass by a factor of 1.52andthe relative risk of
being negativeexposed rather than positivereass by a factor of 1.3. Similarly, the
relative risk ofreaches with a low elevation source of floeingnegativeincreass by

a factor of 2.22andthe relative risk obeing negativeexposed rather than positive
increass by a factor of 2.99With each 1C increase irmean January (summer) air
temperatureéherelative riskthat a reach is negative rather than posiiieereases by a
factor of0.78and therelative riskthat a reach is negathexposed rather than positive
decreaseby a factor 0f0.84 Among all reaches, increasingean January (summn)er
air temperatur@encrease the probability of beirlgy geminatgpositive Figure7). The
increase in probability with temperature is mostked for reaches with sources of
flow other than hill or low elevation. With each 1 km increase in distance to the coast,
therelative riskof a reach being negative or negatesgposed rather than positive
decrease by a factor 00.99 Distance to the coast particularly affects the probability of
being negative, and has less effect on the probability of a reachhejgegninaté
positive in streams with a low elevation flow source than in other stréagws€8). A
unit increase in calcium decreased fiblative risk ofa reach being negative or
negativeexposed rather than positive &yactor 0f0.69and0.61, respectively. In all
streamsgeologicalcalcium strongly influenced the probability of being positive or
negativeexposed, with comparatively minor influence on the probability of being
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negative Figure9). Geologicalphosphorus had only minor influence on the probably
of a reach being in each status. In all streams, incregsliggicalphosphorus slightly
increased the probability of beimggative, decreased the probability of being negative
exposed, and had almost no influence on the probability of being po§itjeg10).
Overall,unit increases igeologicalphosphorus increased tredative riskof being
negative rather than positive byfactor ofl.40, and decreased thelative riskof being

negativeexposed rather than positive &yactor 0f0.96
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Figure7. Conditional effect plots of predicted probabilities foean January (summer) air temperata@,(by
source of flow. Blue line: positive, green line: negaosed, red line: negative. Holding other model variadties
their mean (distance to coast, calcium, phosphorus), increasing temperatures decrease the probabilities of site a being

negative or negativexposed, and increase the probability of a site being positive.
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Figure8. Conditional effect plots of predicted probabilities for distance to coast (km), by source of flow. Blue line:
positive, green line: negativexposed; red line: negative. Holding other model variables at their mean (temperature,
calcium, phosphorus), inasing distance from the coast decreases the probability of a site being negative and
increases the probability of a site being positive. After a distance of about 300 km from the coast, the predicted

probabilities of a site being negatiegposed begin tdecrease.
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Figure9. Conditional effect platof predicted pobabilities forgeologicalcalcium (quasguantitative variable;ib),

by source of flowBlue line: positive, green line: negatieeposed; red line: negatividolding other model

variables at their mean (temperature, distance to coast, phosphorus), increasing calcium in the underlying geology
sharply increases the probability of a site beingitive and decreases the probability of a site being negative
exposed. Note that the calcium threshold determining differences in the probability of being positive or-negative

exposed differs between sources of flow.
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Figure10. Conditional effect plots of the predicted probabilitiesdeplogicalphosphorus (quasjuantitative

variable; 15), by source of flow. Blue line: positive, green line: negaéxposed, red line: negative. Holding other
model variablest their mean (temperature, distance to coast, calcium), increasing phosphorus in the underlying
geology slightly decreases the probability of site being negatipesed and increases the probability of a site being

negative.
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2.4 Discussion

Eight years after its arrival). geminatahas spread to 37 catchments of the South
Island. Despite initial indications that > 70% of river secti@tsahlerStreamOrder >

3) were highly suitable fdb. geminataa much smaller proportion of these reaches has
actually been invaded. Within the sites included in the-BIRE database, only 35% of

reaches of stream order > 3 wE€regeminatgpositive.

After the first sighting, there was a-b#onth lag befee the alga was observed
elsewhere. In many catchments, particularly the smaller ones, the alga appeared to
spread upstream incrementalKilroy and Unwin 2011)a phenomenon also observed
in Iceland(Jonsson, Jonsson et al. 2Q0iMe similar crossandwithin-catchment serial
intervals suggest that overland spread occurs as quickly as spread within connected
bodies of water. While overland spread is almost certainly human me(Katreg and
Unwin 2011) within-catchment spread is a function of both famand natural vectors
(Johnson and Padilla 199®atural vectors are thought to include the water current
itself (in a downstream direction), as well as fistvertebratesaquatic birds and stock
(up- or downstream{Kilroy and Unwin 2011) Further indcation of the critical role of
humanmediated spread is the explosion in the number of newly invaded catchments
oneyear following the invasion of the Waitaki catchment. This fits with the findings of
a 2007 National Anglers Survey, which identified tteg largest contribution to cress
boundary fishing in New Zealand occurred in the lower South Island, with substantial
movement of anglers between the Waitaki and its adjacent catchidemats 2009)
Although feltsoled waders were assumed to be imposteaatorsD. geminat® sross
catchment range expansion continued its rapid pace for a full year after their 2008 ban
in New Zealand. Other components of angling gear and other water users must also
have strong transmission potential. (It is gisgsible that anglers ignored the ban).
Alternatively, the 2009 incursions marked the end of a suspeciedrSonth lag

between incursion and visible growtbrosscatchment range expansion has slowed
considerably in the past two yegoessiblyindicating thatthe alga has reached its

range limits, or that the control measures and public campaigns undertaken-by MPI
BNZ have finally become effectivelowever it may also reflect lesser survey effort
over the past three yedisgure4). Thiswould havesignificantly decreaskthe
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likelihood of finding new incursions. Given this sampling effort issue, it is difficult to

definitively descrile D. geminat@& surrent distribution.

Broad scal®. geminatahabitat patterns were evident. Negative sites were
concentrated closer to the coast and at sites with lower mean summer air temperatures.
Increasinggeologicalphosphorus concentrations slightly increased the probability of a
reach being negativéAs predi¢ed, sites with a low elevation or hill flow source were
more likely to be negative than positive. Positive sites tended to be further from the
coast and indcations with highemeansummer air temperatures and greater calcium
availability in the underlying geologiean January (Ssummer) air temperatame
geologicalcalcium distinguished between positive and negatix@osed sites,

suggesting that adequatartperature andgeologicalcalcium supply areecessaryor

D. geminatecolonisation given a suitable propagule supply. However, at any given site
there are probably many combinations of variables that will reBtrigeminaté® s

colonisation window (e.g. shade, velocity).

Coastal sites tend to be warmer, more turbid and slow flowing with fine sediment beds
(Biggs and Kilroy 200Q)Stable substrates are required to suppogeminata

(Antoine and Benscivans 1986%0 it is a lack of suitable substrate that is likely to
drive the observed association with distance to coast, at least in part. New Zealand
rivers with a low elevation source of flow are characterised by relatively high minimum
flows with a moderate fregency of low intensity high flow even(Biggs, Ibbitt et al.

2008) This results in long periods of stable velocities and stable bed sed{Bigus,

Ibbitt et al. 2008) Although these sound like ideal conditionsBorgeminatalow
elevationsourced streams also tend to be very enriched and many are at least partially
springfed (Biggs and Kilroy 200Q)Rivers with a hill source of flow are characterised

by moderately frequent high flows, with flood flows that can have a very high
magnitude §bout 3000 times the lowest flow®iggs, Ibbitt et al. 2008)They are the

most common stream type in New ZealéBaygs and Kilroy 2000and encompass the

full range of enrichment regimé¢Biggs and Kilroy 200Q)Accordingly, low elevation

and hilHfed reaches had higher probabilities of being negagx@osed rather than
negative or positive due to their highly variable habitat conditions.

This analysis is the first of its kind f@r. geminata No studies have addressed the
interactive role®f nutrients, flow source, land cover, bedrock geology and topographic
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characteristics on the algaéds distributior
have a propagule supply, yet &egeminatéfree from sites that af®. gemnatai free

with no known propagule supply. The most closely comparable studies are those of
Rost, Fritsen et al. (201anhdKumar, Spaulding et al. (20QRost, Fritsen et al.
(2011)used survey data of 50 stream reaches in Sierra Nevada to deterine if
geminatadistribution patterns were related to water chemistry, bedrock geology, or
both.In that studyD. geminatavas more likely to occur in streams with higher percent
calcium and sulphate, higher absolute concentrations of sej@ral lower absolute
concentrations of magnesium, chloride, sodium and bicarb{Rast, Fritsen et al.

2011) The Sierra Nevada findings support those from Norway, where gradients in
calcium and sulphate explained much of the broad scale distribatitamrgLindstregm

and Skullberg 2008A preference for mountainous calcareous rivers in Spain has also
been reportefifomas, Oscoz et al. 2010)¥ound thatD. geminatavas more likely to
occur inreachesvith highergeologicalcalcium valuesand that insufficientjeological
calcium exclude®. geminatarom reaches with a propagule supplyther

suggesting thageologicalcalcium has a role iB. geminatecolonisation D. geminata

may be unable to adhere to subtt with insufficient calciuniGeesy, Wigglesworth
Cooksey et al. 2000)hus explaining its absend&’hitton, Ellwood et al. (2009)

suggest that calciumay influenceD. geminatavia its effect on another element
important for its physiology,roon the suitability oD. geminataor grazersRost,

Fritsen et al. (2011)ypothesized thahe link between calcium a2l geminaté s
distribui on was due to t he albgdging} disomanbtikty, r e qui r
adhesion, or a combination of these factBecause the correlation between geological
and water calcium in New Zealand is unknowis not clear whether it is the calcium

in the underlying rocks, or calcium in the water that is importarid fgeminata
colonisation.The role of calcium iD. geminaté solonisation process needs to be

elucidated with experimental studies.

The Sierra Nevada study also identifietes of sulphate (positive) and magnesium

(negative) inD. geminaté distribution. They speculated that the latter could be due to

an inverse association between magnesi um :
determi ned. 0 lMthwere eot includedire mywamalysisaplevious work in

New Zealand shows thBt geminatas excluded from certain spring fed creeks, and

that these creeks have high magnesium concentrggomiserland, Rodway et al.
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2007) The proportion of metsedimentary rock in a watershed also predicted the
presence obD. geminatan Sierra Nevada. In Icelandic streams, the alga is less
common and the occurrence less prominent in rivers with tertiary basalt bedrock
(Jonsson, Jonsson et al. 2Q0Me bedrock geology variables (hard sedimentary, soft
sediment, volcanibasic, volcanieacidic and plutonic) did not distinguish betwdn
geminatapositive, negativexposed or negative sites in the South Island of New
Zealand (this studyAlthough notincludedas a variable in this study, pH may also
influence the alga, as it has never been found in Norway in water pHkirgdgtrgm
and Skullberg 2008However, n their review papekVhitton et al. (2009 state that
almost all accounts @. geminatamention pH values in the range from just below

neutral to well above pH 8.0.

In the United Statestudy(Kumar, Spaulding et al. 2009nean air temperature in the
warmest quarter was one oethest predictors of potential suitable habitDor
geminataln this study, mean air temperatures in January preditgéminata
presence/abserideut in the opposite direction to that observed in the United States. In
South IslandtseamsD. geminatgpresence was predicted by relatively warmer, not
cooler, summer temperatures. HoweyEymar, Spaulding et al. 2008)vestigated a
comparatively wider range of temperatures, including much higher vluesar,
Spaulding etl. (2009)also identified basélow index and elevation as important
predictors oD. geminaté presence. However, in that model, temperature and
elevation were probably collinedn my model, there was a weakyersecorrelation
betweermeanJanuary (summer) air temperatared distance fromoast. This suggests
that substratsuitability overrides theinfluence of temperatur@ther omparisons of
water chemistry variables in the presence and abserzegaiminatebloomsin

Vancower Island and atD. geminatapositive and negative sites in Italy found no
significant relationships with any of the measured environmental varigghesbot and
Bothwell 1993; Beltrami, Cappelletti et al. 200Bpwever, h a North Americantady,

D. geminataaffected sites were characterised by lower mean values of flow, turbidity,

temperature, conductivity, pH and TIRirkwood, Shea et al. 2007)

Catchment proportion of peat did not distinguish betwi2egeminatastatusgroups in
this study, despite streams elsewhere with aburidagéminatehaving peaty soils in
the catchmenfWhitton, Ellwood et al. 2009 Contrary to my prediction, proportionate

area of glacier in the upstrearatchmentvas also nbassociated with. geminaté s
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distribution.Peatand proportion of glaciexereincluded askey variablsin an earlier
model designed to assess the suitability of aredd.fgeminataKilroy, Snelder et al.
2008) My analysis oD. geminataoccurrence data spanning eight years had only
summer air temperature in common with that earlier model. This may explain the
current discrepancy between the predicted ran@e géminatan New Zealand and

the reported observations.
2.4.1 Limitations of this analysis

The strength of this study over otl2rgeminatgporesence/absence studies is the
distinction made between sites with and without a propagule supply. However, the
concetration of propagules was not accounted for. It is knownRhgeminatéd s
invasive success depends on the density of the propagule gkidplgr and Kilroy

2009) Sites downstream of only one positive site may have suitable habitat but few
propagules. Despite this limitation, the model successfully distinguished between the

three status groups.

The interpretation of this chapteBN& resul
Didymo Samples Database. This database does not represemiasigsseirvey effort

and it is likely that difficultto-access sites are poorly represented. The odds of a site

being positive or negative may have also depended on the season it was surveyed. A
thorough readhrough of the database suggested that oncsitiveorecord was

obtained for a particular site, further reports for that site tended to cease or become less
frequent. This meant that | was unable to investigate the possibility of range abatement

or create a fourth status group of sites whirgeminatassubsequently disappeared.

Survey effort was likely to vary seasonally and certainly did so throughout the years
(Figure4). For this reasn, | made no attempt to conduct a Rhigkolution analysis of
temporal patterns of spread. Such analysis would require systematic survey effort.
However, notwithstanding the probable underrepresentation of remote sites, the
database was well suited fomztucting an analysis of the habitat parameters that are

related taD. geminatastatus group membership.

Use of the MPIBNZ and FWENZ databases has given us an understandihg of
geminatadistribution at the widest scélean entire islad. However, these databases

provide no insight into the unique site characteristics such as substrate, velocity and
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nutrient concentrations that enabBlegeminatao accumulate, and in some instances,

bloom. These factors are addressed inolieviing chapters.

Although this chapter shows tHat geminaté® sange almost completely covers the

South Island, an assessment of its impact is unable to be made with presence/absence
data(Kilroy and Unwin 2011) In many streams, particularly those with natural flow
regimesD. geminatanay obtain only very low biomass. Finally, it must be kept in

mind that a significant correlation does not necessarily indicate the existence of a causal

relationship baveen factors.
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2.5 Conclusions

In conclusionD. geminatas a very successful invader of streams in the South Island,

New Zealand. The multinomial regression analysis identified six factors that influence

the probability of a reach beirid} geminatgpositive, negativeexposed or negative.

This information can be used to improve assessment and distribution moedgd&. At

sites forD. geminatanvasion are those that are frequented by an{Bahwell,

Lynch et al. 2009; Kilroyand Unwin 2011)have suitable substrates for colonisation,

are a sufficient distance from the coast, have adequad@ January (summer) air
temperatureand calciumin the underlying substrateow phosphorous the

underlying substratandsuitableflow regimes The pathways of invasion to these sites

should be interrupted (if feasible). One management option for slowing or preventing

the spread dD. geminatais to close rivers with an overlap of angler activity and these

habitat characterissts to fishing. However, such an approach has been argued to be
6economically ineffici BevilhKeiretalt2@lPankis of 06 ar
likely to be met with fierce resistance from anglers. In large rivers, such as the Waitaki,
completeclosure would be very difficult to achieve. There are many users and the

adjacent towns are economically dependent on the river. Furthermore, the long and
sinuous nature of the river makes pol i ci ng
wouldmake he river more attractive to angl ers
habitat.

It appears thaD. geminatawill not establish at a site with insufficiegeological

calcium orair temperature, even if propagules are supplied from elsewhere in the
catchment. Other unique site characteristics such as the presence of riparian shading,
elevated nutrient concentrations, high velocity or greater depth should also influence
geminatad ability to establish colonies. Such variation in suitability at smaller spatial

scales is captured in the following chapters of this thesis.
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3 Didymosphenia geminata abundance thresholds in a

temperate Southern Hemisphere r egion

Abstract

Didymosphenia geminata a freshwater bloosforming diatom capable of changing
macrobenthiénvertebrate community structure. Its abundance patterns in Southern
Hemisphere streams with different flow regimes and during different seasons are not
well understoodD. geminatacolonies were monitored in 13 noegulated and 8
hydrologically stable (regulated by a dam, lake or other storage) streams in Otago, New
Zealand. Each stream was visited in winter and spring 2009 and in summer 2010.
Scatter plots and mixeeffects regressn were used to identify patterns between

stream variables arfd. geminataabundance. Its abundance was greater in

hydrologically stable streams. Cool stream temperatures did not limit chlorapth!
measure used as a proxy rgeminatacell biomassAlthoughit was also positively
correlated with chlorophy#, velocity limited the accumulation of high stalk biomass
(measured as aghee dry mass), at a threshold of approxima@eéim s*. Below this
threshold, stalk biomass was positively correlated with temperature. In g&neral,
geminat® snvironmental preferences in this Southern Hemisphere region are aligned
with those in its native Northern Hemisphere. Its success inZé¢ahand is therefore

|l i kely to be attributable to the suitabil:i
extraordinary characteristic of New Zealandoigeminatatself.
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3.1 Introduction

The freshwater benthic diatoBidymosphenia geminafdyngbye) M. Schmidt forms
nuisanceblooms in New Zealand and overseas and is thought to thirestieal

ecological processes and properties in affected strélarsco and Ector 2009p.
geminatamats, which mainly comprise extracellular polyd@aride stalk material

(Gretz, Riccio et al. 2006; Whitton, Ellwood et al. 2Q0®9ve been shown to change

the community structure of macrobeistinvertebrate¢Kilroy, Larned et al. 2009;

Gillis and Chalifour 201Q)increase total invertebrate abundess(dames, Ranney et al.
2010) affect surface watéground water exchandBickel and Closs 200&nd

increase periphyton biomagsilroy, Larned et al. 2009 Historically found in low
productivity streams in thorthernHemispherdSpaulding and ElweR007) in

recent year®. geminatahas rapidly increased its range, and is now well established in
the South Island of New Zealadilroy and Unwin 2011)In addition to the

expansion into New Zealand, it is reported that bloom occurrences are becoming more
frequent in North America, Europe and Agspaulding and Elwell 2007; Blanco and
Ector 2009; Cullis, Gillis et al. 2012)

Where presenD. geminatatends to proliferate in oligotrophic watéi/hitton,
Ellwood et al. 2009)although blooms have also been reported in mesioic waters of
Europe(Kawecka and Sanecki 2003) and eutrophic waters in the United States
(Spaulding and Elwell 2007n New Zealand, blooms primarily occur in rivers with
mean dissolved reactive phosphorus (DRP) concentrations below 5 itgpthwell
and Kilroy 2011), yetecent survey and experimental work suggtsit P availability
limits cell division rates duringlooms(Bothwell and Kilroy 2011; Kilroy and
Bothwell 2011) D. geminatathrives in a wide range of hydraulic conditions
(Kirkwood, Shea et al. 2007; Spaulding and Elwell 2007; Kirkwood, Jackson et al.
2009) However, studies have indicated stydimks between stable river flows and
increased. geminatagrowth (Kirkwood, Shea et al. 2007; Spaulding and Elwell
2007) While a propensity for large proliferationshigdrologically stablerggulated by
a dam, lake or other storage) watera/gsydocumente(Kawecka and Sanecki 2003;
Kirkwood, Jackson et al. 2003here have been notable blooms in-negulated-ain

fedwaterways in New Zealand, including the Kakanui and LiRi®rs in Otago (V.
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Hammond, pers. obsBlooms were also obserd in the nofregulated Ara River of
Spain between 2006 and 200®mas, Oscoz et al. 2010fanaging the abundance
and spread of this organism would be improved with better knowledge of biomass
dynamicsin a variety of stream typesd during different ssons

Using data collected during a survey of streams within the Otago Region of New
Zealand] examinel variables that potentially limend facilitateD. geminatagrowth
and biomass and explaréheir potential topredictD. geminataabundancel.
hypothesizedhatD. geminatagrowth and biomassould belimited/facilitatedby
different variables at different times, as has been reported for other periphyton
communitiede.g.Rosemond, Mulholland et al. (20Q0For example, in the South

| sl andds t e segasenaemperaturand lighd vaatiormaydetermineD.
geminatagrowth potentia] whereas during spring and summeingen light and
temperature conditions are favourable, lmtrient availability nay limit its growth. In
addition,due to the high biomasses titatgeminatamats can achieve, | hypothesized
thathigh water velocityvould preventthe accumulation of higD. geminatebiomass
in some fast flowing reaches of South Island rivers. Finally, bedaugeminatacan
grow a high biomassinder optimal conditions,hypothesisé that rivers with
hydrologically stable flowge.g.lakes, dams, etcshouldretain higher biomasses$

mats than rivers without flow regulation.

| hypothesizedhat an interactionof limiting factors should influence biomass and
production among rivers over annual climate cycles. For example, nutrient limitation
will primarily occur only at times wheremperature and light are above critical

thresholds. Secondly, temperature and light limitation should occur at sites where water
velocity is below a critical turbulence threshditly analysis determirsavhether such
thresholds can be elucidated fr@mgeninata biomass surveys among a variety of

rivers and river reaches, over an annual cyciso interrogate the same dataset to

elucidate key interactions among potential groeiintiiting factors.
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3.2 Materials and methods

3.2.1 River and site selection

This studyfocused on rivers in the Otago Region of the South Island, New Zealand
(Figurell). The region is characterised by high rainfall in the Southern Alps (> 3000
mm y%) and low rainfall in the serarid Central Otago valleys (< 500 mrit)y There

are two principal catchments in Otago, the Clutha / Matand the TaieriThe area of

the Clutha catchment totals 21 ORM? and that of theTaieri catchment totals 5050

km?. Rivers were selected to encompass a broadalehced range of river types
[according to the New Zeal and Department o
Environments of New Zealand Classificatitieathwick, Julian et al. (200B)Of

primary interest was whethgwvers werehydrologically stabléregulated by a lake,

dam or other storage her eaf t)eorn odr g chuebnaetpdatbde)wWithia

the two contrasting flow regimes, rivers were selected based on a balanced range of
mean annual flows, channeldths, stream orders and slopes. Sites were selected based
on ease of access and wadeability. Each reach was 30 m long with four transects
marked at 10 m intervals. Care was taken to sample only in reaches unaffected by
shade. Decontamination proceduresenearried out between all sites, regardless of

confirmation of the presence Dt geminataor not

To address seasonal persistence and abundance, monitoring was carried out in winter

(July 2009), spring (October 2009) and summer (January Z0a@\void the effects of

flood scouring orD. geminataabundance, data were not collected within 14 days of a

flood (here defined as an eventwithaflow t hr ee t i me % Peripghygon me d i an
recovery after disturbance is highly variaflggs and Gbse 1989)but can be

complete after only a few dayBeterson 1996}-ollowing a bedmobilizing flood n a
regulatedstream in the United Statd3. geminataabundance recovered to gleod

levels within a weekMiller, McKnight et al. 2009)
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Figurell Location of study sites in the Otago Region, New Zealand. Note: The maroon area indicates the Otago
watershed. Major rivers and lakes are marked in blue. Although the Waitaki River is outside the Otago watershed, it
is used for irrigation in Otago andag, therefore, included in the survey.

3.2.2 Collecting and assessing D. geminata

Periphyton samples were collectediat points along each of four transects, up to a
maximum depth of 0.6 m. Samples wprecessé for microscopiadentification,
determination of asfree dry massAFDM) andchlorophyll a following the

procedures oBiggs and Kilroy (200Q)A 5 cnf circular area of periphyton was
scraped frommandomlyselected rocks within the reach by mechanically dislodging
biomass using a combination of dissecting tools and a toothbrush to clear the rock
surface of visible periphyton. At each site, periphyton samples from each rock were

pooled in a 300 ml pottle arsiored on ice prior to freezingQ°C).

| used chlorophylé as a proxy for cell biomas8FDM as a proxy for stalk biomass
and the autotrophic index as a proxy for stalk:cell ratieach siteThe autotrophic
index is the ratio of asfree dry mass tohlorophylla, where high values indicate large
amounts of nophotosynthetic organic material compared to live plant mai@igbs
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and Kilroy 2000) While these measures include the biomass of the entire periphyton
community, when preseriD. geminatawas the overwhelmingly dominant spedjas
confirmed via microscopy)Chlorophylla and AFDM data of 14 sampling occasions
were dropped from the analysis becaDsgeminatavas not visually observed at the

site.

3.2.3 Measurement of physical and chemical parameters

Mean flowvelocity at each site was quantifiedsed on the average of measurements
of meancolumnvelocity taken at 15 points across each of four channel trangects.
Flo-Mate 2000 (MarstMcBirney, Maryland USAwasusedto take30-second
readingsat six-tenths of the watetepthabove the stream bed YSI meter (YSI
Professional Pro Plus, YSI, Yellow Springs USAxwesed to measure site water
temperaturgconductivityand dissolved oxygerrive 50 ml water samples were taken
from each site usingolyethylengubes that had been acid washed and rinsed with
double distilled water. Water samples from each site weredstm ice for transport,
before being frozen aP0°C. Dissolved nutrients were filtereghd dissolved organic
carbon (DOC), silicate, nitrafid plus nitriteN (NO3) and DRP were analysed using
standard method#/orris and Riley 1963; Murphy and Riley &3%; Wood, Armstrong
et al. 1967)Nutrient concentrations were determined using a -£Al¢ segmented
flow autoanalyser (SkalarAnaltical B.V., Breda, The Netherlands). The Wolman
method wasised to summarissibstrate composition at each gitéolman 1954)One

hundred particles were measured, #radr mean was used in the analysis.

3.2.4 Analysis

Scatter plots and matrices were used to assess potential environmental thregholds in
geminatacell density (chlorophyl&), biomass (AFDM) and autotrophpotential
(AFDM:chlorophylla). Where clear thresholds limiting these variables were observed,
samples wherB. geminatavas potentially limited were distinguished from the sample
pool. The scatter plots then indicated whether interactions between ermir@hm

variables occurred.

Variables were transformed where necessary to achieve normal distritarttbns
normality of the transformed variables was checked with the Skesetssis Test
(D'Agostino et al. 1990 Repeatedaneasures ANOVA wasused to assess differences in

the means aineasured environmental parameters between the two flow regimes and
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between sites with and withoDt geminataAs with any ANOVA, repeated measures
ANOVA tests the equality of means. Howeuiiis methodology accounts for the
longitudinal design, with each site being sampled on more than one ocddson.
dependant variable was the environmental parameter of interest, while the independent
variables were site group membership (regulated vsreguiated flow, and®.
geminatapositive vs.D. geminatanegative sitesBecause of winter access restricipn
floodsand a river drying up, survey effort varied, with sites being visiteeitbertwo

or three occasions. Therefore, mixeffects regression was usextest for linear
relationshipswith a random intercept for each site allowing for automatjgstichent

for unequal measurement points for each site. Thesgdeific random intercept can be
thought of as the combined effect of omitted-specific time-invariant covariates that
cause some sites to be more susceptiblz geminatahan others €.g.substrate
composition). Stream order was initially entered thi@linearmodels as a a@riate
However, as it had no effect on the models it was subsequently dropped from all
analysesFactors associated with thiereeD. geminaa abundance variables
(chlorophylla, AFDM and autotrophic indgxvere examined using a subset of
observations witlD. geminatacolonies present (n = 36)he factors (independent
variables) of interest included season, temperature, velocity, NOg,,DRP and
silicate.A biplot was constructed using singular value decomposition of the data matrix
to identify multivariate relationships between the biomasissaream variables and
significant independent variables. Singular value decomposition is related to principle
components analysis and correspondence anaBtsia 10.1 (Stata Corp, College

Station, TX) was used for altatisticalanalysis.



43

3.3 Results

3.3.1 Sites

The survey included 21 riverBigurell, Table5). Of these rivers, 1®&ere non
regulated and @ere regulated (by a lake, damother storage). A total of 59
observations were made. The substrate compositions of regulated aredjularted
streams did not significantly differ (p > 0.05, ANOVA) and predominantly comprised
colbles and pebblef. geminataabundance was significantly higher in regulated
compared with nomegulated stream$®d@th chlorophylla and AFDM p < 0.01,Table

6).

Table5 UpstreamCatchment area, flow regime and pridrgeminatastatus of study streams

River Upstream atchment Regulated Previous record db.
(order at sampling site) area (n°) flow geminata
Taieri (6) 4718655 No No
Dunstan (5) 269403 No No
Mototapu (5) 224675 No Yes
Routeburn (5) 79997 No Yes
Cardrona (5) 306935 No Yes
Manuherikia (7) 1947792 No Yes
Wye (4) 39285 No No
Moke west(4) 21564 No No
Lindis (6) 1012634 No Yes
Timaru (5) 145795 No Yes
Kakanui (5) 294302 No Yes
Dart (6) 581924 No Yes
Makarora (2) 4186 No Yes
Matukituki (4) 156803 No Yes
Fraser (5) 205264 Yes Yes
Greenstone (5) 341993 Yes Yes
Diamond (4) 73824 Yes Yes
Clutha (7) 2584108 Yes Yes
Moke east (4) 22201 Yes Yes
Thompsons (4) 67004 Yes Yes

Waitaki (1) 747 Yes Yes
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In New Zealandthe guideline fonuisancealgalbiomass is defined as AFDM value
035 gm (Biggs and Kilroy 200Q)Under this definition, nuisance levels were
encountered at the regulatiéldke Creek in winter 2009 (AFDM = 49.2m™®), the
regulated Waitaki Rivein spring 2009 (AFDM = 47.4¢ m) and the regulateBraser
River in summer 20108FDM = 38.46g m™).

Environmental data are presented for streams grouped by flow regime (regulated or
nonregulated and by the presence or absen&e géminatgTable6). Theonly
parameter that significantly diffestdoetween the stream types was silicaiely NO;
values significantly differed between sitggh and withoutD. geminataIn the

ordination of environmental variablespresenting the sites sampl&wg(ire12), the
primary axis was best represented by chloroph#ixplaining 62% of the total
variance), while the concentration of DRP best represented the sggartfamgonal

axis (explaining 19% of the total variance).
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Figure12. Singular value decomposition biplot of stream variatiiés:les represent neregulated sites and
triangles represent regulated sites. DRP: dissolved reactive phosphorus; AFEfMeadly mass; Chl_a:
chlorophyll a; Auto_index: autotrophic index; Diss_Oxyssolved oxygen. The lines reflect the variables, with
longer lines indicating higher explained variance. The cosine of the angle between the lines approximates the
correlation between the variables they represent. An angle of O or 180 degreesaefiecttation of 1 oi 1,
respectively.
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Flow regime D. geminata
Parameter Non-regulated Regulated P> Pseason Present Absent Pt Bloon"
Mean Range Mean Range Mean Range Mean Range
Temperature (°C) 7.58 (1.2015.80) 7.25 (0.8014.70) 0.77 0.63 8.28 (0.8015.80) 6.56 (2.00013.50) 0.86 (2.50'14.70)
Velocity (m s%) 0.67 (008139 0.62 (014139 0.36 015 0.62 (008138 067 (014137 0.39 (0.2210.63
Dissolved organic 2.09 (0.474.03) 1.84 (1.022.89) 0.14 071 200  (0.474.03) 1.90 (1.092.97) 0.70 (1.862.09)
carbon (mg't
Nitrate-N (pg ) 26.0L (2.4296.59) 26.38 (2.82122.35) 0.37 0.94 23.23 (2.42122.40) 34.68 (6.2896.59) 0.02 (2.82118.77)
Dissolved reactive 410 (0.4025.28) 2.45 (0.045.71) 0.38 0.14 3.69 (0.4025.28) 248 (0.4013.93) 0.44 (0.04 4.16)
phosphorus (ug)
Silicate (mg 1) 1.91  (0.35.72) 1.21  (0.102.50) 0.01 034 161  (0.302.90) 154  (0.403.30) 0.78 (1.10'2.66)
Chlorophylla (mg m?)  16.77 (<0.10 84.08 (6.34250.23) <0.01 0.18 54.16 (<0.10 472 (<0.10057.52) <0.01 (15.57250.23)
67.11) 250.23)
AFDM (g m?) 6.17 (<0.10 19.32  (0.46149.21) <0.01 0.88 13.48 (<0.10049.21) 0.41 (<0.10554) <0.01  (38.4649.21)
22.56)

a Based on repeated measures ANOVA
b Based on season x regulation interaction term in repeated measures ANOVA ]
c Data from three obseyYved blooms (AFDM O 35 g m
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3.3.2 D. geminata abundance in relation to physical and chemical variables

3.3.2.1 Season

In streams with regulated flowB, geminatacolonies persisted in each of the three seasons.
By contrast, only four of thirteen streams with fregulated flows had visiblB. geminata
colonies each season (Routeburn, Lindis, Wye, Kaljaln all streams witld. geminata

there were no seasonal differences in abundance in terms of AFDM. However, there were
significant seasonal differences in chloropla#ind autotrophic indexalues(both p < 0.01,
ANOVA). In winter, springand summer, gan chlorophyll a concentrations (mm¥) were
65.71, 90.75 and 10.6&nd mean autotrophic index values were 388, 144 and 1681

respectively.
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3.3.2.2 Flow regime and velocity

The singular value decomposition ordination present&igare12 shows that sites on rivers
with regulated flows tended to have higher chlorophyll a tharregulated rivers. 8gulaed
flow was associated with. geminatachlorophylla( b %, SBE = 106, p < 0.01, R=

03) and AFDM (b = 2. 0°0.3050Blorophylawdsdinearly < 0. 01,
associated with velocityp =1, E =076, p < 0.01, R= 0.13, Figure13a), but high
chlorophylla values still occurred in lowelocity sites. Mat development appeared to be
limited by velocity. AFDM values above about 5 did not occur in velocities above 2 m
s* (with one exceptionFigure13b). Therefore, AFDM observations in sites with velocity
above this level are coded separafaly solid diamondsh subsequerfigures.Further, these
observations were excluded from reggien analyses of AFDMhe autotrophic index
values reflected the chlorophgland AFDM patternsKigure13c) with higher stalk biomass

relative to pigment concentrans in lowvelocity sites.
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3.3.2.3 Temperature and dissolved oxygen

A linear relationship was observed between temperature, AFDM (p <RF.610.18 Figure
14b) and the autotrophic index (p < 0.6F,=0.28, Figurel4c). Dissolved oxygershowed
no clear pattern with chlorophydl(Figurel15a), but was negatively correlated witlFBM (p
< 0.01, R = 0.14,Figure15b), and the autotrophic index (p < 0.&E,= 0.14, Figure15c).
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Figure14. Scatter plots of chlorophy#l (mg mi?), AFDM (g mi?), autotrghic index and temperature (°@otes: Solid
triangles indicate velocitlimited observations (velocity 8.61m s?) Solid circles indicate all other observations. The line
in A was fitted by eye to indicate a constraining function. The solid linesaindBC were fitted by mixedffects linear
regression (p < 0.0R?=0.18; p < 0.01, R= 0.14; respectively).
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3.3.2.4 Dissolved organic carbon, nitr ate-N, dissolved reactive phosphorus and
silicate

DOC and silicate showed no clear patterns withRhgeminatavariables. Very high stalk

biomass conitions (AFDM > 30 g crif) were restricted to low DRP concentrations jgg5™

(Figurel7b). The ordinationKigure11) showed that DREoncentrations did not

differentiate the two types of flow regimes. No clear patterns between nutrients and the

autotrophic index values were evidehigurel6c, Figurel7c).
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3.4 Discussion

High levels of periphyton biomass accumulate during periods of stable (Biggs 1996),
andconsistent with many observations in the litera{liekwood, Jackson et al. 2009;

Whitton, Ellwood et al. 2009) foundgreateiD. geminataabundance in streamsth

regulated flowghan instreams witmonregulatedlows (Table6). Seasonal patterns bt
geminataabundance have been reported in streams in the United Kindtlbitton,

Ellwood et al. 2009)where stalks tend to form in spring, and Canada, where blooms
typically occur in late summer to early f@8imard and Simoneau 200%) this study, the
chlorophyll a and autotrophic index valusiowed significant seasonal variation

Chlorophyll a was lowesh summerand highest in sprindn contrast with the United

Kingdom observation, in spring, the streams in my Southern Hemisphere sample had the
lowest AFDM:chlorophylla ratios. The highest AFDM:chlorophydiratio was observed in
summer, suggesting that colonies were persisting as stalks without cells, a phenomenon also
observed in the United Kingdom in late sumrf\&iitton, Ellwood et al. 2009)Stalk lemgth,
rather than density per square centimetre, may be the main driver of AFDM. Alternatively,
the seasond). geminatamat dynamics that we observed may reflect the effect of conversion
of chlorophylla to xanthophyll (known as xanthophyll cywtj (Geider, Macintyre et al.

1998; Goericke and Montoya 1998} other pigments in response to increasing seasonal
light availability. Seasonal, lighthduced xanthophyll cycling could be particularly important
for D. geminatadue to its preference foradn clear streams where light stress could be

considerable during summer.

Velocity was associated witimited accumulation of high levels of stalk biomass, but was
positivelycorrelatedwith chlorophylla (Figure13). There are at least two possible
explanations for these patterns. The first is thatdrigblocities are associated with increased
shear stress and removal of mat material. This would iexpla observations of less biomass
in terms of AFDMat velocities abov8.61 m s'. Others have also identified thaam
thicknes=f diatom communitiessifavoured in lower velocitigd.amb and Lowe 1987).
Howver, an alternative explanation is that highwcities reduce boundary layer thickness,
reducing nutrient limitation and favoring cell growth rather than stalk growth. This would
explain why cholorophyla appeared to be promoted in higher velocites while AFDM
appeared to be suppres€d. g e mintaraction Witk its hydrodynamic environment was

recently studied extensively tharned et al. (2001 Theyidentified thatn low flow
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conditions,D. geminatecells acquire nutirents through diffusion of dissolved nutrients
derived from organic matter in mat matrices and the underlying sub&tédtigher flows,
they found increased nutrient mass transport from the overlying water to mat sutfaces.
seems thaD. geminatacan aquire nutrients from different sources, depending on flow
conditions. Therefore, the reduced boundary layer explaination does not fit my &FDM
velocity data as well as it does my choloroplad! velocity dataSome role of sheatress
remains likely, and in the following chapter | use ldagn data of the Kakanui River to
show thatD. geminatebiomass is inversely correlated with né@d velocity. Fast currents
are likely to stimulate cell division by promoting transfer ofriemts to the cells at the mat

surface(Arnon, Packman et al. 2007)

AFDM wasnegatively correlatedith dissolved oxygefFigurel5). This is likely to

represenD. geminaté sffect on the environment. It is possible that respiration in the mats is
causing reductions in dissolved oxygen. A detailed whedeh metabolism study revealed
major differences in dissolved oxygen (in terms of bothndilwariation and the timing of
peaks) between river reaches that were heavily affect€d ggminateand reaches that were
moderately affected by. geminataLarned, Arscott et al. 2007n that study, dferences in

D. geminatebiomass had greater inface on dissolved oxygen than differences in

temperature oflow had on dissolved oxygen

Stream ¢émperature was positively associated with AFDIW proxy for stalk biomass, as

well as the autotrophic index valuésdurel14). Although temperature was not significantly
correlated with DRP or nitrati (data not shown), it may be carrying some flow information,
because flows preceding the January samples were likegvobeen lower and more stable
than flows preceding the July and October samples. Furthernelkepsoduction is

positively correlated with lightKilroy and Bothwell 2011)which is positively correlated

with temperature through seasonal differenceslar elevationAssuming that most of the
material measured wés geminatathis suggestseasonal differences stalk production
relative tocell production.Three previous studies identified no temperatabeindance
associationgKirkwood, Shea et al. 2007; Kirkwood, Jackson et al. 2009; Miller, McKnight
et al. 2009) Two of these studies, conducted in rivers with slightly higher temperatures than
our study riversused cell density counts as a measure of abundKirkgood, Shea et al.
2007; Kirkwood, Jackson et al. 2009hich do not include stalk materi&found no linear

association between chlorophgland temperaturd={gure14). Thereforeconflicting
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findingsregarding temperature are probabie to differences in variables used to represent

D. geminataabundancand differences in temperature ranges studied

Chlorophyl a was not associated wittitrateN (Figure16). In one nutrient enrichment
experiment, increasing levels of nitrdtetriggered an initial but not sustained increasthe
frequency of dividingdD. geminatecells (Bothwell and Kilroy 2011)However, results
regarding nitrogen have been inconsisténanotherexperimentD. geminatashowed no
clear esponse to ammonium nitrate enrichm@atkwood, Jackson et al. 20Q7n the

United States, a negatiize geminataVBIi TN association was identified in Glacier National
Park(Schweiger, Ashton et al. 201 1yhile no association wittissolved morganic Nwas
identified in the Colorado Front Ran{Mdiller, McKnight et al. 2009)On average, compared
with the sites used iMliller, McKnight et al. (2009)the sites in this study had much lower
nitrateN concentrationsOverall, the weak and incolssent relationships between N abd

geminatasuggest a nearitical role of N inD. geminatagrowth dynamics.

Chlorophylla not associatedvith DRR(Figure17). Kilroy and Bothwell (2012Jound that 2
year mean ambient DRFas negatively associated witanding crop index (a metmigore
closely related to AFDMin 15 South Island rivesites wherd. geminatavaspresent.
Furthermore, two North American studies found a negative associatidrgeiminata
abundancandcover with concurrent ambient TP and T#rkwood, Jackson et al. 2009;
Miller, McKnight et al. 20@). Kilroy and Bothwell (2011emonstrated that experimental P
enrichment enhances cell division, but not stalk production, and this mechanism is likely to

explain the observed negative associations.

3.4.1 Potential limitations of this study

The strengths dhedatasetised herénclude its good spatial and seasonal coverdgdso
distinguished between the biomasses of live plant material anphatasynthetic organic
material and identified some potential thresholds for each. However, future studies should
look more closely at the potential for xanthophyll cycling to decothp relationship with

cell density/biomass. Othenave used. geminatacell density counts as a measuréof
geminataabundancéFloder and Kilroy 2009; Kirkwood, Jackson et al. 2009; Miller,
McKnight et al. 2009)Cell density couats do not take into account the biomass of the stalks,
which is the feature db. geminatahat makes it a nuisance alg§nderstandinghetriggers

of blooms requires an understanding of both cell and stalk biomass dyn&talkgength
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and tre frequency of dividing cells would have given more accurate measures of growth and
growth dynamics. While it is possible thEDM and chlorophylla measuresised were
contaminated by other algal specit® impact of this is likg to be minimal Every sample

was checked microscopically, and interestingly, the samples seemed to fall into one of three
types: no didymo cells at all, very few didymo cells, or an overwhelming abundance of cells
and cells with stalks. It was only thettier group that were used in the analysis. Furthermore,

if significant error through contamination did exist, | would have expected to see positive
correlations between chlorophgll DRP and N@ No such associations were evident.

The use ohutrient da& collected at the time of samplirgther than longerm integrated
nutrientconcentrationss likely to have weakened the reported associations because of the
variable natre of nutrient concentratiomsd delays in periphyton response to nutrient
availability (Kilroy and Bothwell 2012)However | wasinterested in the state Bf.
geminatarather than the growth rate, and other studies have successfully m@delled
geminatastatebasedn ambient nutrient concentratiofiGrkwood, Jackson et al. 2009;

Miller, McKnight et al. 2009)Unfortunately, the state @.geminatawill be affected by

flow history. While I did not sample within 14 days oflaod greater thamhreetimesthe
median flow, | was unable to account for total accrual time in my analysesvds$es

considerable limitation of this study.

Finally, I did not account for the tegown effect of grazerd&Vhile various
macroinvertebrates are known to grazédomgemirata (Larned, Arscott et al. 200,/fo my
knowledge, significant effects of grazersiorsitu D. geminatebiomass have not been

demonstrated to date.

3.5 Conclusions

ManagingD. geminatarequires information about its ecophysiolpggrticularly its
environmental constraints. The data presented here suggest that the accumulation of high
biomass is restricted to sites with velocities belb@lm s*. There was also some

suggestion of increased nutrient transpamnfthe overlyingwater to mat surfaces promoting
cell growth, as there was a positive correlation between chloraphwti velocity. This

switch to conditions favourable for cell growth rather than stalk growth may also explain the

observed suppression of AFDM at highetocities.
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In Otago streamshe pesence and abundance of the alga are strongly associated with stable
flows, making any stream with a stable flow regime susceptible to successful invasion and
the accumulation of high biomass. Regulated streams pose a greater challenge for the
management dD. geminatgproliferations, but decreases in hydrological &baility due to
increased water abstraction in A@gulated streams may increase the potentiddfor
geminatato proliferate in these systentaurthermore, nomegulated streams do not offer the

potential to manage nuisance blooms throlligghing flows.
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4 Temporal variability of Didymosphenia geminata biomass in a

hill -fed coastal river (Kakanui, New Zealand)

Abstract

Didymosphenia geminatsiomass was monitored at three sites in afd| coastal

river from April 2008 to May 2010. During this period, five floods of sufficient
magnitude to removB. geminatadrom the stream bed occurred. A visual biomass
index (VBI), calculated amat thickness (mm) x percentage cover was used as a metric
for D. geminatebiomass. Maximum biomass (VBI = 284.07) was observed at the
Maheno site in April 2008, about 43 daafter aflood of at leasthree times the median
flow. D. geminatabiomassvasindependenthassociated witimean watetemperature,
mean substrate particle size (area,Jremdmean sitevelocity. D. geminatavBI net
accumulation rates wernedependentlyassociated with standingBl and flow (albeit
weakly). Controlling for flood magnitude (R, and days since £, removal ofD.
geminatawas associated with pfood biomassmean sitelepth,mean water
temperature and mean substiaaeticle size Postflood recovery wasignificantly
associated witthe size of the standing crapthe first postlood sample andhean site
depth. Blooms were predicted as more likely to occur during periods of low flow, with
increasing days of accrual, at higheatertemperatures and in slowerloeities.

Overall,D. geminataflow dynamics are heavily influenced by the size of the standing

crop andvatertemperature.
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4.1 Introduction

Diatoms are importargrimary producers in freshwater ecosystems. They are a rich
food source for many aqti@ainvertebrates and can purify stream water through the
assimilation of dissolved nutrients and other matéBajgs 1996) However, during
periods of stable flow, periphyton can accumulate to high léBaigs 1996)and
threaten irstream biodiversityand water qualityDidymosphenia geminaia an
example of a diatom species that can form large proliferations, particularly in
oligotrophic rivers. Under nutrieditmited, highlight conditionsD. geminatgroduces
stalks composed of extraadkr polymeric substances, and this is the reason for its
development of very high biomass in oligotrophic rié#roy and Bothwell 2011)
The alga has a strong preference for stable channels and regulated flow regimes
(Kirkwood, Jackson et al. 20Q9nd it is thought that the primary control on the
removal ofD. geminatamats isscourresulting from bedamobilizing floods(Cullis,
Gillis et al. 2012)

Physical disturbance by flooding is the most important factor controlling periphyton
biomassin New Zealand strean{Biggs and Close 1989The amount lost in a flood
depends on the intensity of the event and the resistance cdttimunitie£Biggs
1996) The intensity of the event interaetith the characteristics of tleibstrateo
determine bd mobility. Thisis an importanmechanisnior biomass removal from
river beds during floodparticularlyin reaches witibeds comprisingmall sediment.
In reaches with bedrock substrate, shear stress is prahatdpminant removal
mechanism(Biggs 1996. Resistancés influenced by the degree to which the
periphyton can resist being torn from the substrate. Agtallving diatom likeD.
geminatashould behighly affected by high flow eventsurthermore, theonditions
shown to promot®. geminatastalk developmenow nutrients, high light{Kilroy

and Bothwell 2012have been associated with less resistance to 88mgs, Tuchman
et al.1999) However,D. geminatamats have been shown to reduce fénehuced
stresses and nebed turbulent velocity fluctuations, which may reducerthisk of
detachmenfLarned, Packman et al. 201Thus,D. geminatanay have strongehan
expected resistance to scour. The flood event magnitude required t@sgaminata

colonies is unknown.
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Although others have studied the effects of flow on periphyton biomass dynamics
(Biggs and Close, 1989), none have specifically adeckthe association for.
geminatawhich for the reasons outlined above, may behave differently to other
periphytic diatoms. The main objectives of this study were to describe the dynamics
and correlates dd. geminatebiomass in term of standing crop, accrual rates, and
resistanceo and recoveryrom floods in an unregulated hiled coastal river and
determine the event magnitude required for scenmoval A further objective was to

define the habitat window for nuisance blooms.
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4.2 Methods

4.2.1 Description of study stream

D. geminatavas monitored fortnighthpy Department of Conservation staffthree

sites on the Kakanui River from April 2008 to May 2@Ejure18). A total of 35
observations were made at each site. The Kakanui Rivénilisfad coastal river

flowing from the Kakanui Mountains to the Pacific Oceaccording toBiggs, Ibbitt et

al. (2008) New Zealandtreams with a hill source of flow are characterised by
relatively low minimum flows compared with the high flows, with moderately frequent
high flows of greater than about six times the low flow. The Kakanui Rag®la

catchment area of 894roonsistiny of approximately 35% river valley and 40% rolling
hills or downland of less than 600 m elevation. The remaining 25% of the catchment is
mountainous, reaching 1640ahove sea leveThe river experiences periods of
extremely low flows, which are exacetbd by water abstraction for irrigation. Flow

data were obtained from two flow stations, at Clifton Falls Bridge (catchment area 294
km?), and at Mill Dam (catchment area 546%nClifton Falls records from 1982011
indicate a mean-@day low flow of 0.4® n’s?, a mean flow of 2.993 s and a

median flow of 1.520 rts™. Downstream at Mill Dam, water flow records indicate a 7
day low flow of 0.884 ms*, a mean flow of 5.348 #is* and a median flow of 1.954

m’s’. The Kakanui Riissheavilyuilized fotirdgation. Ehereare c e
47 takes with a total a