The invasive aquatic macrophyte Sagittaria
platyphylla (Alismataceae): is it a suitable target
for classical biological control?

Submitted by

Raelene M. Kwong, B. App. Sci.

A DISSERTATION

Submitted in total fulfilment of the
requirements for the degree of
Doctor of Philosophy

School of Life Sciences
Department of Ecology, Environment and Evolution
La Trobe University
Bundoora, Victoria

April 2016

1

Frontispiece A stylized drawing of Listronotus sordidus - a crown boring weevil
associated with Sagittaria platyphylla in the USA

2

Acknowledgements
I am indebted to my primary supervisors, Drs Peter Green (La Trobe University) and
Alan Yen (Department of Economic Development, Jobs, Transport and Resources
(DEDJTR)) for their outstanding guidance and unwavering encouragement over the
years. They were the rock of support that gave me the drive to soldier on through periods
of big changes and the occasional environmental and man-made catastrophe. I am also
extremely grateful to the other members of my supervisory team; Dr Linda Broadhust
(CSIRO) for making my foray into the world of population genetics an enjoyable and
exciting one, and Drs John Morgan (Co-supervisor) and Susan Hoebee (La Trobe
University) for expertly chairing my Research Progress Panel and providing many
helpful suggestions. To my collective supervisory team, I cannot thank them enough for
the many insightful discussions and advice they provided throughout my thesis and for
carefully editing each chapter and manuscript. I also wish to thank Graeme Hepworth
(University of Melbourne Statistical Consulting Centre) and Kym Butler (Biometrics
Group, DEDJTR) for their exceptional statistical support.
To my employer, DEDJTR, thank you for providing the opportunity to further my
studies through the Department’s Postgraduate Program. I am deeply grateful for the
moral support and hands-on assistance received from my colleagues in the Weeds and
Invertebrate Sciences team, especially Jean Louis Sagliocco for accompanying me on
many field surveys throughout the USA and parts of Australia. I also wish to thank Sue
Darby, Rebecca Grant, Meagan Relf and Troy Gallus for laboratory and field assistance.
During the course of my dissertation research, I have had the pleasure of meeting and
working with so many people across three continents, many of whom have become
valued colleagues and great friends. In particular, my USA colleagues Nathan Harms,
Julie Nachtrieb and Judy Shearer from the US Army Corps of Engineers, as well as Brian
and Tracey Keener from the University of West Alabama, deserve a special mention for
going above and beyond to extend their southern hospitality to “the gal from the Land
Down Under”. From Rhodes University, South Africa, I wish to thank Grant Martin and
Julie Coetzee for providing leaf samples for the population genetics study, and for taking
great care of me during our field surveys in 2014.

3

With much love and admiration, I extend a huge thank you to my husband, Franz and
children, Caleb and Natasha. Not only did they soldier on during my absence while I was
in the field for weeks on end, but they also had a very hands-on role throughout my
thesis, from generating maps, to counting seeds, rearing insects and assisting on field
trips. Last but not least, I thank my parents for their support and encouragement, and as
retired teachers, for using their editorial skills to fine-tune the final draft of my thesis.

Nathan Harms

Julie Nachtrieb

Judy Shearer

Jean Louis Sagliocco

Grant Martin

Brian Keener

4

Table of Contents
List of tables..................................................................................................................................8
List of figures ............................................................................................................................. 11
Abstract ...................................................................................................................................... 15
Statement of Authorship ............................................................................................................ 18
Chapter 1 General introduction and overview ................................................................................19
References .............................................................................................................................. 22
Overview of research ................................................................................................................. 28
Chapter 2: Study organism ..................................................................................................... 28
Chapter 3: Genetic analysis of native and introduced range populations of the aquatic weed
Sagittaria platyphylla (Engelm.) J.G. Sm. – implications for biological control in Australia
and South Africa .................................................................................................................... 28
Chapter 4: Biogeographical comparison of native and introduced range populations of the
emergent macrophyte, Sagittaria platyphylla ........................................................................ 29
Chapter 5: Could enemy release explain invasion success of Sagittaria platyphylla in
Australia and South Africa? ................................................................................................... 29
Chapter 6: Impacts of a predispersal seed predator on achene production in the aquatic
macrophyte Sagittaria platyphylla ......................................................................................... 30
Chapter 7: General discussion................................................................................................ 31
Chapter 2 Study species ..................................................................................................................32
Taxonomy and nomenclature ................................................................................................. 32
Plant description..................................................................................................................... 32
Sexual and asexual reproduction............................................................................................ 34
Phenology .............................................................................................................................. 36
Native distribution and habitat ............................................................................................... 38
Invasive distribution ............................................................................................................... 39
Importance in Australia .......................................................................................................... 40
Control Methods .................................................................................................................... 44
References .............................................................................................................................. 45
Chapter 3 Genetic analysis of native and introduced range populations of the aquatic weed
Sagittaria platyphylla (Engelm.) J.G. Sm. - implications for biological control in Australia and
South Africa ....................................................................................................................................49
Abstract .................................................................................................................................. 49
Introduction ............................................................................................................................ 50
Materials and methods ........................................................................................................... 53
Results .................................................................................................................................... 57

5

Discussion .............................................................................................................................. 70
Acknowledgements ................................................................................................................ 74
References .............................................................................................................................. 75
Appendix ................................................................................................................................ 83
Chapter 4 Biogeographical comparison of native and introduced range populations of the
emergent macrophyte, Sagittaria platyphylla .................................................................................86
Abstract .................................................................................................................................. 86
Introduction ............................................................................................................................ 87
Materials and methods ........................................................................................................... 91
Results .................................................................................................................................... 99
Discussion ............................................................................................................................ 110
Acknowledgements .............................................................................................................. 116
References ............................................................................................................................ 116
Appendix .............................................................................................................................. 124
Chapter 5 Could enemy release explain invasion success of Sagittaria platyphylla in Australia and
South Africa? ................................................................................................................................132
Abstract ................................................................................................................................ 132
Introduction .......................................................................................................................... 133
Materials and methods ......................................................................................................... 135
Results .................................................................................................................................. 140
Discussion ............................................................................................................................ 149
Acknowledgements .............................................................................................................. 154
References ............................................................................................................................ 174
Appendix .............................................................................................................................. 180
Chapter 6 Impacts of a predispersal seed predator on achene production in the aquatic macrophyte
Sagittaria platyphylla....................................................................................................................195
Abstract ................................................................................................................................ 195
Introduction .......................................................................................................................... 196
Materials and methods ......................................................................................................... 198
Results .................................................................................................................................. 207
Discussion ............................................................................................................................ 217
Conclusion ........................................................................................................................... 222
Acknowledgements .............................................................................................................. 223
References ............................................................................................................................ 223
Chapter 7 Conclusions and future directions ................................................................................230

6

Summary: synthesis of results.............................................................................................. 230
Conclusions .......................................................................................................................... 233
Future directions .................................................................................................................. 234
References ............................................................................................................................ 238

7

List of tables
Table 3.1 Sampling locations, numbers of samples (N) and mean (standard error) estimates of
within population genetic diversity in Sagittaria platyphylla native range populations in the
southern USA and introduced range populations in Australia and South Africa based on a survey
of Amplified Fragment Length polymorphism variation at 140 loci on 584 samples. Genetic
diversity indices include percentage of polymorphic loci (%P), number of different alleles (Na),
number of effective alleles (Ne) and expected heterozygosity (He) ................................................58
Table 3.2 Hierarchical nested analysis of molecular variance (AMOVA; Excoffier et al. 1992)
conducted on 140 Amplified Fragment Length Polymorphism (AFLP) loci from 52 Sagittaria
platyphylla population from native (USA) and introduced (Australia and South Africa) ranges.
The degrees of freedom (df), sum of squares (SS), mean sum of squares (MS), variance, %
variance and ɸ statistics are shown. Tests of significance were based on 999 permutations.
*P<0.001 .........................................................................................................................................67
Table S3.3 Country mean (standard error) estimates of within-population genetic diversity in
Sagittaria platyphylla native populations in the southern USA and introduced populations in
Australia and South Africa based on a survey of Amplified Fragment Length polymorphism
variation at 140 loci on 584 samples. Genetic diversity indices include percentage of polymorphic
loci (%P), number of different alleles (Na), number of effective alleles (Ne) and expected
heterozygosity (He). Different uppercase letters indicate significant differences (P < 0.05) between
countries (Kruskal Wallis one-way analysis of variance. Mann-Whitney U test with Bonferroni
correction) .......................................................................................................................................83
Table 4.1 Percentage of Sagittaria platyphylla populations with different habitat types in each
range..............................................................................................................................................102
Table 4.2 P values for effects of habitat type and linear effect of water depth on measurements
related to intensity of Sagittaria platyphylla infestation. Bold font indicates P < 0.05 ................102
Table 4.3 Effect of range on measurements related to Sagittaria platyphylla population
abundance. USA denotes United States of America, RSA denotes South Africa, AUS denotes
Australia, LC denotes large and continuous, and LCD denotes large and discontinuous. Bold font
indicates P < 0.05. Standard error of difference is denoted as SED .............................................103
Table 4.4 P values for effects of habitat type and linear effect of water depth on measurements
related to Sagittaria platyphylla plant morphology. Bold font indicates P < 0.05 .......................105
Table 4.5 Effect of range on Sagittaria platyphylla plant morphology. USA denotes United States
of America, RSA denotes South Africa, AUS denotes Australia. Bold font indicates P < 0.05.
Standard error of difference is denoted as SED. All presented P values are calculated using an F
statistic with 1 numerator degrees of freedom and between 43 and 54 denominator degrees of
freedom. ........................................................................................................................................106
Table 4.6 Effect of range on Sagittaria platyphylla achene production. USA denotes United
States of America, RSA denotes South Africa, AUS denotes Australia. Bold font indicates P <
0.05. Standard error of difference is denoted as SED ...................................................................109
Table S4.7 Sampling locations, year of assessment, site characteristics and climate based on
Köppen-Geiger climate zones for comparison of plant performance, and abundance of native
(USA) and introduced (Australia and South Africa) Sagittaria platyphylla populations.
8

Assessments conducted at each site for plant traits, reproductive performance and plant density
are indicated by “×” ......................................................................................................................124
Table 5.1 Literature records of phytophagous arthropods associated with Sagittaria species in
North America. For each species the arthropod life stage and primary feeding niche, extent of host
range, associations with other species within Sagittaria and with other taxa are indicated. aF =
foliage (leaves and petioles); S = sexual reproductive plant parts (flowers and fruit); R = roots and
crowns; T = tubers. bM = monophagous (restricted to Sagittaria); O = oligophagous (restricted to
Alismataceae); P = polyphagous (feeds on several plant families); ? = no indication of host range
given in records. c S. variabilis has been used as a synonym for S. engelmanniana and S. latifolia,
hence the exact host for organisms recorded from S. variablilis is unknown ...............................155
Table 5.2 Plant parasitic nematodes associated with Sagittaria from North America .................161
Table 5.3 Plant pathogens associated with Sagittaria from North America. Retrieved from Farr
and Rossman, July 2015: http://nt.ars-grin.gov/fungaldatabases/fungushost/fungushost.cfm .....162
Table 5.4 Arthropods collected from Sagittaria platyphylla in the USA from surveys conducted
between 2010 to 2012. (* denotes specimen collected in low numbers and not observed feeding
on plants, hence association with S. platyphylla is considered dubious). A R = reared from
immature stage; C = collected as adult. B Incidence is reflected by the number of sites where the
insect occurred as a % of the total number of sites (n=58) surveyed for phytophagous organisms.
C
A = abundant (often in high numbers); C = common (at most sites but in small numbers);
S = sporadic (at a small number of sites, but sometimes in abundance), R = rare (few sites with
few individuals seen). D M = monophagous (restricted to Sagittaria); O = oligophagous (restricted
to Alismataceae); P = polyphagous (feeding on plants in other families) ....................................165
Table 5.5 Fungal isolates from leaf spot symptoms collected from S. platyphylla in the USA ...169
Table 5.6 Phytophagous species collected on Sagittaria platyphylla in Australia .......................171
Table 5.7 Proportion of plants affected by pathogens and insect herbivores at each site. P values
are calculated using permutation tests on the F statistics. There were no fruit measurements taken
in 2013. Samples not available are indicated by nd. The P value for a year effect within Australia
is 1.00 ............................................................................................................................................172
Table 5.8 Proportion of plant parts affected by pathogens and insect herbivores at each site. P
values are calculated using permutation tests on the F statistics. There were no fruit measurements
taken in 2013. Samples not available are indicated by nd. The P value for a year effect within
Australia is 1.00. Values of fruit herbivory in the USA in each year are (backtransformed values
in parentheses) 30.1 (0.25) for 2010, 51.8 (0.62) for 2011, 45.6 (0.51) for 2012 and 42.9 (0.46) for
2015, with the standard error of difference ranging from 6.11 to 7.02 .........................................173
Table S5.9 Field sites in Australia surveyed for phytophagous organisms associated with
Sagittaria platyphylla....................................................................................................................180
Table S5.10 List of sites surveyed in southern USA for phytophagous organisms associated with
Sagittaria platyphylla....................................................................................................................184
Table 6.1 Comparisons of fruit and achene production and levels of herbivory by the predispersal
seed predator, Listronotus appendiculatus between herbivore (control) and non-herbivore
(insecticide-treated) plots of Sagittaria platyphylla. Values are means with 95% confidence
intervals (minimum, maximum) shown in parentheses ................................................................208

9

Table 6.2 Comparison of plant density and above and below-ground plant biomass between
insecticide-treated (non-herbivore) and control (herbivore) plots of Sagittaria platyphylla. Values
are means with 95% confidence intervals (minimum, maximum) shown in parentheses ............214

10

List of figures
Fig. 2.1 (a) Sagittaria platyphylla (Engelm.) J.G.Sm. and (b) Sagittaria graminea Michx. From
USDA-NRCS PLANTS Database / Britton, N.L., and A. Brown. 1913. An illustrated flora of the
northern United States, Canada and the British Possessions. 3 vols. Charles Scribner's Sons, New
York. Vol. 1: 103 ............................................................................................................................33
Fig. 2.2 Sagittaria platyphylla infestation in Numurkah, Victoria, Australia (June 2010). Reduced
water levels resulting from the winter draw-down of the creek have exposed the submersed
phyllodial form (foreground) ..........................................................................................................33
Fig. 2.3 An infestation of Sagittaria platyphylla in an irrigation channel in Cobram, Victoria,
Australia (April 2014), comprised of narrow-leaf (foreground) and broad-leaf emergent forms ...34
Fig. 2.4 (a) Sagittaria platyphylla inflorescence with fruiting heads in whorls of three, basal to
male flowers; (b) mature achenes dislodge easily from fruiting heads...........................................35
Fig. 2.5 Vegetative reproduction in Sagittaria platyphylla through; (a) the formation of ramets at
the terminal end of stolons (total width of rubber mat is 120cm); and (b) production of tubers ....35
Fig. 2.6 The rosette stage of Sagittaria platyphylla produces multiple stolons up to 50 cm long ..36
Fig. 2.7 (a) Sagittaria platyphylla submerged rosettes (phyllodial leaf form), Melbourne, Victoria,
Australia (July 2012); (b) a new plant is formed from a sprouted tuber; (c) plants showing signs of
frost damage, Numurkah, Victoria (August 2009)..........................................................................37
Fig. 2.8 Sagittaria platyphylla location records from North America, Mexico and Panama
accessed from Global Biodiversity Information Facility (GBIF.org (18th October 2015) GBIF
Occurrence Download http://doi.org/10.15468/dl.x3eoa7).............................................................38
Fig. 2.9 Ornamental planting of Sagittaria platyphylla in Treasury Gardens, Melbourne, Australia
(July 2012) ......................................................................................................................................39
Fig. 2.10 Current and potential distribution of Sagittaria platyphylla in Australia. (a) Map
generated from AVH (2014). Australia’s Virtual Herbarium, Council of Heads of Australasian
Herbaria, <http://avh.chah.org.au>, accessed 4 April 2014. (b)Climatic suitability for Sagittaria
platyphylla across Australia determined using Climatch
(http://data.daff.gov.au:8080/Climatch/climatch.jsp) to analyze Worldclim sample sites within
50km of the species’ occurrence across its native and invaded range (downloaded from GBIF and
also including observed occurrences of the species across Australia and South Africa from field
trips as part of this research.............................................................................................................41
Fig. 2.11 Irrigation channels in southeastern Australia infested with Sagittaria platyphylla; (a)
Jerilderie NSW (March 2015); and (b) Numurkah Victoria (March 2010) ....................................42
Fig. 2.12 Sagittaria platyphylla in Broken Creek, Numurkah, Victoria; (a) Raelene Kwong
standing amongst an infestation (April 2011); and (b) reinvasion of the creek one year after
herbicide application (February 2010) ............................................................................................43
Fig. 3.1 Location of Sagittaria platyphylla populations sampled in its native and invaded ranges
in (a) the USA (native), (b) Australia and (c) South Africa. Numbers correspond to sampling
information in Table 3.1..................................................................................................................60

11

Fig. 3.2 Clustering analyses performed using STRUCTURE. (a) Plot of Delta K (circles, solid
line) and corresponding values for the mean likelihood (triangles, dashed line) where the error bar
represents one standard deviation; (b) Bar plot of estimated membership coefficients (q) of each
native range (USA) population in K = 3 clusters; (c) assignment of 19 Australian and seven South
African populations to USA Clusters. The numbers below each bar plot refers to population
identification numbers as given in Table 3.1 ..................................................................................62
Fig. 3.3 Sagittaria platyphylla population locations sampled in the native (USA) range. Map
colors represent Level II Watershed Regions (provided by the Commission for Environmental
Cooperation). Symbol colors correspond to Clusters assigned by STRUCTURE analysis; Cluster
1 (blue), Cluster 2 (red) and Cluster 3 (green). Refer to Table 3.1 for detail on site location of
populations ......................................................................................................................................63
Fig. 3.4 Principal coordinate analysis (PCoA) plots for the first two ordination factors for
Sagittaria platyphylla individuals surveyed for amplified fragment length polymorphism
variation. (a) Native (USA) populations. Individuals are color-coded according to their
assignment to one of three genetic clusters determined by Structure: Cluster 1 (blue circles),
Cluster 2 (red triangles) and Cluster 3 (green squares). (b) Native (USA) (grey circles) and
invasive Australian (open circles) and South African (black circles) populations .........................64
Fig. 3.5 Mean deviance information criterion (DIC) of the top 10% (lowest DIC) of 50 runs for
each K from 2-26 for Sagittaria platyphylla individuals based on amplified fragment length
polymorphism variation ..................................................................................................................65
Fig. 3.6 Population graph of sampled populations of Sagittaria platyphylla from the native range
(USA). Node size indicates within population genetic variance and lines connecting nodes are
retained edges indicating genetic covariance. Nodes are colored according to watershed (Level II
Watershed Regions). Nodes are colored based on the assignment of populations to 3 clusters
determined by STRUCTURE; Cluster 1 (blue), Cluster 2 (red) and Cluster 3 (green). Refer to
Table 3.1 and Fig. 3.1 for detail on site location of populations.....................................................66
Fig. 3.7 Population graph of sampled populations of Sagittaria platyphylla from native USA (grey
nodes) and invasive Australian (open nodes) and South African (black nodes) populations. Node
size indicates within population genetic variance and lines connecting nodes are retained edges
indicating genetic covariance. Refer to Table 3.1 and Fig. 3.1 for detail on site location of
populations ......................................................................................................................................69
Fig. S3.8 CLUMPP alignment of STRUCTURE runs for K=2-5. Numbers correspond to site
locations in Table 3.1 and Fig. 3.1 ..................................................................................................84
Fig. S3.9 Assignment probabilities of membership to three inferred clusters for invasive
populations of Sagittaria platyphylla based on AFLP genotypes using the approach of Evanno et
al. (2005). Each individual is represented as a vertical line with proportional assignment to
Cluster 1 in blue, Cluster 2 in red and Cluster 3 in green. Individuals from different sampled
populations are separated by vertical black lines and numbers correspond to site locations in Table
3.1 and Fig. 3.1 ...............................................................................................................................85
Fig. 4.1 Sagittaria platyphylla in its native and introduced ranges in both natural and ruderal
(constructed) habitats. USA (native); (a) Caddo Lake, Texas; and (b) roadside drain in Monroe,
Louisiana. Australia (introduced); (c) Broken Creek, Victoria; and (d) irrigation channel near
Jerilderie, New South Wales. South Africa (introduced); (e) Maden Dam, Eastern Cape; and (f)
trout hatchery, Stellenbosch, Western Cape ...................................................................................90
Fig. 4.2 Populations of Sagittaria platyphylla sampled across; (a) native (United States) and
introduced ranges in (b) Australia and (c) South Africa from 2010 to 2014. Each black dot
12

represents a population sampled: USA (AL-Alabama, AR-Arkansas, GA-Georgia, LA-Louisiana,
MS-Mississippi, TN-Tennessee, TX-Texas); Australia (NSW-New South Wales, QLDQueensland, VIC-Victoria); South Africa (EC-Eastern Cape, KZN-Kwa-Zulu Natal, WC-Western
Cape) ...............................................................................................................................................93
Fig. 4.3 Dot histogram of water depth at each Sagittaria platyphylla population in the native
(USA) and introduced ranges; Australia (AUS) and South Africa (RSA). Each dot represents one
population .....................................................................................................................................100
Fig. 4.4 The relationship between (a) achene per fruiting head (irrespective of damage to
individual achene) and (b) individual achene weight and damage score for fruiting head from
native (□) and introduced (×) range populations. The individual achene weight graph site excludes
sites with damage score greater than 3..........................................................................................108
Fig. 5.1 Populations of Sagittaria platyphylla sampled for natural enemies across: (a) native
(United States) and introduced ranges, (b) Australia and (c) South Africa from 2010 to 2014. Each
black dot represents a population sampled. USA (AL-Alabama, AR-Arkansas, GA-Georgia, LALouisiana, MS-Mississippi, TN-Tennessee, TX-Texas); Australia (NSW-New South Wales,
QLD-Queensland, VIC-Victoria); South Africa (EC-Eastern Cape, KZN-Kwa-Zulu Natal, WCWestern Cape) ...............................................................................................................................138
Fig. 5.2 Listronotus appendiculatus (Coleoptera; Curculionidae) collected on Sagittaria
platyphylla in the USA: (a) an adult specimen; (b) an adult sitting on a fruiting pedicel; and (c)
fruiting heads damaged by larvae .................................................................................................142
Fig. 5.3 Insect herbivores feeding on the leaves of Sagittaria platyphylla in the USA: (a)
Listronotus lutulentus (Coleoptera: Curculionidae); (b) white latex globules exude from shot-hole
damaged leaves from L lututentus adults; (c) caterpillar of Spilosoma virginica (Lepidoptera:
Arctiidae); and (d) caterpillar of Argyrogramma verruca (Leptidoptera: Noctuidae) ..................143
Fig. 5.4 Insects feeding on root crowns and tubers of Sagittaria platyphylla in the USA: (a)
Listronotus frontalis (Coleoptera: Curculionidae); (b) Listronotus sordidus; (c) an attacked plant
showing signs of crown rot; (d) to (f) weevil larva in crown, tuber and roots..............................144
Fig. 5.5 Pathogens of Sagittaria platyphylla in the USA: (a) typical leaf spot symptoms; and (b)
diseased plants at Caddo Lake, Texas ...........................................................................................145
Fig 5.6 The waterlily aphid, Rhopalosiphum nymphaeae: (a) on invasive Sagittaria platyphylla;
and (b) native Alisma plantago-aquatica in Victoria. (c) Diseased leaves of S. platyphylla from
Numurkah, Victoria, Australia ......................................................................................................147
Fig. 5.7 Dot histograms of fruit herbivory assessments conducted over four years in the USA
(native range) for: (a) the proportion of plants per site with herbivore-damaged fruiting heads; and
(b) the proportion of fruiting heads per plant attacked by insect herbivores ................................149
Fig. 6.1 The predispersal seed feeding weevil, Listronotus appendiculatus; (a) a pair of mating
adults on the male flower of Sagittaria platyphylla; (b) weevil-damaged fruit at Steinhagen Lake,
Huntsville, Texas (August 2011); (c) a larva burrowing into the receptacle of the fruiting head;
and (d) a fruiting head with holes where the larva has tunneled into the receptacle tissue ..........201
Fig. 6.2 Experimental pond at the U.S. Army Engineer Lewisville Aquatic Ecosystem Research
Facility (LAERF), Lewisville, Texas, used for the trial. Sagittaria platyphylla plants occupy the
margins of the pond. The posts mark the placement of plots........................................................202
Fig. 6.3 Effects of insecticide treatment on; (a) the number of fruit per stem and (b) the total
number of fruit per plot fruit over a 14 week period. Dashed line represents non-herbivore plots
13

(insecticide-treated), solid line represents herbivore plots (control, treated with water). Means (a)
and back-transformed means (b) are plotted with 95% CI ...........................................................209
Fig. 6.4 Effects of insecticide treatment on the proportion of fruit per plot with; (a) surface
herbivore damage; and (b) internal herbivore damage over a 14 week period. Dashed line
represents non-herbivore plots (insecticide-treated), solid line represents herbivore plots (control,
treated with water). Back-transformed means and are plotted with 95% CI ................................211
Fig. 6.5 Effects of insecticide treatment on; (a) the number of undamaged fertilized achenes per
fruit; and (b) the percentage of fertilized achenes eaten by weevil larvae over a 14 week period.
Dashed line represents non-herbivore plots (insecticide-treated), solid line represents herbivore
plots (control, treated with water). Back-transformed means and are plotted with 95% CI .........212
Fig. 6.6 Sagittaria platyphylla achenes (a) intact and (b) attacked by larvae of the predispersal
seed predator, Listronotus appendiculatus....................................................................................213
Fig. 6.7 Post-trial monitoring in 12 herbivore plots (untreated with insecticide) in a Sagittaria
platyphylla stand adjacent to the experimental site for (a) number of fruit per stem, (b) percentage
of fruit with internal insect damage, (c) number of undamaged achenes per fruit, and (d)
percentage of whole achenes damaged by weevil larvae. Back-transformed means and are plotted
with 95% CI ..................................................................................................................................216
Fig. 6.8 Number of achenes per fruit in weevil-damaged and undamaged fruiting heads in the
USA over two years. Means are plotted with 95% CI ..................................................................217
Fig. 7.1 Life cycle graph and structure of the stage-based population projection matrix for
Sagittaria platyphylla populations in southeastern Australia. In the graph, circles represent plant
stages, arrows represent transitions between stages, and letters correspond to matrix entries.
Transition labels in the projection matrix indicate the probability of individuals at one stage
moving or contributing to the next. Entries along the diagonal indicate survival (P) without
change in stage, and are underlined. Entries below the diagonal represent growth (G, transition to
higher stages), and entries above the diagnonal represent clonal reproduction (C, number of clonal
offspring per stage) and fecundity (F, production of achenes and seedlings). A zero denotes
transitions that have not been observed in the field ......................................................................236

14

Abstract

Sagittaria platyphylla (Engelmann) J.G Smith (Alismataceae) is an aquatic emergent herb
indigenous to North and Central America that has become invasive in Australia and South
Africa. Initially valued as an aquatic ornamental for use in ponds and aquaria, S.
platyphylla has become a serious aquatic weed, particularly in shallow water bodies such
as irrigation channels, drains, creeks and wetlands where it can rapidly form dense and
extensive infestations that impede water flow and displace native species. Classical
biological control is considered a desirable option for the management of S. platyphylla
due to the difficulty and expense of controlling the weed in irrigation systems as well as
the need for alternative approaches for use in sensitive aquatic habitats.
Classical biological control is predicated on the underlying assumptions of the enemy
release hypothesis (ERH), that is, that natural enemies are capable of regulating plant
populations. However, while enemy release is a common phenomenon associated with the
introduction of exotic species, it may not be the only mechanism responsible for a
particular species becoming invasive in the new environment. The overarching goal of my
dissertation was to determine if biological control could be a suitable option for the
management of S. platyphylla in countries where it has become a serious weed, notably
Australia and South Africa. I focused on testing genetic and environmental factors that
might have contributed to the invasiveness of S. platyphylla in invaded ranges. I did not
focus on all possible explanations for invasion. Instead, I conducted biogeographical and
field based studies to determine whether or not the observed differences in morphological
traits and abundance of this species in its native and invasive ranges were due to
differences in enemy loads (enemy release hypothesis).
In the first component of the biogeographical study, I used AFLP markers to survey
genetic diversity and population genetic structure. I found that populations in South
Africa and Australia have maintained substantial molecular genetic diversity comparable
with that in the native range. Results from principal coordinates analysis, population
graph theory and Bayesian-based clustering analysis all support the notion that introduced
populations in Australia and South Africa were founded from multiple North American
source locations. Nevertheless, Australian and South African populations could be readily
assigned to clusters within the USA and connections with potential source populations
identified, making the selection of genotype-specific natural enemies possible. These
15

findings bode well for biocontrol success particularly in South Africa, but may be
complicated by evidence of hybridization in some Australian populations.
In the second component of the study, I compared performance data (population size,
plant density, morphological traits and sexual reproduction) as well as key environmental
factors (water depth and habitat type) to determine if differences in performance between
the native and introduced ranges were apparent after controlling for influential abiotic
factors. Contrary to a common prediction of the ERH that exotic plants perform better in
their introduced regions, I found no difference in plant density between native and
introduced range populations. However, introduced range populations dominated the
landscape through an increase in percentage cover. While morphological differences
existed in some traits between native and introduced range plants, these were not always
consistently different between the two invaded ranges. For instance, plants were about
50% taller in South Africa than in either the USA or Australian regions, but there was no
difference in height between USA or Australian plants. However, a clear cut difference
was found in reproductive success, where the number of achenes per fruiting head was
40% greater and achene weight was 50% greater in introduced countries compared to the
USA. These differences were similar for both introduced countries, with different habitat
types, irrespective of water depth and in different sampling years. I hypothesized that this
result was evidence that there are biotic factors in the USA that cause S. platyphylla to
produce fewer and smaller achenes.
A third component of the field surveys revealed that while populations of S.
platyphylla in the native range hosted a diverse but modest guild of natural enemies
ranging from specialist endophagous flower and fruit feeders, crown, root and tuber
feeders and generalist foliage herbivores and pathogens, populations of S. platyphylla in
the introduced range were host to just a few generalist arthropod herbivores and
pathogens. The most common and abundant of the natural enemies on S. platyphylla in
the USA was the fruit-feeding weevil, Listronotus appendiculatus (Boheman). In contrast,
plants in the introduced range were completely free from fruit herbivory, which may
account for the increased performance in sexual reproduction in Australia and South
Africa compared to the USA.
A natural enemy exclusion trial conducted in an experimental study pond in the USA
showed that L. appendiculatus negatively affected the reproductive performance of S.
platyphylla in three ways; consumption of immature fruit, destruction of receptacle tissue
and direct feeding on achene embryos, resulting in an overall 38% reduction in the
number of achenes produced per fruiting head. These levels of herbivory were
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considerably lower than the average impact levels recorded during field surveys
conducted over two years (63% reduction in 2011 and 60% in 2012) and may be related
to experimental pond conditions.
Based on its potential to significantly reduce achene production under field conditions
in the native range, L. appendiculatus may make a suitable candidate for the biological
control of S. platyphylla by assisting in slowing the rate of spread or reinvasion back into
herbicide-treated areas, but is unlikely to provide population-level impacts on wellestablished infestations.
A further two Listronotus species, L. sordidus (Gyllenhal) and L. frontalis LeConte
that feed within plant crowns, roots and tubers, also show considerable promise as
biological control agents. Field and laboratory observations confirm that both species can
cause the rapid death of plants as well as destroying subterranean storage organs.
Based on this study, there is strong evidence to suggest that S. platyphylla is a suitable
candidate for classical biological control in Australia and South Africa. Information
obtained through this PhD has enabled a robust case to be made to the Invasive Plants and
Animals Committee from which commonwealth approval to target the species for
biological control in Australia was granted on 26 November 2015
(http://www.agriculture.gov.au/SiteCollectionDocuments/pests-diseasesweeds/weeds/ipac-4-communique.pdf). Meanwhile, continued collaboration between
Australia (DEDJTR), South Africa (Rhodes University) and the USA (US Army Corps of
Engineers) has enabled the risk assessment phase of biological control to commence, with
L. appendiculatus, L. sordidus and L. frontalis prioritized for host range testing.
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Chapter 1 General introduction and
overview
Ever since the Neolithic Revolution when traditional hunter-gatherer lifestyles
transitioned to settlements and agriculture (Bar-Yosef 1998), humans have deliberately
introduced exotic species for food, fiber, transport, pets, sport, ornamental or landscape
restoration and biological pest control (Mack and Lonsdale 2001; Pimentel et al. 2005).
While the probability that any one species will establish and become a pest is very low
(Williamson 1996), those that do often inflict substantial economic and environmental
damage (Mack et al. 2000; Perrings et al. 2000). In the history of the United States alone,
a staggering 50,000 foreign species have been estimated to have been introduced, causing
environmental damages and economic losses estimated to be in the order of $120 billion
per year (Pimentel et al. 2005; Simberloff 2013). Similarly, in Australia only ca. 340 of
the 27,000 deliberately introduced plant species have become noxious weeds (Virtue et al.
2004), yet they have been estimated to cost around $4.5 billion per year in terms of both
lost agricultural production and measures for control (Sinden et al. 2005). Strategies for
the management of invasive species vary depending on the status of the species within the
naturalization-invasion continuum (Pyšek and Richardson 2010). Often when invasive
species have become widespread and intractable, classical biological control is seen as the
only realistic, cost-effective option available (McFadyen 1998).
Classical biological control (hereafter referred to as biocontrol), involves the
introduction of host-specific natural enemies from the invasive species’ native range, and
is based on the ecological premise that attack by natural enemies can have detrimental
impacts on the survival, growth, reproduction and population dynamics of their host
species (Crawley 1989; Evans 2002; Fowler et al. 2000). Biocontrol of weeds has a long
history of success (Fowler et al. 2000; Gurr and Wratten 2012; McFadyen 1999; Moran et
al. 2005) with notable examples including tansy ragwort (Jacobaea vulgaris Gaertn.) in
Canada (McEvoy et al. 1991), red water fern (Azolla filiculoides) in South Africa
(McConnachie et al. 2003), musk thistle (Carduus nutans L.) in North America (Kok and
Surles 1975) and Opuntia spp. in Australia (Hosking 2012). Rates of success, where
success is defined as ‘complete or substantial control of the target weed’, vary
considerably between countries and range from ca. 50% in Hawaii and Australia to 83%
in South Africa and New Zealand (Flower et al. 2000; McFadyen 1999 and references
therein). Overall, around one in three programs have successfully controlled target weed
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populations to levels where other control methods are no longer used (McFadyen 1998),
while one in six programs fail to have any measurable impact at all (Paynter et al. 2012).
Projects that fail result in losses of millions of dollars that have been invested in the
importation, testing and release of ineffective agents (Cuda and Sutton 2000), and at the
very worst, may cause major direct and indirect ecological effects (Louda et al. 2003;
Pearson and Callaway 2003).
To minimize the risk of failure and to determine priorities for investment, various
quantitative methods have been developed to identify potential candidates for biocontrol
based on point scoring systems (Lefoe and Ainsworth 2012; Forno and Julien 2000;
Palmer and Miller 1996; Paynter et al. 2009; Peschken and McClay 1995; Syrett 2002)
and more recently, a population matrix assessment approach (Morin et al. 2013). While
each biocontrol prioritization system differs in the variables included and the methods
used to score or rank weed targets, they all include attributes that relate to the impact of
the weed and feasibility and likelihood of success. The framework developed by Paynter
et al. (2009) made considerable improvements on earlier systems by utilizing a
comprehensive analysis of 80 weed biocontrol programs to identify weed traits that best
predict biocontrol success. Using modelling and cross-validation approaches, they
assessed each weed against six plant traits that have often been proposed as key
determinants for success of biocontrol: (1) relative abundance (i.e. biocontrol more
successful against species that are not abundant in the native range), (2) presence of
valued congeners (i.e. weeds with no valued congeners have less risk of non-target
attack), (3) life cycle (i.e. biennial and perennial weeds are easier to control than
temperate annuals), (4) reproduction (i.e. asexually reproducing weeds have greater
chance of success than those that reproduce by sexual means), (5) habitat stability (i.e.
biocontrol is more successful against weeds occurring in relatively un-disturbed habitats
than on cultivated land), and (6) ecosystem (i.e. aquatic and wetland weeds are easier
targets than terrestrial weeds) (Paynter et al. 2012). Of these plant traits, only three were
found to contribute significantly to predicting the success of biocontrol: ‘relative
abundance’, ‘reproduction’ and ‘ecosystem’.
The trait ‘relative abundance’, is used as a proxy for the role of natural enemies in
regulating populations of the target weed species (Paynter et al. 2012). That is, if a weed
is less abundant in the native compared to the introduced range, then it is assumed that
natural enemies play a primary role in the regulation of native range populations, and that
the lack of natural enemies in the introduced range has promoted the weed’s abundance,
geographic spread and impact (McClay 1989; Peschken and McClay 1995). This theory is
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the basis of the enemy release hypothesis (ERH), which postulates that upon introduction
into a new range, plants experience a reduction in top-down regulation by natural enemies
relative to native plants in the invaded community, enabling them to gain a competitive
advantage that facilitates their increase in abundance and distribution (Elton 1958; Keane
and Crawley 2002). Blossey and Nötzold (1995) extended this concept further by
proposing that for some species, introduced plants devoid of natural enemies may
undergo a genetic shift in resource allocation from defense to other fitness parameters.
This is known as the Evolution of Increased Competitive Ability (EICA) hypothesis.
While the ERH, and to a lesser extent EICA, have been demonstrated to play a role in
some plant invasions (DeWalt et al. 2004; Jakobs et al. 2004; Siemann and Rogers 2001;
Vila et al. 2005; Wolfe et al. 2004), for other weeds different mechanisms are responsible.
Studies focusing on the factors that contribute to a species’ propensity to become invasive
(Parker et al. 2003; van Kleunen et al. 2014), along with the theories about what drives
invasion (Catford et al. 2009; Shea and Chesson 2002) have been increasing
exponentially over the past three decades (Kolar and Lodge 2001; Richardson and Pyšek
2006). With this wealth of knowledge, it is surprising that so few studies have attempted
to determine if enemy release is the primary mechanism responsible for the invasiveness
of a target weed as an a priori assessment of the feasibility of biological control (but see
Cripps et al. (2006); Cripps et al. (2009); DeWalt et al. (2004); DeWalt and Hamrick
(2004).
The second predictor of a “good target” for biological control as proposed by Paynter
et al. (2012) was ‘mode of reproduction’. Burdon and Marshall (1981) first proposed the
idea that biocontrol success was more likely against weeds that reproduced solely by
asexual means than for weeds with sexual reproductive strategies. Reproductive mode per
se is not a good predictor of biocontrol success according to Chaboudez and Sheppard
(1992) and Charudattan (2005). However, in the context of Burdon and Marshall (1981)
and Paynter et al. (2012), it was used to infer levels of genetic heterogeneity within the
weed population. In this respect, the success of biocontrol is considered higher for weed
populations that are genetically homogeneous, a trait common in invasive clonal and
apomictic species. On the other hand, higher rates of genetic variability are more likely in
sexually reproducing, outcrossing species especially if multiple introductions have
facilitated intraspecific hybridization, or if interspecific hybridization with other exotic or
native relatives has created novel genotypes (Ward et al. 2008). The efficacy of biocontrol
may be reduced if biocontrol agents are not effective across the range of weed genotypes
present in the introduced range (as with European blackberry, Rubus fruticosus L.
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aggregate (Evans et al. 2000)) or if they encounter new (combinations of) resistance traits
in novel genotypes (Müller-Schärer et al. 2004; Prentis et al. 2008). An understanding of
the genetic diversity in both native and invasive populations of the target weed is
therefore a critical element in the assessment of the weed’s potential for biocontrol
success by determining if biocontrol agents are likely to be effective across the range of
weed genotypes present in the invaded range, and if so, where in the native range
genotype-specific agents can be sourced (Cuda et al. 2012; Gaskin et al. 2011; Goolsby et
al. 2006; Nissen et al. 1995; Williams et al. 2005).
Sagittaria platyphylla (Engelmann) J.G Smith (Alismataceae) is an aquatic emergent
herb indigenous to North and Central America that has become invasive in Australia and
South Africa. Initially valued as an aquatic ornamental for use in ponds and aquaria, S.
platyphylla has become a serious aquatic weed, particularly in shallow water bodies such
as irrigation channels, drains, creeks and wetlands where it can rapidly form dense and
extensive infestations that impede water flow and displace native species (Adair et al.
2012). In the USA, Sagittaria spp. are breeding sites for a disease-vectoring mosquito
whose immature stages attach to the roots (Carpenter and LaCasse 1955). Classical
biological control is considered a desirable option for the management of S. platyphylla
due to the difficulty and expense of controlling the weed in irrigation systems as well as
the need for alternative approaches for use in sensitive aquatic habitats (AWC 2012).
The goal of this dissertation research was primarily to assess the suitability of S.
platyphylla as a target for biocontrol by examining some of the key ecological and genetic
characteristics that are often associated with species considered very susceptible to the
introduction of biological control agents – i.e. “good biocontrol targets”.
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Overview of research

To assess the suitability of Sagittaria platyphylla for biocontrol, I conducted
biogeographical and field-based studies in the native range – USA – and two of its
introduced ranges – Australia and South Africa. All chapters were co-authored and
written as manuscripts ready for submission to peer-reviewed journals. Hence, each
chapter has its own list of references and a section describing the study species, which is
tailored to suit the particular focus of study. Co-authors and their contributions are listed
with the outline of each chapter provided below:
Chapter 2: Study organism
This chapter provides a synopsis of the biology, ecology and importance of S. platyphylla.

Chapter 3: Genetic analysis of native and introduced range populations of the
aquatic weed Sagittaria platyphylla (Engelm.) J.G. Sm. – implications for biological
control in Australia and South Africa
This chapter provides an evaluation of the genetic diversity and population genetic
structure between native and introduced regions to determine if levels of genetic diversity
are less in invasive populations as is common amongst many aquatic invasive species. I
used AFLP markers to survey 26 populations from the USA, 19 from Australia and 7
from South Africa and a combination of principle coordinates analysis, population graph
theory and Bayesian-clustering analysis to characterize and visualize genetic variation
and structure between native and introduced range populations and to identify potential
sources of origin. This chapter was co-authored with Linda Broadhurst, Brian Keener,
Julie Coetzee and Grant Martin. The candidate and Linda Broadhurst jointly conceived
the study, analyzed the data and prepared the manuscript. The candidate collected plant
samples from Australia and the USA, Grant Martin and Julie Coetzee collected samples
from South Africa and Brian Keener confirmed plant specimen identifications. Linda
Broadhurst supervised the DNA extraction, generated the AFLP data matrix and
generated the PopGraph and STRUCTURE analyses. The candidate conducted the
AMOVA and principal coordinate analyses. All authors discussed the results and
implications and commented on the manuscript.
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Chapter 4: Biogeographical comparison of native and introduced range populations
of the emergent macrophyte, Sagittaria platyphylla
This chapter aims to identify possible biotic and abiotic factors that might explain
morphological differences in S. platyphylla between native and introduced range
populations through comparative field observations. I use these results to suggest possible
mechanisms that may have contributed to the invasive success of S. platyphylla in
Australia and South Africa. This chapter was co-authored with Jean Louis Sagliocco,
Nathan Harms, Kym Butler, Peter Green and Grant Martin. The ideas and design of the
study were developed by the candidate, Jean Louis Sagliocco and Peter Green. The data
collection was conducted by the candidate, with field assistance from Jean Louis
Sagliocco, Nathan Harms and Grant Martin. Statistical assistance was provided by Kym
Butler. The manuscript was constructed and written by the candidate with editorial advice
from all authors.

Chapter 5: Could enemy release explain invasion success of Sagittaria platyphylla in
Australia and South Africa?
This chapter tests some of the assumptions of the enemy release hypothesis using a
combination of three approaches. Firstly, I conducted a detailed literature survey to
determine if the trend of enemy release could be predicted from existing information on
host records. Secondly, extensive field surveys were undertaken to catalogue the
arthropod herbivores and pathogens associated with native and introduced range
populations of S. platyphylla and lastly, I compared levels of herbivory and disease at the
plant and population level across native and introduced ranges. If the ERH applies to S.
platyphylla, populations in the native range would be expected to: (1) host a more diverse
assemblage of specialist and generalist natural enemies, and (2) have a higher incidence
of herbivory and disease compared to populations in introduced ranges. This chapter was
co-authored with Jean Louis Sagliocco, Nathan Harms, Judy Shearer, Kym Butler, Peter
Green and Grant Martin. The ideas and design of the study were developed by the
candidate, Jean Louis Sagliocco and Peter Green. A large portion of the literature on
arthropods associated with Sagittaria was compiled by Jean Louis Sagliocco for an
unpublished report: Sagliocco, J.-L. (2005). Investigations on the biological control
feasibility of invasive Sagittaria species and the endorsement of Sagittaria as declared
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targets for biological control by the Australian Weed Committee. A report prepared for
Goulburn Broken Catchment Management Authority by Agriculture Victoria Services,
Report AVS PLH020. The data collection was conducted by the candidate, with field
assistance from Jean Louis Sagliocco, Nathan Harms and Grant Martin. Statistical
assistance was provided by Kym Butler. The manuscript was constructed and written by
the candidate with editorial advice from all authors. The results of the natural enemy
surveys conducted in the USA and Australia have been published in the peer-reviewed
conference proceedings: Kwong, R., Sagliocco, J.-L., Harms, N., Shearer, J.F., Keener,
B., Green, P., (2014). Prospects for the biological control of delta arrowhead (Sagittaria
platyphylla), an invasive aquatic species in Australia. In: Impson, F.A.C., Kleinjan, C.A.,
Hoffmann, J.H., Eds.), XIV international symposium on biological control of weeds,
Kruger National Park, South Africa, pp. 53-67. Preliminary findings of the natural
enemy surveys were also published in a peer-reviewed journal: Adair R, Keener B,
Kwong R, Sagliocco J, Flower G (2012) The biology of Australian weeds 60. Sagittaria
platyphylla (Engelmann) JG Smith and Sagittaria calycina Engelmann. Plant Protection
Quarterly 27:47-58.

Chapter 6: Impacts of a predispersal seed predator on achene production in the
aquatic macrophyte Sagittaria platyphylla
In this final data chapter, I conducted a natural enemy exclusion trial in the USA to
measure the impact of herbivores, particularly pre-dispersal seed predators on
reproductive performance across one flowering season. Levels of achene production and
insect damage were compared between insecticide-treated and control plants in an
experimental study pond in Texas. Trial data were compared to field-collected data on
achene production by attacked and non-attacked plants in 30 natural populations. This
chapter was co-authored with Jean Louis Sagliocco, Nathan Harms and Julie Nachtrieb.
The ideas and experimental design of the study were developed by the candidate and Jean
Louis Sagliocco. The establishment of experimental plots in Lewisville, Texas, and the
periodic application of insecticides and collection of samples were conducted by Nathan
Harms and Julie Nachtrieb. The assessment of samples and data collation was conducted
by the candidate with technical assistance provided by Sue Darby. Statistical assistance
was provided by Graeme Hepworth.
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Chapter 7: General discussion
This section reviews and synthesizes the findings and provides practical applications and
recommendations for future directions of study.
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Chapter 2 Study species
Taxonomy and nomenclature

Sagittaria platyphylla (Engelmann) J.G Smith belongs to the monocotyledon family
Alismataceae, which comprises the plants commonly known as arrowheads. The genus is
comprised of 36 specific and 13 infraspecific taxa that has a natural distribution
throughout North and South America, Europe, Africa and Asia (Keener 2005). Species of
Sagittaria are all aquatic or semi-aquatic herbs with erect or floating leaves (Haynes and
Holm-Nielsen 1994) and a milky white sap (Keener 2005).
Sagittaria platyphylla was previously considered one of seven varieties of Sagittaria
graminea Michaux (S. graminea var. platyphylla) (Bogin 1955), but was later elevated to
specific rank based on the studies of Wooten (1973). Sagittaria platyphylla can be
distinguished from S. graminea by the presence of fruiting heads on recurved pedicels
which are distinctly thicker in diameter than the staminate pedicels. The carpellate
pedicels of S. graminea are erect to spreading and are more or less the same diameter as
the staminate pedicels (Godfrey and Wooten 1979) (Fig. 2.1). In addition to Sagittaria
graminea var. platyphylla Engelm., other synonyms include Sagittaria mohrii J.G. Sm. ex
C. Mohr and Sagittaria recurva Engelm. ex Patt. (Keener 2005). Common names include
delta arrowhead, broad-leaf arrowhead and duck potato (USA), while in Australia it is
colloquially referred to as “sagittaria”.

Plant description

The morphological description of S. platyphylla is fairly standard throughout the literature
(for more detailed descriptions see Godfrey and Wooten (1979), Godfrey and Wooten
(1979); Haynes and Hellquist (2000); Keener (2005)). Sagittaria platyphylla is a
perennial herbaceous plant growing up to 150 cm, with basal leaves and scapose
inflorescences. Emergent leaves are petiolate with a distinct linear to ovate blade, while
submersed leaves are phyllodial (Fig. 2.2). Leaf shape can be highly variable and is
influenced by a range of environmental (water depth, nutrients) and management factors
(Fig. 2.3). For instance, the narrow-leaf emergent form occurs following herbicide
application or when plants are nutrient-stressed (Adair et al. 2012).
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(a)

(b)

Fig. 2.1 (a) Sagittaria platyphylla (Engelm.) J.G.Sm. and (b) Sagittaria graminea Michx.
From USDA-NRCS PLANTS Database / Britton, N.L., and A. Brown. 1913. An
illustrated flora of the northern United States, Canada and the British Possessions. 3 vols.
Charles Scribner's Sons, New York. Vol. 1: 103

Fig. 2.2 Sagittaria platyphylla infestation in Numurkah, Victoria, Australia (June 2010).
Reduced water levels resulting from the winter draw-down of the creek have exposed the
submersed phyllodial form (foreground)
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Fig. 2.3 An infestation of Sagittaria platyphylla in an irrigation channel in Cobram,
Victoria, Australia (April 2014), comprised of narrow-leaf (foreground) and broad-leaf
emergent forms

Sexual and asexual reproduction

Sagittaria platyphylla has a complex reproductive strategy that promotes reproductive
assurance including a prolonged 5-6 month flowering season, incomplete selfincompatibility and avoidance of pollen limitation through extra-gynoecial pollen tube
growth (Hoebee and Edwards 2012). Autogamy (self-fertilization within an
inflorescence) is avoided by temporal separation of male and female flowers although
partial overlap of these flowering phases has been observed (Hoebee and Edwards 2012)
(Fig. 2.4). Geitonogamy (self-fertilization among clones (ramets) of the same genetic
individual (genet)) may occur as has been observed in the closely related Sagittaria
isoetiformis J.G. Smith and Sagittaria teres S. Watson (Edwards and Sharitz 2000).
Sagittaria platyphylla produces aggregate fruit of one-seeded carpels (Adair et al. 2012)
and has been reported to produce an average of 850 achenes per fruit and 6900 achenes
per inflorescence on plants in northern Victoria (Flower 2004) (Fig. 2.4). Achenes can
germinate immediately or remain dormant for several years until conditions are favorable
(R. Kwong unpublished data).
Vegetative reproduction occurs through the formation of daughter plants (ramets) at
the terminal end of stolons (Flower 2004) (Fig. 2.5). In Australia, uncontrolled vegetative
growth enables populations to rapidly expand into dense stands that dominate shallow
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water bodies (Adair et al. 2012). Preliminary genetic assessments indicated that these
stands were actually comprised of multiple clones approximately 10 m apart (Chong et al.
2010). In autumn, round white fleshy tubers are produced by the roots and persist in the
mud over winter, until spring when they sprout (Adair et al. 2012) (Fig. 2.5). Dispersal is
primarily hydrochorous although ingestion of achenes and adherence to water birds may
contribute to some long distance dispersal (Parsons and Cuthbertson 2001).

(a)

(b)

Fig. 2.4 (a) Sagittaria platyphylla inflorescence with fruiting heads in whorls of three,
basal to male flowers; (b) mature achenes dislodge easily from fruiting heads

(a)

(b)

Fig. 2.5 Vegetative reproduction in Sagittaria platyphylla through; (a) the formation of
ramets at the terminal end of stolons (total width of rubber mat is 120cm); and (b)
production of tubers
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Phenology

Detailed information on the phenology of flowering, fruiting and leaf production in the
native range is scarce, so what follows is information from the introduced Australian
range. Achenes germinate from late winter to spring (Parsons and Cuthbertson 2001) and
form small, threadlike seedlings that develop into rosette-shaped juveniles. At this stage,
plants produce an extensive network of stolons that give rise to more daughter plants
(Fig. 2.6).

Fig. 2.6 The rosette stage of Sagittaria platyphylla produces multiple stolons up to 50 cm
long

Depending on the water depth (Wooten 1986), juvenile plants may persist in the rosette
form, or at water depths less than 100 cm, and will develop into the emergent form with
petiolate leaves (Fig. 2.7) (Flower 2004). Flowering commences in early spring (AugustSeptember) and multiple inflorescences are produced throughout the season until May
(Flower 2004), although fruiting heads have been found on plants in northern Victoria as
late as July (Kwong personal observation). During the winter months plant growth ceases
and leaves turn yellow. If exposed to frost, the emergent foliage senesces and populations
persist as submerged rosettes and tubers. As temperatures and day lengths begin to rise,
new leaves are produced from existing crowns, tubers sprout and submerged rosettes
produce emergent foliage (Fig. 2.7; Kwong personal observation).
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(a)

(b)

(c)

Fig. 2.7 (a) Sagittaria platyphylla submerged rosettes (phyllodial leaf form), Melbourne,
Victoria, Australia (July 2012); (b) a new plant is formed from a sprouted tuber; (c) plants
showing signs of frost damage, Numurkah, Victoria (August 2009)
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Native distribution and habitat

Sagittaria platyphylla is native to warm-temperate regions of southeastern North America
from Kansas to Texas across to Georgia and western Florida. The species is also native to
central Mexico (Keener 2005). The possible center of origin is the Mississippi delta (Fig.
2.8). It inhabits swamps, margins of lakes and ponds, sluggish streams and wet ditches
from sea level up to 900 m (Haynes and Hellquist 2000). The species is associated with
substrates high in potassium and organic matter, suggesting specificity to certain soils
(Wooten 1973).

Fig. 2.8 Sagittaria platyphylla location records from North America, Mexico and Panama
accessed from Global Biodiversity Information Facility (GBIF.org (18th October 2015)
GBIF Occurrence Download http://doi.org/10.15468/dl.x3eoa7)
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Invasive distribution

Valued as an aquatic ornamental for use in ponds and aquaria (Fig. 2.9), the species has
been introduced into many countries and has become naturalized in Hawai’i (Frohlich and
Lau 2014), New Zealand (Howell and Sawyer 2006), South Africa and Australia (Adair et
al. 2012), the former USSR (Rubtsov 1975), Indonesia (Rataj 1972), Italy (Hussner 2012)
and Ukraine (Hussner 2012).

Fig. 2.9 Ornamental planting of Sagittaria platyphylla in Treasury Gardens, Melbourne,
Australia (July 2012)

In Australia, S. platyphylla inhabits shallowly flooded or marshy areas associated with
rivers, streams, natural swamps and wetlands (Parsons and Cuthbertson 2001) and is a
weed of drainage channels, ditches and permanent swamps associated with irrigation and
drainage systems in southeastern Australia. Main infestations occur in the Murray,
Goulburn, Ovens and Edward Rivers, and irrigation and drainage networks in northern
Victoria and southern NSW (Chapman and Dore 2009). Isolated occurrences of S.
platyphylla occur in South Australia on the Murray River from Mannum to the
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Younghusband and Bowhill areas, and in Western Australia’s south west in Albany and
the Canning River in Perth (Sage et al. 2000) (Fig. 2.10). The rate and extent of spread of
S. platyphylla is increasing, particularly in southeastern Australia (Sagliocco et al. 2007).
Records for S. platyphylla occur in near-coastal areas of Queensland and the species is
reported as locally common in the Brisbane and Noosa areas (Adair et al. 2012). The most
northern infestations occur along the Ross River in Townsville, where scattered
populations were first recorded in 2012 (Atlas of Living Australia
http://avh.ala.org.au/occurrences/894f9472-3e80-48a5-9c96-ba416be79d36, accessed
August 2015). The species is not yet recorded from Tasmania, the Australian Capital
Territory and the Northern Territory. The species’ potential distribution includes
waterways and wetlands throughout eastern and southern Australia (Fig. 2.10).
In South Africa, S. platyphylla was first recorded at the Grahamstown Botanic Gardens
in 2004 (Lesley Henderson, South African Plant Invaders Atlas, personal communication
2012), although earlier records of Sagittaria sp. at the same location suggest that the
species may have been present as early as 1991 (Pieter Winter, African National
Biodiversity Institute, PRECIS database, personal communication 2012). Further
plantings were recorded in the Pretoria, Pietermaritzburg and Durban Botanic Gardens in
2010. Its distribution in South Africa has been facilitated largely through the aquarium
trade, despite being a declared invasive species (Martin and Coetzee 2011).

Importance in Australia

Sagittaria platyphylla is declared under state noxious weed legislation in Western
Australia, Tasmania, South Australia, New South Wales, Australian Capital Territory and
Victoria. Sagittaria platyphylla was declared a Weed of National Significance in
Australia because of its invasiveness, potential for spread and economic and ecological
impacts (AWC 2012). Dense infestations form extensive monocultures that can dominate
entire shallow water bodies if left unchecked (Fig. 2.11). Such infestations restrict the
flow of water, increase silt deposition and can cause flooding, particularly during periods
of high flow or rainfall (Adair et al. 2012). In irrigation channels, thick infestations can
also limit the efficiency of modernized water delivery systems to crops (Clements et al.
2013), which can affect the reliability of water delivery to farms leading to production
losses or increased costs (Adair et al. 2012). In the Goulburn-Murray irrigation system, S.
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platyphylla infests up to 85% of 14 000 km of creeks, drains and channels requiring an
annual expenditure ranging from $A1 million (Forrest 2007) to $A2 million per year to
manage (Adair et al. 2012). In New South Wales, S. platyphylla is recognized as a serious
problem in channel systems of the Murrumbidgee, Murray and Coleambally irrigation
areas, where it also grows alongside its weedy relative S. calycina in rice crops (McIntyre
and Newnham 1988).

(a) current distribution

(b) potential distribution

Fig. 2.10 Current and potential distribution of Sagittaria platyphylla in Australia. (a) Map
generated from AVH (2014). Australia’s Virtual Herbarium, Council of Heads of
Australasian Herbaria, <http://avh.chah.org.au>, accessed 4 April 2014. (b)Climatic
suitability for Sagittaria platyphylla across Australia determined using Climatch
(http://data.daff.gov.au:8080/Climatch/climatch.jsp) to analyze Worldclim sample sites
within 50km of the species’ occurrence across its native and invaded range (downloaded
from GBIF and also including observed occurrences of the species across Australia and
South Africa from field trips as part of this research
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(a)

(b)

Fig. 2.11 Irrigation channels in southeastern Australia infested with Sagittaria
platyphylla; (a) Jerilderie NSW (March 2015); and (b) Numurkah Victoria (March 2010)

The detrimental impacts of S. platyphylla on the natural environment are not well
documented. Chapman and Dore (2009) report that S. platyphylla threatens native aquatic
flora and fauna by displacing native plant species, restricting the movement of native fish
and providing habitat for invasive European carp (Cyprinus carpio L.). In coastal New
South Wales, the loss of understory species in the Porters Creek wetlands has been
attributed to invasion by S. platyphylla (Adair et al. 2012). On the other hand,
Romanowski (2011) suggests that the species is unlikely to become a significant weed in
undisturbed natural wetlands. Nevertheless, quantitative data on the economic and
ecological impacts of S. platyphylla in Australia are lacking. Sagittaria platyphylla is
reported to have negative impacts on recreational activities, particularly fishing, boating
and passive recreation (Chapman and Dore 2009) (Fig. 2.12). S. platyphylla could also be
a public health issue by providing suitable habitat for the development of diseasevectoring mosquitos such as Coquillerrodia libealis (Skuse), a vector of Ross River and
Barmah Forest virus. In the USA, Sagittaria is utilized by the larvae of Coquillerrodia
perturbans (Walker), a potential vector of West Nile and eastern equine encephalitis
viruses (Carpenter and LaCasse 1955; Molaei et al. 2008).
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(a)

(b)

Fig. 2.12 Sagittaria platyphylla in Broken Creek, Numurkah, Victoria; (a) Raelene
Kwong standing amongst an infestation (April 2011); and (b) reinvasion of the creek one
year after herbicide application (February 2010)
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Control Methods

Herbicides
In Australia, there are no label recommendations specifically for S. platyphylla, but minor
usage permits have been issued by the Australian Pesticide and Veterinarian Medicines
Authority (APVMA). Herbicide applications often result in variable levels of control that
are not consistent between locations and time of application (Adair et al. 2012).
Currently, control is reliant on repeated, high dose applications of the herbicides,
glyphosate or 2,4-D amine, under off label permits (Adair et al. 2012). Use of 2,4-D
frequently causes abscission of leaves before translocation, resulting in ‘chemical
mowing’, where regrowth usually occurs within 6–12 weeks. In Western Australia, the
triazolone herbicide carfentrazone–ethyl 400 g L−1 at 250 g ha−1 has been advocated for
suppression of S. platyphylla. In Victorian irrigation channels, Acrolein is used for
controlling submerged aquatic weeds but it is ineffective on S. platyphylla (Clements et
al. 2013).
Early experimentation with dichlobenil (a granular, residual herbicide registered in
some aquatic situations) appears to be promising. Dichlobenil kills seedlings of S.
platyphylla and also prevents growth from tubers and stolons, but is not registered for use
in water that is used for crop irrigation or livestock and human consumption (Chapman
and Dore 2009).
More recently, glasshouse and field trials have been conducted to determine the
efficacy of winter applications of endothal and diquat in controlling S. platyphylla in
static irrigation channels (Clements et al. 2013). Endothal activity persisted for six weeks
after treatment and provided excellent control of both emergent and submerged forms of
the weed. Diquat (Reglone®) was ineffective in turbid irrigation channels at reducing S.
platyphylla biomass, with and without a gelling agent (Hydrogel®), during winter
conditions.

Other treatments
Mechanical control of S. platyphylla is sometimes utilized when water flows need to be
restored quickly such as in irrigation channels, where herbicide application is
inappropriate such as near sensitive crops and in permanent channels that cannot be
temporarily shut-down to allow herbicide application (Nitschke 2008). However,
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mechanical control methods can be costly and pose a risk of spreading S. platyphylla by
dislodging tubers and crowns which may then disperse downstream (Chapman and Dore
2009). Remaining viable propagules such as tubers, stolons, crowns and achenes may
rapidly lead to reinvasion following treatment by mechanical methods if follow-up
control is not undertaken (Adair et al. 2012; Flower 2004).
The manipulation of water levels (or drawdowns) is another technique that is often
used for aquatic vegetation control (Murphy 1988) and may be useful for S. platyphylla in
irrigation systems. Exposing greater portions of S. platyphylla plants, especially the
submerged phyllodial form, through the drawing down of water levels may improve the
surface contact and translocation of herbicides (Flower 2004). Sagittaria platyphylla
plants, tubers and achenes do not tolerate extended periods of desiccation (Broadhurst and
Chong 2011). A drastic, but effective method was used to control an extensive infestation
in Black Swamp in northern Victoria by restricting inflows of water to the swamp for up
to five years (R. Gledhill personal communication 2009). At the other extreme, elevating
water levels by flooding might be effective if levels are maintained for high and long
enough to drown emergent vegetation and to prevent submerged rosettes from producing
emergent foliage (Flower 2004). It is a particularly useful technique for killing seedlings
that have germinated is shallow water (Flower 2004).
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Chapter 3 Genetic analysis of native and
introduced range populations of the aquatic
weed Sagittaria platyphylla (Engelm.) J.G.
Sm. - implications for biological control in
Australia and South Africa
Raelene M. Kwong, Linda M. Broadhurst, Brian R. Keener, Julie A. Coetzee, Nunzio
Knerr & Grant D. Martin
Submitted to Biological Invasions

Abstract

Sagittaria platyphylla is an emergent aquatic plant native to southern USA that is now
highly invasive in both Australia and South Africa. Imported into both countries Australia
and South Africa as an ornamental and aquarium plant, the species is now a serious
invader of shallow freshwater wetlands, slow-flowing rivers, irrigation channels, drains
and along the margins of lakes and reservoirs. As a first step towards initiating a classical
biological control program, a population genetics study was conducted to determine the
prospects of finding compatible biological control agents and to refine the search for
natural enemies to source populations with closest genetic match to Australian and South
African genotypes. Using AFLP markers we surveyed genetic diversity and population
genetic structure in 26 populations from the USA, 19 from Australia and 7 from South
Africa. Interestingly, we have established that populations introduced into South Africa
and to a lesser extent Australia have maintained substantial molecular genetic diversity
comparable with that in the native range. Results from principal coordinates analysis,
population graph theory and Bayesian-based clustering analysis all support the notion that
introduced range populations in Australia and South Africa were founded by multiple
sources from the USA. Furthermore, the divergence of some Australian populations from
the USA suggests that intraspecific hybridization between genetically distinct lineages
from the native range may have occurred. The implications of these findings in relation to
biological control are discussed.
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Introduction

Aquatic macrophytes are recognized as causing some of the world’s most intractable
weed problems (Murphy 1988). Floating weeds such as Eichhornia crassipes (Mart.)
Solms (water hyacinth), Pistia stratiotes L. (water lettuce) and Salvinia molesta Mitchell
(giant salvinia) can rapidly blanket water bodies, restricting water utilization and reducing
light penetration into the water column creating hypoxic or anoxic conditions (Frodge et
al. 1990). Submerged aquatic macrophytes such as Egeria spp. (Brazilian egeria),
Hydrilla verticillata (L.f.) Royle (hydrilla) and Myriophyllum spicatum L. (Eurasian
watermilfoil) can greatly affect the functionality of submersed aquatic plant communities
(Santos et al. 2011) and are particularly difficult and costly to control (Charudattan and
Riches 2001). Similarly, dense monocultures of rooted emergent macrophytes such as
Nymphaea mexicana Zucc. (Mexican waterlily), Typha spp. (cattail) and Phragmites spp.
(reed) can cause significant and expensive problems in irrigation and drainage canals
(Charudattan and Riches 2001). Collectively, aquatic invasive macrophytes impact the
health of animals, humans, and aquatic ecosystems as well as the human uses of these
systems (Rockwell 2003; Wade 1990).
Aquatic weeds often are more difficult to manage than terrestrial species due to the
limited options available for the safe use of chemical herbicides in aquatic environments,
increasing regulatory restrictions on herbicide use in and around waterways, and the need
for specialized equipment to undertake mechanical and chemical control (Charudattan
and Riches 2001). Conversely, aquatic weeds are often more successfully managed using
classical biological control (biocontrol) than their terrestrial counterparts (Chaboudez and
Sheppard 1992; Paynter et al. 2012). Some of the most notable successes are Alternathera
philoxeroides (Mart.) Griseb. (alligator weed), E. crassipes (water hyacinth), Lythrum
salicaria L. (purple loosestrife), P. stratiotes (water lettuce) and S. molesta (giant
salvinia) (see Julien and Griffiths (1998); McFadyen (1999) and references therein).
Based on the success of many aquatic weed biocontrol programs, predictive
frameworks for the prioritization of potential weed biocontrol targets rank species
inhabiting aquatic or wetland environments higher than terrestrial weeds (Chaboudez and
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Sheppard 1992; Paynter et al. 2012). The predominance of asexual reproduction and
genetic uniformity within adventive aquatic species is considered a key factor in
predicting the likelihood of biocontrol success. Burdon and Marshall (1981) suggested
that agamospermous, clonally reproducing species that have undergone a genetic
bottleneck during introduction may result in weed populations with low genetic
variability. Such genetic uniformity can limit a species’ capacity to develop resistant
genotypes making them more susceptible to attack by host specific natural enemies than
sexually reproducing, genetically variable species (Burdon and Marshall 1981; Crawley
1989; 1990). While aquatic plants display a wide diversity of reproductive systems,
asexual reproduction is the predominant mechanism (Barrett et al. 1993; Philbrick and
Les 1996). Hollingsworth et al. (1996) noted that genetic diversity within populations of
asexually reproducing aquatic macrophytes may be lower than in terrestrial species due in
part to the extent of clonal reproduction. Certainly, many of the notable successes of
aquatic weed biocontrol such as alligator weed (Julien et al. 2012), water hyacinth (Julien
2000), water lettuce (Harley et al. 1990), giant salvinia (Julien et al. 2009) and red
waterfern (Azolla filiculoides Lam.) (McConnachie et al. 2003), are consistent with high
rates of vegetative growth (but see Hofstra et al. (2000)). More importantly, these species
have been shown to possess low levels of genetic variation both within and among
populations in their introduced regions (Li et al. 2006; Wang et al. 2005).
Not all aquatic macrophytes, however, exhibit reduced genetic diversity in invasive
populations. There is mounting evidence to suggest that factors other than breeding
system contribute to genetic variation such as genetic diversity within source populations,
the diversity and number of colonizing individuals, and whether single or multiple
introductions have occurred (Lockwood et al. 2005; Roman and Darling 2007; Sakai et al.
2001). Multiple introductions from genetically diverse native populations can produce
invasive populations with higher diversity than those observed in the native range
(Galatowitsch et al. 1999; Mukherjee et al. 2012). This is often the case for deliberately
introduced species where anthropogenic activities have facilitated the bringing together of
previously isolated populations (Roman and Darling 2007). Furthermore, interspecific
hybridization between closely related taxa can produce invasive novel genotypes that do
not exist in the native range, such as the hybridization of nonindigenous Myriophyllum
spicatum L. and the native M. sibiricum Komarvov in North America (Moody and Les
2007), and the hybridization of South American Cabomba caroliniana Gray var.
caroliniana Gray and the North American C.c var. pulcherrima Harper in Australia
(Schooler et al. 2009).
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Levels of genetic diversity in weed populations and compatibility of biocontrol agents
to invasive genotypes are two factors critical to the success of biocontrol (Burdon and
Brown 1986; Gaskin et al. 2011; Gaskin and Kazmer 2009; Goolsby et al. 2006a; 2006b;
Müller-Schärer et al. 2004; Nissen et al. 1995). Hence, molecular approaches are being
increasingly utilized during the initiation phase of biocontrol research and prior to the
release of agents to address key issues such as (1) accurate taxonomic identification of the
target weed including the identification of novel hybrids (Gaskin and Kazmer 2009;
Hufbauer 2004; O'Hanlon et al. 1999; O'Hanlon et al. 2000; Radford et al. 2000; Williams
et al. 2005), (2) comparison of genetic structure within and among populations between
native and invaded ranges or between different invaded habitats (Chun et al. 2009; Cuda
et al. 2012; Genton et al. 2005; Milne and Abbott 2003; Mukherjee et al. 2012; Pester et
al. 2003; Sun et al. 2005; Ye et al. 2003), and (3) pinpointing the origin(s) of invasive
populations where compatible natural enemies might be found (Fatemi et al. 2008;
Goolsby et al. 2006a; Kang et al. 2007; Milne and Abbott 2003; Müller-Schärer et al.
2004; Paterson et al. 2009; Radford et al. 2000; Roderick and Navajas 2003).
In this study, we utilized molecular approaches to compare genetic diversity and
population genetic structure between native and invasive populations of the aquatic
monocot delta arrowhead, Sagittaria platyphylla (Engelm.) J.G. Sm. (Alismataceae) to
evaluate the likelihood of successful biocontrol. This species is an emergent, herbaceous
perennial endemic to southeastern and central USA and Mexico (Keener 2005). It was
deliberately introduced to Australia as an ornamental plant during the early 19th century
and is now an aggressive invader of shallow waterways (AWC 2012). It occupies a broad
geographical area ranging from temperate to sub-tropical climates, invading both natural
and constructed aquatic environments and is particularly problematic in irrigation canals
where extensive populations increase siltation, reduce water flow and cause periodic
flooding (Adair et al. 2012). In South Africa, S. platyphylla was first recorded at the
Grahamstown Botanic Gardens in 1999 (Lesley Henderson, Southern African Plant
Invaders Atlas, personal communication 2012). Further plantings were recorded in the
Pretoria, Pietermaritzburg and Durban Botanic Gardens in 2010 and most likely provided
the source for incursions elsewhere. It is now regarded as a new and emerging weed with
naturalized populations occurring in KwaZulu Natal and the Eastern and Western Capes
(H. Sithole, SANBI, 2011, personal communication). Invasive populations of this weed
are difficult and costly to manage and as a consequence, S. platyphylla is under
consideration as a target for biocontrol (Sagliocco et al. 2007).
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We used Amplified Fragment Length Polymorphism markers (AFLPs) to compare
relative levels of genetic diversity and assess population genetic structure in native USA
and introduced Australian and South African populations to make explicit
recommendations for future biocontrol research. We primarily addressed four questions:
(1) Is genetic diversity in the invasive range comparable to that in the native range? This
will help us assess the genetic complexity of the invaded ranges with respect to the likely
success of biocontrol agents; (2) Are invasive Australian and South African populations
genetically divergent from native range populations? This will help us determine the
likelihood of finding pre-adapted prospective biocontrol agents to attack invasive
genotypes; (3) Do Australian genotypes differ from South African genotypes? This will
help determine if prospective biocontrol agents can be shared between countries; (4) Can
we identify the native range sources of populations occurring in introduced ranges? This
will help identify potential locations for sourcing biocontrol agents for Australia and
South Africa.

Materials and methods

Study species

Sagittaria platyphylla is a diploid (2n=22) (Baldwin and Speese 1955) species with
monoecious racemose inflorescences bearing 3-8 whorls of unisexual flowers (Keener
2005), occasionally hermaphrodite (Hoebee and Edwards unpublished report) with
basipetal floral development in which the lower carpellate flowers open first. The species
has a complex reproductive strategy that promotes reproductive assurance including a
prolonged 5-6 month flowering season, incomplete self-incompatibility and avoidance of
pollen limitation through extra-gynoecial pollen tube growth (Hoebee and Edwards
unpublished report). Autogamy (self-fertilization within an inflorescence) is avoided by
temporal separation of male and female flowers although partial overlap of these
flowering phases has been observed (Hoebee and Edwards unpublished report).
Geitonogamy among clones (ramets) of the same genetic individual (genet) may occur as
has been observed in the closely related Sagittaria isoetiformis J.G. Smith and Sagittaria
teres S. Watson (Hoebee and Edwards unpublished report). Sagittaria platyphylla
produces aggregate fruit of one-seeded carpels (Adair et al. 2012) with an average of 552
and 630 achenes per female flower in Australian and South African invasive plants
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respectively (R. Kwong unpublished data). Achenes can germinate immediately or remain
dormant for several years until conditions are favorable (R. Kwong unpublished data).
Vegetative reproduction occurs through the formation of ramets and tubers at the terminal
end of stolons (Adair et al. 2012), and in Australia, uncontrolled vegetative growth
enables populations to rapidly expand into dense stands that dominate shallow water
bodies. Preliminary genetic assessments indicated that these stands are actually comprised
of multiple clones approx. 10 m apart (C. Chong unpublished manuscript). Dispersal is
primarily hydrochorous with achenes floating for up to seven days (R. Kwong personal
observation) although ingestion of achenes and adherence to water birds may contribute
to some long distance dispersal (Parsons and Cuthbertson 2001).

Sampling

Sagittaria platyphylla was sampled across Australia, South Africa and the USA (Table
3.1, Fig. 3.1) from natural (rivers, creeks, swamps) and artificial (roadside drainage
ditches, irrigation canals, ornamental ponds) aquatic systems. Samples were collected
from sites covering the widest geographic distribution of both the native and introduced
ranges to capture the broadest possible range of genetic diversity. At each location, young
and disease-free leaves were collected from plants approx. 10 m apart with the number of
samples taken dependent on the size of each population to avoid oversampling in smaller
sites. Additional samples from northern Victoria, Australia collected by C. Chong were
also included (Broadhurst and Chong 2011). Leaves were wiped to remove moisture and
extraneous material, and a 5 cm2 section taken and individually stored in silica gel.
Populations were geo-referenced and basic site description data collected. Samples
collected in the native range were taxonomically verified and accessioned into the
University of West Alabama Herbarium.

DNA extraction and AFLP amplification

Total genomic DNA was extracted according to a modified protocol of Blundell et al.
(2010) from approx. 3 mg of leaf tissue ground to a fine powder using 3 mm tungsten
carbide beads in a Retsch MM300 mixer mill, and quantified using a Bio-tek Power Wave
HT-1 (Millennium Science) plate reader. Only four of the 42 microsatellite markers
specifically developed for S. platyphylla were polymorphic. Polymorphism was extremely
low in these markers with only 2-4 alleles detected across a diverse sample of 48 plants
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from different populations, a finding that reflects limited diversity previously observed
using allozymes (Hauber and Lege 1999). Consequently, we opted to use Amplified
Fragment Length Polymorphisms (AFLPs) as described in Vos et al. (1995) with the
following modifications: 400-500 ng of DNA were digested with PstI/MseI for 2 h at
37 C, PstI/MseI adaptors were ligated on both ends of the DNA fragments followed by
preselective amplification using PstI+A and MseI+G or MseI+C primers. Six primer
combinations were tested and four used due to their higher polymorphism and
repeatability (Pst-AC/M-GAG, Pst-AG/M-GAG, Pst-AC/M-CTC, Pst-AG/M-CTC).
Selective amplification was carried out with PstI+2 fluorescently labeled and MseI+3
unlabeled primers and visualized on an ABI 3130xl Genetic Analyzer (Applied
Biosystems Inc.) using an ABI GS600LIZ internal ladder. To ensure reproducibility of
our results a positive control was used for each plate. In addition, DNA was extracted
twice for a subset of samples which were then amplified twice on different PCR
machines. Fragments less than 100 base pairs were excluded, bins were manually set to a
width of 1 base pair and bands with peak heights <70 relative fluorescent units (rfu) were
ignored. Fragments were assessed for polymorphism with 140 markers being considered
sufficiently variable for analysis. These were scored as presence/absence characters using
GeneMapper® Version 4 (Applied Biosystems Inc.) and a binary matrix constructed for
analyses.

Genetic diversity in the USA (native) and invaded ranges

The percentage of polymorphic loci (%P), observed number of alleles per locus (Na),
effective number of alleles per locus (Ne) and expected heterozygosity (He) were
estimated for USA, Australian and South African populations using GenAlEx 6.501
(Peakall and Smouse 2006; 2012). To test for statistical differences between invasive
Australian and South African and native USA populations, genetic diversity measures
were subjected to a Kruskal-Wallis one-factorial ANOVA (Genstat 14th Edition, VSN
International Ltd, 2011) and to multiple Mann Whitney U-tests with Bonferroni
correction for post hoc analyses.

Population structure in the USA

Bayesian assignment using STRUCTURE 2.3.2 (Pritchard et al. 2000) was used to infer
the number of genetic clusters (K) present using the USA samples without prior
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knowledge of population affinities. Five runs with a 50,000 burn-in followed by 500,000
MCMC estimates for K=1–10 using the admixture model, a uniform prior for a, an initial
a of 1 and allele frequencies correlated among populations were generated. The optimal
number of K-clusters was determined with the ad hoc statistic DK (Evanno et al. 2005)
using Structure Harvester version 0.6.93 (Earl and vonHoldt 2012). A similar analysis
using the no admixture model was also undertaken. Runs for each K were summarized in
CLUMPP version 1.1.2 (Jakobsson and Rosenberg 2007) using the Greedy algorithm
with random input and 1000 permutations. Principal coordinate analysis (PCoA) was used
to visualize USA individuals in multidimensional space based on Nei’s standard genetic
distance (Nei 1972; Nei 1978) using the covariance standardized method in GenAlEx
6.501 and the first two dimensions plotted (Peakall and Smouse 2006; 2012). A
population graph (PopGraph) was created using GeneticStudio version 1.3.1 (Dyer and
Nason 2004) to assess the distribution of genetic variation among USA populations. This
approach uses graph-theory to resolve interpopulational relationships within the context
of the covariance structures of all populations (Dyer and Nason 2004). Populations are
represented within the network topology as nodes, with node diameter reflecting withinpopulation genetic variability and lines connecting the nodes (edges) indicating
populations that are not significantly genetically differentiated; line length indicates the
among-population component of genetic variation (Dyer and Nason 2004). TESS version
2.3.1 (Chen et al. 2007), which unlike STRUCTURE incorporates spatial information,
was run with a 25,000 burn-in followed by 250,000 sweeps for each K from 2-26 using
the CAR admixture algorithm based on the Delaunay tessellation and an interaction
parameter of 0.6. The deviance information criterion (DIC) was calculated for each of the
50 replicates for each K. The top 10% of these runs (i.e. those with the lowest DIC) were
retained and the average of these plotted to identify the best K for these data (Chen et al.
2007). Runs were then aligned in CLUMPP version 1.1.2 (Jakobsson and Rosenberg
2007) using the Greedy algorithm with random input and 1000 permutations.

Genetic comparison of native and invaded ranges and origins of invasion

A hierarchically-nested AMOVA model calculated from the pairwise squared Euclidean
distances between individuals was used to examine how molecular variation was
partitioned among provenances (continents) relative to the total populations (ɸRT), among
populations within continents (ɸPR) and within populations (ɸPT) using GenAlEx 6.501
(Excoffier et al. 1992; Peakall and Smouse 2006; 2012) with tests of significance based
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on 999 random permutations. AMOVA for each continent was also conducted separately
to characterize genetic structure among and within populations (ɸPT). The USA samples
were coded according to their most likely cluster of origin previously identified by
STRUCTURE (i.e. K=3, see below) and used as ‘learning samples’ against which the
ancestry of Australian and South African samples were inferred with the USEPOPINFO
model within STRUCTURE. Finally, associations among the USA, Australian and South
African samples and populations were assessed using the PCoA and graph-theory
approaches described above.

Results

Genetic diversity in the USA and invaded ranges

In total, 584 individuals from Australia (19 populations), South Africa (7 populations)
and the USA (26 populations) were genotyped with genetic diversity measures varying
within and among populations and continents (Table 3.1, Fig. 3.1). For example, in
Australia %P ranged from 36-70%, whereas in South Africa it was 60-68% and in the
USA it ranged from 40-94%. Other genetic measures were similarly variable. Statistical
differences in genetic diversity among continents were detected with mean %P in
Australia (52.8%) being lower than South Africa (65.2%) and the USA (62.6%; KruskalWallis χ2(2, N = 52), = 9.55, P = 0.008; Appendix Table S3.3). The number of alleles (Na)
also differed statistically (χ2(2, N = 52), = 10.11, P = 0.006) again being lower in
Australia (1.31) than in South Africa (1.51) and the USA (1.45) although this probably
reflects sample size differences as number of effective alleles (Ne) did not differ among
continents (χ2(2, N = 52), = 4.6, P = 0.100). The small, but statistical, difference in
heterozygosity (He; χ2(2, N = 52), = 6.36, P = 0.042;) was due to higher levels observed
in South Africa and USA (both 0.22) compared with that in Australia (0.19).
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Table 3.1 Sampling locations, numbers of samples (N) and mean (standard error)
estimates of within population genetic diversity in Sagittaria platyphylla native range
populations in the southern USA and introduced range populations in Australia and South
Africa based on a survey of Amplified Fragment Length polymorphism variation at 140
loci on 584 samples. Genetic diversity indices include percentage of polymorphic loci
(%P), number of different alleles (Na), number of effective alleles (Ne) and expected
heterozygosity (He)
A

Site Reference

Location

State

1

240211-2

Albany

WA

2

250512

Melbourne

3

Chong (Site A,
B, C)

4

B

C

N

%P

-35.014, 117.895

13

62.1

VIC

-37.814, 144.976

6

55.7

Barmah Creek

VIC

-35.968, 144.939

7

52.9

Chong (Site F)

Little Budgee 1

VIC

-35.857, 145.007

7

51.4

5

Chong (Site G)

Little Budgee 2

VIC

-35.883, 145.003

16

67.9

6

Chong (Site M)

Moira Lake

VIC

-35.955, 144.951

6

35.7

7

150211-2

Numurkah

VIC

-36.106, 145.362

14

70.0

8

CAN 770514

Ovens River,
Bundalong

VIC

-36.049, 146.188

7

42.9

9

090311-1

Deniliquin/Finley

NSW

-35.555, 145.030

12

60.0

10

150211-1

Shepparton

VIC

-36.355, 145.402

16

60.7

11

100310_3

Brisbane

QLD

-27.483, 152.903

5

37.1

12

JM050411

NSW

-28.710, 153.487

16

70.0

13

110310_1

QLD

-26.479, 152.956

9

42.1

14

TI220311

Bulahdelah

NSW

-32.407, 152.200

6

54.3

15

290311-1

Woongarah /
Wyong

NSW

-33.244, 151.490

5

41.4

16

300311-1

Penrith

NSW

-34.740, 150.686

5

42.1

17

300311-2

North Richmond

NSW

-33.585, 150.723

7

54.3

18

310311-1

Lane Cove
National Park

NSW

-33.792, 151.151

5

47.1

19

RJC1-050511

Thirlmere

NSW

-34.205, 150.573

7

55.0

Pop

Lat, Long

Na

Ne

1.39
(0.07)
1.38
(0.07)
1.29
(0.07)
1.34
(0.06)
1.54
(0.06)
1.10
(0.07)
1.53
(0.07)
1.17
(0.07)
1.41
(0.07)
1.39
(0.07)
1.12
(0.07)
1.61
(0.05)
1.21
(0.07)
1.33
(0.07)
1.10
(0.07)
1.19
(0.07)
1.29
(0.07)
1.19
(0.07)
1.41
(0.06)

1.36
(0.03)
1.36
(0.03)
1.36
(0.04)
1.31
(0.03)
1.38
(0.03)
1.23
(0.03)
1.39
(0.03)
1.24
(0.03)
1.34
(0.03)
1.35
(0.03)
1.23
(0.03)
1.39
(0.03)
1.25
(0.03)
1.38
(0.03)
1.25
(0.03)
1.27
(0.03)
1.35
(0.03)
1.33
(0.03)
1.35
(0.03)

1.57
(0.06)
1.41
(0.07)
1.49
(0.06)
1.58
(0.06)
1.50
(0.06)
1.49
(0.07)
1.54
(0.06)

1.35
(0.03)
1.38
(0.03)
1.38
(0.03)
1.43
(0.03)
1.37
(0.03)
1.36
(0.03)
1.39
(0.03)

He

Australia

Binna Burra /
Bangalow
Eumundi /
Cooroy

0.21 (0.02)
0.02 (0.02)
0.02 (0.02)
0.18 (0.02)
0.23 (0.02)
0.13 (0.02)
0.23 (0.02)
0.14 (0.02)
0.20 (0.02)
0.21 (0.02)
0.13 (0.02)
0.23 (0.02)
0.14 (0.02)
0.21 (0.02)
0.15 (0.02)
0.15 (0.02)
0.20 (0.02)
0.18 (0.02)
0.20 (0.02)

South Africa
20

NA

Grahamstown

EC

-33.318, 26.522

15

67.1

21

NA

Maden

EC

-32.737, 27.298

7

60.0

22

NA

Farningham
Ridge

KZN

-29.836, 30.871

12

62.1

23

NA

Wensleydale

KZN

-29.601, 30.409

10

69.3

24

NA

Keisie

WC

-33.685, 19.984

12

62.9

25

NA

Stellenbosch

WC

-33.963, 18.926

10

67.1

26

NA

Northern Paarl

WC

-33.700, 18.982

13

67.9
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0.12 (0.02)
0.22 (0.02)
0.22 (0.02)
0.25 (0.02)
0.21 (0.02)
0.21 (0.02)
0.23 (0.02)

A

Site Reference

Location

State

27

230810-2

Warsaw/Boligee

AL

28

080912-1

Creola

Pop

B

C

N

%P

32.792, -88.029

21

93.6

AL

30.942, -88.024

6

47.1

AL

34.367, -86.225

18

64.3

AL

33.437, -87.380

13

71.4

Lat, Long

Na

Ne

1.91
(0.03)
1.16
(0.07)
1.48
(0.06)

1.54
(0.03)
1.31
(0.03)
1.33
(0.03)

1.56
(0.06)

1.40
(0.03)

1.24
(0.08)
1.43
(0.06)
1.34
(0.07)

1.28
(0.03)
1.32
(0.03)
1.31
(0.03)

1.04
(0.07)

1.27
(0.03)

1.53
(0.06)
1.46
(0.06)
1.42
(0.06)
1.47
(0.06)
1.54
(0.06)
1.45
(0.06)
1.51
(0.06)
1.16
(0.07)
1.41
(0.07)
1.19
(0.07)
1.59
(0.06)
1.07
(0.07)
1.43
(0.07)
1.69
(0.05)
1.65
(0.05)
1.77
(0.04)
1.67
(0.05)
1.62
(0.05)

1.44
(0.03)
1.31
(0.03)
1.29
(0.03)
1.36
(0.03)
1.38
(0.03)
1.31
(0.03)
1.34
(0.03)
1.26
(0.03)
1.35
(0.03)
1.25
(0.03)
1.39
(0.03)
1.21
(0.03)
1.45
(0.03)
1.46
(0.03)
1.49
(0.03)
1.43
(0.03)
1.40
(0.03)
1.46
(0.03)

He

USA

Guntersville
Reservoir
Black Warrior
River,
Tuscaloosa

29

080912-1

30

030912-2

31

120810-1

McGehee

AR

33.564, -91.384

16

54.3

32

130912-2

Pine Bluff

AR

34.252, -91.983

10

58.6

33

130912-1

Gould, AR

AR

34.049, -91.642

9

57.9

34

140912-1

Pinnacle
Mountain State
Park

AR

34.847, -92.464

4

40.0

35

180912-1

Caddo Lake

TX

32.720, -94.116

20

65.7

36

250812-1

Richmond Hill

GA

31.955, -81.320

18

61.4

37

120912

Yazoo NWR

MS

33.125, -91.003

14

59.3

38

040810-1

Tara Wildlife
Reserve

MS

32.479, -91.062

19

62.1

39

060810-1

Winnsboro

LA

32.149, -91.705

19

47.9

40

060810-2

Cheniere Brake

LA

32.458, -92.203

8

60.0

41

060810-3

Monroe

LA

32.556, -92.075

9

65.7

42

060810-4

Black Bayou

LA

32.604, -92.049

8

57.9

43

090810-1

Senatobia

MS

34.643, -89.971

14

63.6

44

110810-1

Stoneville

MS

33.422, -90.905

14

45.7

45

180810-1

Reelfoot Lake

TN

36.468, -89.316

16

73.6

46

180810-1

Sunk Lake

TN

35.710, -89.738

7

37.9

47

190811-1

Hackberry

LA

29.994, -93.358

7

61.4

48

200811-1

Moss Bluff

LA

30.294, -93.234

10

75.7

49

220811-1

St Martinville

LA

30.222, -91.906

14

74.3

50

250811-1

New Orleans

LA

30.261, -89.786

17

80.7

51

100811-1

Lewisville

TX

33.069, -96.959

14

76.4

52

130811-1

San Marcos
River

TX

29.876, -97.932

11

70.0

A
B

C

0.31 (0.01)
0.18 (0.02)
0.20 (0.02)
0.23 (0.02)
0.17 (0.02)
0.19 (0.02)
0.18 (0.02)
0.15 (0.02)
0.25 (0.02)
0.19 (0.02)
0.17 (0.02)
0.21 (0.02)
0.23 (0.02)
0.19 (0.02)
0.21 (0.02)
0.15 (0.02)
0.20 (0.02)
0.15 (0.02)
0.23 (0.02)
0.12 (0.02)
0.25 (0.02)
0.27 (0.02)
0.28 (0.02)
0.26 (0.01)
0.24 (0.02)
0.26 (0.02)

Population identification number
VIC = Victoria; NSW = New South Wales; QLD = Queensland; WA = Western Australia, EC = Eastern
Cape, KZN = KwaZulu-Natal, WC = Western Cape, MS = Mississippi; LA = Louisiana; TN =
Tennessee; AR = Arkansas; AL = Alabama; KT = Kentucky; TX = Texas; GA = Georgia
Position format: hddd.ddddd0, Map datum: WGD 84
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Fig. 3.1 Location of Sagittaria platyphylla populations sampled in its native and invaded
ranges in (a) the USA (native), (b) Australia and (c) South Africa. Numbers correspond to
sampling information in Table 3.1
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Population structure within the USA

The population clustering algorithm of STRUCTURE identified K=2 based on ln(P)K as
the most probable number of clusters for native USA populations whereas K was 3 (Fig.
3.2a). The No Admix model produced the same result (data not shown). Assignment of
populations for K=2 (Appendix Fig. S3.8) was poorly aligned with any geographic
structure whereas K=3 was more closely associated with geographic groupings based on
hydrological catchments (Level II watershed regions, Fig. 3.3), as is to be expected of a
hydrologically-dispersed organism such as Sagittaria. Many populations for this K were
strongly assigned to Clusters 1 (blue) and 2 (red) based on >70% identity (range 70-96%)
whereas populations assigned to Cluster 3 (green) had identities at often or near equal
proportions of Cluster 1 and a third cluster that was found as a small proportion of
populations in the other Clusters (e.g. Pops 36 and 27, Fig 3.2b). The two PCoA axes for
ordination of the USA individuals only, explained only 20.5% of the genetic variation
present but did largely support the three STRUCTURE Clusters and highlighted the
overlap of plants assigned to Clusters 2 and 3 (Fig. 3.4a). An assessment of whether K=45 provided a better description of these data failed to resolve the mixing in Cluster 3 and
identified additional complexity in some Cluster 2 populations which again had little
geographic basis (Appendix Fig. S3.8). The mean DIC for the top 10% of runs generated
by TESS for each K decreased sharply but reached a plateau at K=11 (Fig. 3.5). There
was no clear support for K=3 although the slope from K =2 to K =3 was slightly steeper
than for other values of K. It is unclear whether this result reflects a genuine lack of
structure or that the assumptions underlying TESS are inappropriate for this species
(Guillot 2009).
Geographic distribution of K=3 populations at the regional (i.e. watershed) level found
representatives of each genetic cluster present in each of the sampled watersheds (Fig.
3.3). However, linear distribution patterns within Clusters associated with downstream
directional flow were evident for some populations. For example, in the Arkansas-WhiteRed Region where three populations (Pops 32, 34 and 35) were assigned to Cluster 1
(blue) with Pop 37 being further downstream and the Lower Mississippi Region where
populations occurring upstream from the Arkansas-Mississippi River confluence (Pops
43, 45, 46) were assigned to Cluster 2 (red) as well as two populations further
downstream (Pops 31 and 44). The majority of populations that occurred downstream
from here were assigned to the ‘mixed’ Cluster 3 (green; Pops 38, 39, 47-49).
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Fig. 3.2 Clustering analyses performed using STRUCTURE. (a) Plot of Delta K (circles,
solid line) and corresponding values for the mean likelihood (triangles, dashed line)
where the error bar represents one standard deviation; (b) Bar plot of estimated
membership coefficients (q) of each native range (USA) population in K = 3 clusters; (c)
assignment of 19 Australian and seven South African populations to USA Clusters. The
numbers below each bar plot refers to population identification numbers as given in Table
3.1
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Fig. 3.3 Sagittaria platyphylla population locations sampled in the native (USA) range.
Map colors represent Level II Watershed Regions (provided by the Commission for
Environmental Cooperation). Symbol colors correspond to Clusters assigned by
STRUCTURE analysis; Cluster 1 (blue), Cluster 2 (red) and Cluster 3 (green). Refer to
Table 3.1 for detail on site location of populations
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Fig. 3.4 Principal coordinate analysis (PCoA) plots for the first two ordination factors for
Sagittaria platyphylla individuals surveyed for amplified fragment length polymorphism
variation. (a) Native (USA) populations. Individuals are color-coded according to their
assignment to one of three genetic clusters determined by Structure: Cluster 1 (blue
circles), Cluster 2 (red triangles) and Cluster 3 (green squares). (b) Native (USA) (grey
circles) and invasive Australian (open circles) and South African (black circles)
populations
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Fig. 3.5 Mean deviance information criterion (DIC) of the top 10% (lowest DIC) of 50
runs for each K from 2-26 for Sagittaria platyphylla individuals based on amplified
fragment length polymorphism variation
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The Population Graph analysis produced a complex typology but with similarities to
the population structure observed in the previous analyses (Fig. 3.6). For example,
southern Louisiana populations (Pop 47 to 50) formed a discrete group with multiple
linkages between population pairs. A similar structure was observed for populations
occurring north of Greenville (MS) in the upper sections of the Lower Mississippi Region
(Pops 31, 44-46), whereas those along the Arkansas River (Pop 32 33, 34) were linearly
linked as is to be expected of a water-dispersed organism. However, some linkages were
unpredictable; Caddo Lake (Pop 35) in eastern Texas having only one linkage to another
population in Texas (Pop 52) and four linkages to populations from Alabama (Pop 28 and
29), Mississippi (Pop 37) and Georgia (Pop 36), suggesting long distance dispersal across
catchments.

Fig. 3.6 Population graph of sampled populations of Sagittaria platyphylla from the
native range (USA). Node size indicates within population genetic variance and lines
connecting nodes are retained edges indicating genetic covariance. Nodes are colored
according to watershed (Level II Watershed Regions). Nodes are colored based on the
assignment of populations to 3 clusters determined by STRUCTURE; Cluster 1 (blue),
Cluster 2 (red) and Cluster 3 (green). Refer to Table 3.1 and Fig. 3.1 for detail on site
location of populations
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Genetic comparison of native and invaded ranges and origins of invasion

Hierarchical AMOVA of the native and invaded ranges reflected significant genetic
structuring at all levels of this analysis (Table 3.2) with 9% of the variation (P = 0.001)
distributed among the three continents and 23% of the variation (P = 0.001) among
populations within continents. When continents were examined separately, among
population differentiation was greatest in the USA (30%), and lowest in South Africa
(16%). In all three continents, the majority of genetic variation was retained within
populations, namely 70% in the USA, 82% in Australia and 84% in South Africa.

Table 3.2 Hierarchical nested analysis of molecular variance (AMOVA; Excoffier et al.
1992) conducted on 140 Amplified Fragment Length Polymorphism (AFLP) loci from 52
Sagittaria platyphylla population from native (USA) and introduced (Australia and South
Africa) ranges. The degrees of freedom (df), sum of squares (SS), mean sum of squares
(MS), variance, % variance and ɸ statistics are shown. Tests of significance were based
on 999 permutations. *P<0.001
Source of variation

df

SS

MS

Variance

% Var

Statistic

Among continents

2

859.69

429.85

2.12

9

ɸRT = 0.091*

Among populations
within continents

49

3676.78

75.04

5.31

23

ɸPR = 0.253*

Within populations

532

8367.93

15.73

15.73

68

ɸPT = 0.321*

Total

583

12904.40

23.16

100

Among populations

25

2589.25

103.57

6.82

30

Within populations

310

4912.86

15.85

15.85

70

Total

335

7502.11

22.67

100

Among populations

18

772.72

42.93

3.18

18

Within populations

150

2242.31

14.95

14.95

82

Total

168

3015.03

18.13

100

Among populations

6

314.81

52.47

3.18

16

Within populations

72

1212.76

16.84

16.84

84

Total

78

1527.57

20.02

100

Native + introduced ranges

Native (USA) range

ɸPT = 0.301*

Invasive (Australia) range

ɸPT = 0.175*

Invasive (South African) range
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ɸPT = 0.159*

The mean probability of each Australian and South African plant assigned to one of
the three USA clusters by STRUCTURE highlighted differences between Australian and
South African plants at the population level (Fig. 3.2c). Australian populations primarily
reflected USA populations from Cluster 2 with the exception of those from the Barmah
area (3-6) which were more aligned with Cluster 3 and Melbourne (Pop 2) that was more
similar to Cluster 1. Relatively few examples of admixed individuals were present with
plants generally assigned to one of the three clusters however, some admixed individuals
were present at Albany, Numurkah, Shepparton and Binna Burra (Pops 1, 7, 10 and 12;
Clusters 1 and 2), Melbourne (Pop 2, Clusters 1 and 3), and Barmah populations (Pops 36; Clusters 2 and 3; Appendix Fig. S3.9). In South Africa, most populations were a mix of
Clusters 1 and 3 with very little representation from Cluster 2 (Fig. 3.2c). Individuals here
also were mostly assigned to either of these clusters with limited evidence of admixture
(Appendix Fig. S3.9). The first three PCoA axes for all native and invasive plants
accounted for 10.6%, 8.0% and 4.3% of the total variation respectively (Fig. 3.4b). USA
and Australian individuals mostly separated into two clusters along axis 2 with the South
African plants being distributed among the USA samples.
PopGraph revealed a complex topology of four sub-groups: the USA, two Australian
sub-groups and South Africa (Fig. 3.7). Australian populations from Barmah and Ovens
sites in northern Victoria formed a distinct subgroup which was connected to the
remaining Australian populations through Pop 9. Several populations in the other
Australian sub-group were linked to various USA populations distributed across several
watersheds (e.g. Australian Pops 9, 14, 12 and 19 and USA Pops 44, 52, 49 and 47)
whereas other populations (e.g. Pop 13, 7 and 2) were linked to multiple sites within the
USA, some of which were in different watersheds. South African populations formed a
discrete, highly connected cluster with connections to both USA and Australian
populations through both single and multiple linkages. For example, Pops 20 and 25 were
both linked with USA Pop 36, Pop 22 was linked to this latter population as well as to
Pop 29 whereas Pop 21 connected with Pop 37 suggesting a greater linkage through
Cluster 1 identified from the STRUCTURE analysis. Linkages between South Africa and
Australia were through Pop 26 and 11 as well as Pops 22 and 2.
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Fig. 3.7 Population graph of sampled populations of Sagittaria platyphylla from native
USA (grey nodes) and invasive Australian (open nodes) and South African (black nodes)
populations. Node size indicates within population genetic variance and lines connecting
nodes are retained edges indicating genetic covariance. Refer to Table 3.1 and Fig. 3.1 for
detail on site location of populations
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Discussion

As a precursor to the selection of potential biocontrol agents for Sagittaria platyphylla,
we examined genetic diversity and population genetic structure in the native and invasive
ranges to help evaluate potential impediments to the success of a biocontrol program for
this species and to highlight regions where a suitable agent(s) might be found. We found
that invasive S. platyphylla populations maintained substantial molecular genetic diversity
comparable to the native range, suggesting that introduced range populations in South
Africa and Australia were founded by multiple sources from the USA. Furthermore, some
Australian populations were divergent from the USA indicating that post-invasion
hybridization between genetically distinct lineages may have occurred. In the following
section, firstly we compare levels of genetic diversity between native and introduced
range populations and discuss the numbers of introductions followed by possible source
regions. Thereafter, we discuss the implications for successful biocontrol of S. platyphylla
in Australia and South Africa.

Evidence for multiple introductions

Comparing genetic diversity of weed populations between native and introduced rages
can help determine whether events such as genetic bottlenecks or genome mixing, which
can influence biocontrol agent host acceptance and efficacy, have occurred (Burdon and
Brown 1986; Gaskin et al. 2011). Our study indicates that genetic diversity in S.
platyphylla introduced into South Africa and to a lesser extent Australia, is comparable
with that in the native range. This finding contrasts with other studies of aquatic invasive
species where genetic diversity in colonized populations is often markedly lower than in
the native distribution, including A. philoxeroides and E. crassipes in China (Li et al.
2006; Ye et al. 2003), Hydrilla verticillata (L.F.) Royle in New Zealand (Hofstra et al.
2000) and Butomus umbellatus L. in North America (Kliber and Eckert 2005). In all of
these cases, the authors attributed low genetic diversity to single introduction events (as
with H. verticillata in New Zealand), sequential bottlenecks during secondary invasions
(as with E. crassipes in China) or a lack of sexual reproduction limiting recombination
among founding genotypes. The high levels of genetic diversity in invasive S. platyphylla
observed here are, however, consistent with outbreeding aquatic and riparian species
where similar or higher diversity to that in the native range has been observed (e.g.
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Lythrum salicaria in North America (Chun et al. 2009) and Phyla canescens (Kunth)
Greene in France (Xu et al. 2010)). In addition to the outbreeding nature of S. platyphylla,
several other factors may have contributed to the maintenance of high genetic diversity in
invasive populations such as: (1) introduction of numerous inocula from high diversity
sources, (2) multiple introductions, (3) high gene flow among introduced range
populations, and (4) introgressive hybridization with congeneric species (Roman and
Darling 2007).
Most of the genetic variation in invasive S. platyphylla populations was found within
populations (Table 3.2) which is consistent with observations of other outcrossing species
(e.g. P. canescens (Xu et al. 2010) and Clidemia hirta (L.) D.Don in Hawai’i (DeWalt
and Hamrick 2004)). This finding suggests that founding S. platyphylla populations were
diverse and/or that multiple introductions from different native sources have generated
genetically mixed populations within the invaded range. The introduction history of S.
platyphylla to Australia is poorly known but the species was a popular aquarium and
ornamental pond plant as early as 1933 (NLA 2014). Consequently, it is difficult to
determine whether invasive populations were originally comprised of diverse lineages or
whether the diversity detected here has been generated since that initial introduction.
Collectively, however, our data do suggest that multiple introductions characterize the
invaded range of this species similar to that observed in invasive P. canescens
populations in France (Xu et al. 2010). Firstly, assignment tests indicated that Australian
populations were allied to all three USA Clusters whereas South African populations
appear to be founded by genotypes originating mostly from Cluster 1 with minor
contribution from Cluster 3 (Fig. 3.2c). Secondly, the PCoA plot identified considerable
overlap of invasive individuals with the broad geographic distribution of native genotypes
surveyed, suggesting that a spatially diverse range of genotypes was transported to the
invaded regions (Fig. 3.6). Finally, multiple linkages between native and invaded range
populations highlighted by PopGraph (Fig. 3.7) indicate the close genetic similarity of
these populations and the high likelihood that genotypes from multiple native range
sources have been introduced to Australia and South Africa.

Sources of introduction into Australia and South Africa

Genetic studies can be used to prioritize areas for collecting biocontrol agents by
pinpointing possible geographic and/or genetic sources of origin of invasive populations
(Estoup and Guillemaud 2010; Roderick and Navajas 2003; Williams et al. 2005) and has
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been successfully applied to invasive species such as Lygodium microphyllum (Cav.) R.
Br. (Goolsby et al. 2006a), Ligustrum robustum (Roxb.) Blume (Milne and Abbott 2003),
Rhododendron ponticum L. (Erfmeier and Bruelheide 2011) and Rubus alceifolius Poir.
(Amsellem et al. 2000). The finding of three genetic clusters primarily associated with
expected dispersal patterns along watersheds in the USA allowed for the possible origins
of invasive populations to be inferred. Overall, most Australian individuals were strongly
assigned to Cluster 2 which corresponds to populations occurring mostly in upper
sections of the Lower Mississippi Region, from Monroe LA to Reelfoot Lake TN. In
contrast, Barmah Forest populations in northern Victoria, AUS were comprised of
individuals primarily from Cluster 3 suggesting an introduction from the southern parts of
the native distribution such as Louisiana is likely. Evidence from Bayesian assignment
and multiple linkages by PopGraph point to a third introduction into Melbourne VIC from
Cluster 1 potentially from populations beyond the Lower Mississippi Region such as the
Arkansas-White-Red Region or the South Atlantic Gulf. Interestingly, a small number of
individuals assigned to Cluster 1 also occurred in other Australian populations suggesting
that Melbourne may have been a source of secondary invasion to other regions such as the
irrigation districts of central Victoria (Pops 7 and 10) and possibly to Albany in Western
Australia (Pop 1).
For invasive S. platyphylla in South Africa, our data suggest either multiple
introductions from two different parts of the native range, or a single large introduction
from a diverse gene pool. Unlike many Australian samples which assigned to Cluster 2,
South African samples were assigned to either Cluster 1 or Cluster 3, eliminating the
northern parts of the Lower Mississippi Region as being likely source populations. Given
the two linkages between Australia and South Africa in Figure 3.7 and the similar
assignment of Melbourne and South African individuals Appendix Fig. S3.9) it is also
possible that material also has been exchanged between the two countries although the
direction of this exchange cannot be determined. Most of the Australian and South
African linkages are within the vicinity of major trade ports: Brisbane and Melbourne
(Australia), and Cape Town and Durban (South Africa). These two countries have a
history of trade in plants that have become serious invasive species such as
boneseed/bitou bush, (Chrysanthemoides monilifera (L.) Norl.), Australian acacias
(Acacia spp) (Weiss and Milton 1984) and asparagus fern (Asparagus asparagoides (L.)
Druce) (Morin et al. 2006).
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Prospects for biological control

Several authors have suggested that genetically diverse, sexually reproducing invasive
plant species may require a diverse array of biocontrol agents, whereas less genetically
diverse, asexually reproducing species may require fewer agents (Burdon and Marshall
1981; Nissen et al. 1995). Where invasive species consist of novel genotypes due to
hybridization, genetic drift, inbreeding and/or adaptive evolutionary change (Bossdorf et
al. 2005; Gaskin et al. 2011; Sakai et al. 2001; Williams et al. 2005), the risk of biocontrol
failure increases if highly damaging, pre-adapted natural enemies cannot be matched with
the target weed genotype(s) in the invaded range (Day and Urban 2004; Gaskin et al.
2011). The initial purpose of this genetic study was to reveal the likelihood for successful
biocontrol of S. platyphylla in Australia and South Africa based on the degree of genetic
variability and divergence between native and invasive populations.
Populations of S. platyphylla in South Africa and Australia show similar levels of
genetic diversity comparable to native populations, with the majority of this diversity
residing within rather than among populations or countries. In addition, Australian and
South African populations can be readily assigned to clusters within the USA and
connections with potential source populations identified making the selection of
genotype-specific natural enemies possible. These findings bode well for biocontrol
success particularly in South Africa, but may be complicated by evidence of hybridization
in some Australian populations. Sagittaria platyphylla plants from the Barmah Forest
(Pops 3-6, 8) were divergent to other Australian populations (Fig. 3.7) and examples of
plants identifiable with Sagittaria macrophylla Zucc. as well as examples of
intermediates between S. platyphylla and S. macrophylla suggest that interspecific
hybridization may have occurred (Adair et al. 2012). Moreover, it is likely that this has
occurred in situ in Australia since the range for S. macrophylla (southern Mexico) is
highly disjunct from the native range of S. platyphylla (Keener 2005). This hybridization
may influence biocontrol effectiveness if a candidate agent is highly specialized to
species-specific genotypes such as biotrophic plant pathogens and eriophyid mites, where
genotype-specific pathogenicity may mean that a novel genotype is less susceptible to
attack. As no pathogens or eriophyid mites with potential for biological control of S.
platyphylla were identified in natural enemy surveys (Kwong et al. 2014, Chapter 5), the
use of broadly-specialized (i.e. not specialized at the genotype level) insect agents may
overcome any genetic issues associated with the Australia Barmah populations. Of further
consideration is that South African and Australian populations were founded by different
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source populations and consequently, collections of biocontrol agents from the native
range should be undertaken separately for each country. The common practice of
swapping biocontrol agent cultures between collaborating countries would need to be
evaluated for this species, depending on the degree of host specialization of the candidate
biocontrol agents. However, the evolution of host-specific natural enemy biotypes is more
likely for host species with wide, disjunct geographic native distributions (Goolsby et al.
2006a; Hofstra et al. 2000), unlike S. platyphylla. In addition, no evidence of spatiallyspecific S. platyphylla biotypes in the native range have been found suggesting that
natural enemies are likely to be ubiquitous, but this requires confirmation by herbivore
transfer experiments (e.g. Goolsby et al. (2006a)). While intensive herbivore transfer
experiments may be an unnecessary expense for the S. platyphylla biocontrol program, at
the very least we suggest that potential biocontrol agents be sourced from regions of the
closest genetic match to invasive populations and that their performance (survival,
reproduction and damage to host) be subsequently assessed against the range of
genotypes present in the invaded range(s) (Gaskin et al. 2011; Gaskin and Kazmer 2009).
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Table S3.3 Country mean (standard error) estimates of within-population genetic
diversity in Sagittaria platyphylla native range populations in the southern USA and
introduced range populations in Australia and South Africa based on a survey of
Amplified Fragment Length polymorphism variation at 140 loci on 584 samples. Genetic
diversity indices include percentage of polymorphic loci (%P), number of different alleles
(Na), number of effective alleles (Ne) and expected heterozygosity (He). Different
uppercase letters indicate significant differences (P < 0.05) between countries (Kruskal
Wallis one-way analysis of variance. Mann-Whitney U test with Bonferroni correction)
Country

%P

Na

Ne

He

Australia

52.8 (2.5) A

1.31 (0.03) A

1.32 (0.01)

0.19 (0.01) A

South Africa

65.2 (1.3) B

1.51 (0.02) B

1.38 (0.01)

0.22 (0.01) B

USA

62.4 (2.5) B

1.45 (0.04) B

1.36 (0.02)

0.22 (0.01) A, B

Species (overall)

59.3 (1.7)

1.41 (0.03)

1.35 (0.01)

0.20 (0.01)

P

0.008

0.006

0.1

0.042
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K=2

K=3

K=4

K=5

Fig. S3.8 CLUMPP alignment of STRUCTURE runs for K=2-5. Numbers correspond to
site locations in Table 3.1 and Fig. 3.1
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Fig. S3.9 Assignment probabilities of membership to three inferred clusters for invasive
populations of Sagittaria platyphylla based on AFLP genotypes using the approach of
Evanno et al. (2005). Each individual is represented as a vertical line with proportional
assignment to Cluster 1 in blue, Cluster 2 in red and Cluster 3 in green. Individuals from
different sampled populations are separated by vertical black lines and numbers
correspond to site locations in Table 3.1 and Fig. 3.1
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Abstract

Understanding why some plant species become invasive is important to predict and
prevent future weed threats and identify appropriate management strategies. Many
hypotheses have been proposed to explain why plants become invasive, and determining
which combination of particular hypotheses that might apply to a particular species is a
daunting task. Few studies have quantitatively compared plant and population parameters
between native and introduced range populations to gain an objective perspective on the
causes of plant invasion. The present study uses a biogeographical field survey to
compare morphological and reproductive traits and abundance between the native range
(USA) and two introduced ranges (Australia and South Africa) of Sagittaria platyphylla,
a highly invasive aquatic herb. Introduced and native range populations differed in achene
production per fruiting head and achene weight. However, no other morphological traits
were found to be consistently different between the native and introduced ranges,
especially after taking into account differences in environmental conditions between the
three ranges. Although populations in introduced regions were larger and had greater
percentage cover, no differences in plant density were evident. Our results suggest that
many of the trait patterns observed in S. platyphylla are influenced by environmental and
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habitat condition within the native and invaded ranges. We hypothesize that release from
natural enemies induces reproductive plasticity in S. platyphylla, with pre-dispersal seed
predators playing a major role.

Keywords

Sagittaria platyphylla · Biogeography · Plant invasions · Biological

control · Aquatic weeds · Delta arrowhead

Introduction

There are few, if any, habitats on Earth that are unaffected by invasions of nonindigenous
species (Cassey et al. 2005). Introduced species invasion is recognized as the prominent
driver of ecological change by threatening global biodiversity and ecosystem function
through the disruption of food web dynamics (Baxter et al. 2004), habitat modification
(Didham et al. 2007) and alteration of biogeochemical cycles (Weidenhamer and
Callaway 2010).
For many decades, invasion ecologists have sought to determine the key attributes that
makes some plant species successful invaders (Baker 1974; Baker et al. 1965; Elton 1958;
van Kleunen et al. 2014) and why some communities are more susceptible to invasion
than others (Crawley 1987; Kolar and Lodge 2001; Lonsdale 1999; Mack et al. 2000).
The contribution of traits to the success of invasive species must be context dependent
(Burns 2006; Davis 2009; Pyšek and Richardson 2007; van Kleunen et al. 2014), although
certain traits appear to be common amongst invasive plant species, such as high
phenotypic plasticity, rapid growth to sexual maturity, sexual and asexual reproductive
strategies, high tolerance to environmental heterogeneity, dispersal capabilities and an
ability to outcompete other species (Baker et al. 1965; Sakai et al. 2001). These traits may
be inherent within the species making them pre-adapted to being invasive. Baker et al.
(1965) called these species “general-purpose genotypes”. On the other hand, rapid
evolutionary change within the species may make them more successful invaders
following introduction into a new range (Müller-Schärer et al. 2004). Evolutionary
adaptation to local conditions may result from enhanced genetic variation from inter- or
intra-specific hybridization (Ellstrand and Schierenbeck 2006; Mukherjee et al. 2012) or
strong directional selection exerted by abiotic (Sexton et al. 2009) and/or biotic factors,
such as release from natural enemies (Colautti et al. 2004; Keane and Crawley 2002;
Mitchell and Power 2003; Williams 1954; Wolfe 2002).
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Along with intrinsic factors, extrinsic factors may also facilitate invasion in the new
range. These include more favorable abiotic conditions such as climate, disturbance
regimes, fluctuating resource availability and competitive abilities of the resident species
(Crawley 1987; Davis et al. 2000; Erfmeier and Bruelheide 2004; Lonsdale 1999; Shea
and Chesson 2002).
Understanding why certain plants become invasive is important for predicting and
preventing future weed threats (Groves et al. 2001) and for identifying appropriate
management strategies (Blumenthal 2006; Herrera et al. 2011). Many hypotheses have
been proposed to explain these invasive tendencies (Blumenthal 2005; Catford et al.
2009; Crawley 1987; Keane and Crawley 2002; Shea and Chesson 2002; Williams 1954;
Williamson 1996) and a myriad of approaches have been used to test their validity, such
as observational and experimental, biogeographical and community comparative studies
(see review by van Kleunen et al. (2010).
Determining which hypotheses, or combination thereof, might apply to a particular
species is a daunting task. This may explain why few species-specific studies have
explicitly sought to determine mechanisms for invasion and invasiveness within the
species as a precursor to developing targeted management strategies. For example,
classical biological control is based on the principle of the Enemy Release Hypothesis
(ERH; Keane and Crawley 2002; Williams 1954), but rarely has the role of natural enemy
regulation of plant populations been tested in the native range prior to the commencement
of a biological control program. Rather, retrospective tests of the ERH have been
conducted to understand why biological control programs may have failed to control the
target weed. For instance, Cripps et al. (2010) tested assumptions of the ERH on creeping
thistle, Cirsium arvense (L.) Sop. in New Zealand four decades after the release of five
insect agents which either failed to establish or had little impact. In accordance with the
ERH, endophagous herbivory on C. arvense was reduced in New Zealand compared to
the native European range; however, this did not translate to increases in plant
performance suggesting some other mechanism must have been involved. Had the ERH
been tested four decades earlier, perhaps classical biological control would not have been
considered an appropriate management option for C. arvense in New Zealand.
Jakobs et al. (2004) and Hierro et al. (2005) recommend that prior to testing any
hypotheses, empirical comparisons of plant performance between the introduced and
native range should be conducted to determine whether there are explicit differences that
can be attributed to any of the invasion hypotheses, such as enemy release, evolution of
invasiveness, empty niche or novel weapons (Hierro et al. 2005). Surprisingly, few
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studies have quantitatively compared plant and population parameters between native and
introduced range populations to gain an objective perspective on the causes of plant
invasion (but see Erfmeier and Bruelheide 2004; Herrera et al. 2011; Hinz et al. 2012;
Williams et al. 2010).
Sagittaria platyphylla (Engelm.) J.G.Sm. (Alismataceae) is an emergent fresh water
aquatic macrophyte that is predominantly indigenous to south central USA but has
become highly invasive in some introduced areas, such as Australia and the Republic of
South Africa (South Africa) (Fig. 4.1). In these areas it can rapidly dominate shallow
fresh water environments such as wetlands, streams, riverbanks, ditches and irrigation
channels. The present study uses a biogeographical field survey to compare
morphological and reproductive traits and abundance of S. platyphylla between the native
range (USA) and two introduced ranges (Australia and South Africa). The study also
examines the extent that quantified differences were due to differences in environmental
conditions, such as water depth and habitat type (as a proxy for disturbance) between the
three ranges. The findings are used to hypothesize possible mechanisms of invasion
success for S. platyphylla in its introduced ranges.
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Native range: USA (a) natural

(b) ruderal

Introduced range: Australia (c) natural

(d) ruderal

Introduced range: South Africa (e) natural

(f) ruderal

Fig. 4.1 Sagittaria platyphylla in its native and introduced ranges in both natural and
ruderal (constructed) habitats. USA (native); (a) Caddo Lake, Texas; and (b) roadside
drain in Monroe, Louisiana. Australia (introduced); (c) Broken Creek, Victoria; and (d)
irrigation channel near Jerilderie, New South Wales. South Africa (introduced); (e)
Maden Dam, Eastern Cape; and (f) trout hatchery, Stellenbosch, Western Cape

90

Materials and methods

Study species
Sagittaria platyphylla (Engelm.) J.G.Sm (delta arrowhead, or colloquially referred to as
“sagittaria” in Australia) (Alismataceae), is a perennial aquatic herb with phyllodial
submersed or emersed lanceolate petiolate leaves up to 150 cm tall (Haynes and Hellquist
2000). Indigenous to south central USA, Mexico and Central America (Panama), S.
platyphylla occurs in mud or shallow water in wet ditches, ponds, marshes, swamps,
sluggish streams and margins of lakes and rivers, from sea level up to an altitude of 900
m (Godfrey and Wooten 1979; Haynes and Hellquist 2000). Valued as an aquatic
ornamental for use in ponds and aquaria, the species has been introduced into many
countries and has become naturalized in Hawai’i (Frohlich and Lau 2014), New Zealand
(Howell and Sawyer 2006), South Africa and Australia (Adair et al. 2012), the former
USSR (Rubtsov 1975), Indonesia (Rataj 1972), Italy (Hussner 2012) and Ukraine
(Hussner 2012). In Australia, it was reported as naturalized in south-east Queensland in
1959 (Aston 1973) and has since become a serious weed of irrigation channels, natural
watercourses and wetlands. Dense stands can impede water flows, increase silt deposition
and threaten native biodiversity (Adair et al. 2012). It is problematic in the irrigation
districts of southeastern Australia. In particular, it is considered to be the greatest weed
threat to the efficient operation and management of Goulburn-Murray Water’s open,
earthen channel supply systems (Flower 2004), requiring more than $AUD 2 million per
year in control costs (Chapman and Dore 2009). In South Africa, the first confirmed
report of S. platyphylla was at the Grahamstown Botanic Gardens in 1999 although an
unidentified Sagittaria species was recorded from the same location in 1991 (Lesley
Henderson, Southern African Plant Invaders Atlas, personal communication 2012).
Further plantings were recorded in the Pretoria, Pietermaritzburg and Durban Botanic
Gardens in 2010. Its distribution in South Africa has been facilitated largely through the
aquarium trade, despite being a declared invasive species (Martin and Coetzee 2011).
Sagittaria platyphylla can reproduce via several methods. Plants have a prolonged 5-6
month flowering season (summer-fall) and produce multiple fruiting heads arranged in
whorls of three on erect, racemose inflorescences (Haynes and Hellquist 2000). An
average of 850 achenes per fruiting head and 6900 achenes per inflorescence has been
recorded on S. platyphylla in Australia (Flower 2004). The light, buoyant achenes are
dispersed along waterways collecting in still pools and river berms (Broadhurst and
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Chong 2011). When water levels recede, exposed achenes germinate readily on the
saturated mud, although they can also remain dormant for several years if buried beneath
sediment (Kwong unpublished data). Ingestion of achenes and adherence to water birds
may contribute to long distance dispersal (Parsons and Cuthbertson 2001). Vegetative
reproduction via stolons is prolific throughout spring and summer with an average of four
stolons being produced per plant (Kwong unpublished). Tubers are produced at the base
of roots in autumn and allow populations to rapidly regenerate in spring (Adair et al.
2012).

Field surveys
We sampled a total of 84 populations, of which 41 were from the native USA range and
35 and eight were from the introduced ranges of Australia and South Africa, respectively
(Fig. 4.2). Based on Köppen-Geiger climate classifications (Kottek et al. 2006), all sites
within the native range occurred within the one climate zone (Cfa), characterized by hot
and humid summers with mild winters. South African and Australian sites occurred
across three zones within the moist subtropical mid-latitude climates (Cfa, Cfb, and Csb),
although eight Australian sites occurred within the cold semi-arid (steppe) climate (BSk)
of south-western New South Wales (refer to Appendix Table S4.7). Sampling was
conducted during summer-autumn (Aug-Sep in USA; Dec-April in Australia and South
Africa), the peak growing and flowering period, and included natural (creeks, rivers,
lakes, swamps) and ruderal (irrigation channels, roadside drainage ditches,
impoundments) habitat types, and a range of water depths. Potential sampling locations
were determined by accessing species occurrence records from data bases including the
Global Biodiversity Information Facility (GBIF; www.gbif.org), Australia’s Virtual
Herbarium (AVH; http://avh.chah.org.au/) or the South African Plant Invaders Atlas
(SAPIA; www.agis.agric.za). Prior knowledge of populations by local land management
authorities, project participants and colleagues were used. Populations were defined as
discrete stands located at least 1 km away from adjacent stands.
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Fig. 4.2 Populations of Sagittaria platyphylla sampled across; (a) native (United States)
and introduced ranges in (b) Australia and (c) South Africa from 2010 to 2014. Each
black dot represents a population sampled: USA (AL-Alabama, AR-Arkansas, GAGeorgia, LA-Louisiana, MS-Mississippi, TN-Tennessee, TX-Texas); Australia (NSWNew South Wales, QLD-Queensland, VIC-Victoria); South Africa (EC-Eastern Cape,
KZN-Kwa-Zulu Natal, WC-Western Cape)
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Population abundance
To delineate the size of populations, every population in the survey was assigned to one
of the following categories: LC (large, continuous population > 500 m in length for linear
or occupying the entire water body), LDC (large but discontinuous populations > 500 m
in length with scattered populations frequent along the water course), MI (moderate-sized,
20 to 500 m long), and SI (small, isolated population < 20 m long).
The density of emergent S. platyphylla plants (ramets/genets) from 13 populations in
the USA, eight populations in Australia and four populations in South Africa were
compared. Ten quadrats (0.5 m x 0.5 m) were systematically sampled using a transect
positioned along the length of each population at intervals of between 2 m and 10 m,
depending on the size of the population (Appendix Table S4.7). As seedlings and rosettes
were not visible beneath the water, these stages were not counted. The numbers of visible
species, other than S. platyphylla, in each quadrat also were counted. The percentage
cover of S. platyphylla and other species was visually estimated at the surface of the
water, or at ground level.

Plant morphology
A number of growth and reproductive parameters from 29 populations in the USA, 14
populations in Australia and four populations in South Africa were compared (Appendix
Table S4.7). The USA and Australian sites were sampled over three years from 2010 to
2012, while the South African sites were sampled only in 2014. In each population,
between 14 to 20 plants were haphazardly collected at about 10 m intervals. Plant height,
basal stem diameter (at the widest point), number of leaves and number of inflorescences
bearing mature fruiting heads were measured on each plant.
The production of fruiting heads was measured at 38 populations in the USA, 16
populations in Australia and eight populations in South Africa over a similar time period
to the populations used for growth and reproductive parameters (Appendix Table S4.7).
Between four and 20 plants were sampled at each site, depending on the number of plants
that were fruiting. The average number of fruiting heads per inflorescence was recorded
for each plant.
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Achene production
Achene production was assessed on the same populations and plants as fruiting head
production. To assess achene production per fruiting head, a subsample of up to three
heads was taken from each sampled plant and air dried in open standard Petri dishes for
several weeks. Achenes from each head were separated from the receptacle, pooled
together and visually inspected to remove insect larvae, dried latex and plant debris. At
this time, the level of insect herbivory of each head was visually estimated and scored as:
0 = 0% achenes damaged, 1 = 1 - 20% damaged, 2 = 21 - 50%, 3 = 51 - 80% damaged,
4 = > 80% damaged, and then averaged over the sampled fruiting heads on each plant.
The pooled achenes were weighed and averaged across the sampled heads on each plant
to provide a measure of the average weight of achenes per fruiting head for each plant.
Individual achene weight was determined by counting the number of achenes present
(irrespective of damage or not) in a subsample (ca. 0.01 g) of pooled achenes from each
plant. The number of achenes per fruiting head was then calculated as the ratio of the
achene weight per head and the individual achene weight. As it proved difficult to
accurately count achenes from immature fruiting heads, these were excluded from
sampling.

Statistical Analysis
For each plant and site characteristic, the general statistical approach was to fit an
appropriate model that categorized each population as either in an introduced or in the
native range (i.e. 2-level ‘origin’ factor) and then to compare these characteristics
according to origin. To allow comparison between the two introduced ranges (Australia
and South Africa) an extra term for individual country was then added to the models.
Finally, with the exception of population characteristics, an extra term was added for
year of sampling within a range, so that consistency of results between years could be
examined. If not explicitly reported in the results, with the exception of population
characteristics, the reader can conclude that a year within range effect was examined and
not found (P > 0.05).
All statistical analyses used population as the unit of analysis.
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Population characteristics
The effects of origin and country within origin on habitat and water depth were examined
using all 84 populations that had at least some plant characteristic measurements. The
effect of origin on habitat type was examined using an exact random permutation test and
the chi-square maximum likelihood statistic. This is an exact test for contingency tables
(in this case a 2 × 3, origin × habitat type contingency table), and was implemented using
the CHIPERMTEST procedure in GenStat 16 (Payne 2013) A similar analysis was used
to compare range within introduced origin, using only the populations from the
introduced origin.
Water depth was related to origin and country within origin using a general linear
model, on the square root of water depth. The square root transformation was used to
eliminate skewness in the data.
As effects of origin on both habitat type and water depth were found (see population
characteristic results below), any effects of origin on plant characteristics that were found
could possibly be due to differences between origins in habitat type and/or water depth.
To investigate this possibility, for each plant characteristic, a model was fitted with only a
fixed 3-level factor term for habitat type and a separate model was fitted with a linear
response to water depth. When evidence for a habitat type effect on a measurement was
found, the analyses for origin and individual range were repeated, but with an extra term
for habitat type included in the model (i.e. analysis adjusted for habitat type). When
evidence for an effect for a linear response to water depth on a measurement was found,
the analyses for origin and individual ranges were repeated, but with an extra linear term
for water depth included in the model (i.e. analysis adjusted for water depth).

Population abundance
There were five measurements that were related to aspects of population abundance.
These were S. platyphylla population size, percentage cover and plant density, and
percentage cover and diversity of other plant species. Population size was assessed as an
ordered categorical variable (large continuous, large discontinuous, moderate and small)
at all 84 populations. The analyses used were ordinal logistic linear models with an
estimated over-dispersion parameter (Payne 2013). These models take advantage of the
ordering of the categorical variables without explicitly scoring the categories. The overdispersion parameter allows variation that cannot be captured purely by a multinomial
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distribution. Results are presented as the probability that a population has large
continuous or large discontinuous population size. It is worth noting that the ordinal
logistic model has the property that, on the logistic scale, differences between origins or
range are the same whether the results are described as the probability of a large
continuous population size, or as the probability of a large continuous or discontinuous
population size or as the probability of a moderate or larger population size.
The three remaining measurements related to population abundance (percentage cover
of S. platyphylla, plant density of S. platyphylla, cover of other species and the diversity
of other species) were recorded at 25 populations. All three were analyzed as general
linear models, after transforming the data of each site to minimize skewness and residual
variation changing as the mean increased. The cover of S. platyphylla was converted from
a percentage to a proportion, and then logistically transformed so that it was converted
from a 0 to 100 scale to a minus infinity to plus infinity scale. Plant density was square
root transformed, as is common with count data. Diversity of other species, which was
measured as the average number species occurring in a quadrat, used a transformation of
the form, minus 1 times 1/(number+0.1)½. Percentage cover of other species used a
transformation of the form, minus 1 times 1/(number+1). Strong transformations were
needed for the two measurements related to other species in order to counteract the
strongly skewed data.
Results for population size are reported after adjusting for habitat type as well as
unadjusted. The results for % cover of S. platyphylla are reported after adjusting for
habitat type and after adjusting for water depth as well as unadjusted. The results for
species diversity and % cover of other species are reported after adjusting for water depth
as well as unadjusted. The density of S. platyphylla is only reported without any
adjustment for habitat type or water depth.

Plant morphology
All plant morphology measurements except average fruiting head number per
inflorescence were recorded at the same 47 populations (as described in methods). Fifty
six populations (14 from Australia, 8 from South Africa and 34 from USA) that had at
least five fruiting plants were used in the analysis of average number of fruiting heads per
inflorescence. All plant morphology measurements were averaged over all sampled
plants, and then analyzed as general linear models. Prior to the general linear model
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analysis, basal diameter, number of leaves, number of inflorescences and average number
of fruiting heads per inflorescence were square root transformed so as to minimize
skewness and residual variation changing as the mean increased.

Achene production
Sixty two populations (16 from Australia, 8 from South Africa and 38 from USA) were
used in the analyses of achene per fruiting head and achene weight. The values of achene
per head and achene weight for each population were calculated by averaging over all
sampled plants. In the USA, there was substantial herbivory that affected the observed
achene production. On the other hand, there was little herbivory in introduced
environments, and where it did occur, it appeared to have little effect on observed achene
production. Thus a sensible comparison of underlying achene production, which
minimizes the impact of herbivory affecting observed achene production, is to use general
linear models to model the achene production in the native range (USA) as a function of
the herbivory damage score (averaged over plants), and compare the predicted native
range (USA) score when damage score equals 0 to the overall predicted value (mean) in
the two other ranges.
In the USA, the number of achenes per fruiting head was modelled as a response that
was linear in the cube power of damage score. This response has the desirable properties
of (i) fitting the observed data over the whole extent of damage scores observed in the
USA, (ii) having a strictly decreasing achene number per fruiting head as damage
increases and (iii) having a flat response (small derivative) when the damage was low so
that the effects of range at zero damage score were robust to a degree of model
misspecification. Aside from random error, the model can be written as;
Achenes per fruiting head = α + β×(damage score)3, where α has a value that can differ
with range, year and habitat type.
In these models the damage score in Australia and South Africa was always taken to
be 0. Predicted values for each range were obtained by allowing α to differ with country.
Tests for origin, range within origin, year within range and habitat type were constructed
by comparing models where α is a single constant, α differs with origin, α differs with
range, α differs with year within ranges, and α differs with habitat type. Water depth was
examined using a model of the form;
Achenes per fruiting head = α + β×(damage score)3 + γ×(water depth) where α, β and
γ are constants.
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Achene weight was not affected by herbivory, except when the damage was above 3,
when some sites were measured to have unexpectedly large weight. Thus, it was decided
to delete the three USA sites with damage score above 3, and then develop models in
which achene weight did not depend on damage score (i.e. was just constant). Predicted
values and hypotheses tests were then constructed in an analogous manner to the
approach for achenes per fruiting head.

Results

Population characteristics
There were differences in the habitat type occupied by S. platyphylla between the native
and introduced ranges (χ2 (2, N = 84) = 7.16; P = 0.031), but not between Australia and
South Africa (χ2 (2, N = 49) = 5.20; P = 0.12). In the native range, 59% of populations
occurred in natural or semi-natural habitats such as wetlands, riverbanks and along the
margins of lakes (Table 4.1). Where S. platyphylla occurred in ruderal habitats, these
were mostly roadside drainage ditches. In contrast, about 65% of populations in Australia
and South Africa were found in ruderal habitats such as irrigation supply channels,
drainage ditches and artificial impoundments (small ornamental lakes, sewerage and
fisheries ponds).
Water depths also varied greatly between populations within ranges, with populations
in introduced ranges generally occurring at greater water depths compared to the native
range (Fig. 4.3; F1,82 = 17.10; P = 8.5 × 10-5). There was no evidence of a difference
between Australia and South Africa (F1,81 = 0.01; P = 0.93).
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Fig. 4.3 Dot histogram of water depth at each Sagittaria platyphylla population in the
native (USA) and introduced ranges; Australia (AUS) and South Africa (RSA). Each dot
represents one population
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Population abundance
Population size and % cover of S. platyphylla differed between habitat types (F2,79 = 5.34;
P = 0.0067 for population size and F2,22 = 3.59; P = 0.045), but plant density of S.
platyphylla, plant species diversity and % cover of other species did not differ (Table 4.2).
Water depth was related to % cover of S. platyphylla (F1,23 = 6.87; P = 0.015, species
diversity (F1,23 = 5.77; P = 0.025) and % cover of other species (F1,23 = 4.90; P = 0.037),
but not related to population size or plant density of S. platyphylla.
The populations of S. platyphylla varied considerably in size in both native and
introduced ranges, from small isolated patches less than 20 m long to extensive
monocultures. Overall, introduced range populations were more extensive than native
(F1,80 = 4.72; P = 0.033), with around half of introduced range populations predicted to be
greater than 500 m in length compared to only about one fifth in the USA (Table 4.3).
However, this effect was influenced more by habitat type (F2,79 = 5.34; P = 0.007, Table
4.2) than by origin (native vs. introduced), with about two thirds of natural habitats being
SI (small, isolated) whereas only about one tenth of semi-natural and ruderal habitats
being SI. No statistical difference was found when the effect of origin (native vs.
introduced) on population size was adjusted for habitat type but, due to poor precision, it
is unclear the extent that this is due to differences in the frequencies of different habitat
types between native and introduced range environments (Table 4.3).
Plant population density was similar between all three ranges, at around 75 plants/m2
(Table 4.3). However, percentage cover of S. platyphylla was greater in introduced ranges
at about 40% than in USA at about 10% (F1,23 = 21.64; P = 0.0001). This difference was
maintained when adjusted for water depth (F1,22 = 10.87; P = 0.003) or habitat type (F1,22
= 10.87; P = 0.004). There was no difference in percentage cover between Australia and
South Africa.
The percentage cover and diversity of other plant species was greater within
populations occurring in the native range compared to populations in introduced ranges
(F1,23 = 6.16; P = 0.02 for cover and F1,23 = 6.80; P = 0.02 for diversity). However, both
measurements were also influenced by water depth (F1,23 = 2.32; P = 0.04 for cover and
F1,23 = 5.77; P = 0.03 for diversity), such that when the effect of origin (introduced vs.
native) on species diversity was adjusted for water depth, the difference between native
and invaded ranges was no longer apparent. However, it is not clear the extent for which
the lack of evidence for an effect is due to populations in the native range occurring at
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shallower water depths where there are greater opportunities for riparian species to cooccur with S. platyphylla or simply due to insufficient statistical precision.

Table 4.1 Percentage of Sagittaria platyphylla populations with different habitat types in
each range
Total
Range

number of
populations

Percentage of populations
Natural

Semi-natural

Ruderal

USA

41

51

7

41

Australia

35

29

9

63

South Africa

8

0

25

75

Table 4.2 P values for effects of habitat type and linear effect of water depth on
measurements related to intensity of Sagittaria platyphylla infestation. Bold font indicates
P < 0.05
Habitat type

Water depth

Population size

0.0067

0.36

Logit of % cover of S. platyphylla

0.045

0.015

0.37

0.91

0.14

0.025

0.12

0.037

Square root of density of S. platyphylla
(plants per m2)
Negative of diversity of other species +
0.1 to power of -0.5 (species/quadrat)
Negative reciprocal (% cover of other
species + 1)
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Table 4.3 Effect of range on measurements related to Sagittaria platyphylla population abundance. USA denotes United States of America, RSA
denotes South Africa, AUS denotes Australia, LC denotes large and continuous, and LCD denotes large and discontinuous. Bold font indicates P <
0.05. Standard error of difference is denoted as SED
Range

Logit of probability either LC or LDC
Unadjusted
Back transformed probability
Adjusted for habitat type
Back transformed probability

USA

Australia

South
Africa

-1.44

0.28

-0.73

0.19

0.57

0.32

-1.54

#

-0.08

#

-1.86#

0.18

0.48

0.13

USA vs.
Aus

SED
USA vs.
RSA

AUS vs.
RSA

P-value
Native vs.
AUS vs.
Introduced
RSA

0.740

1.153

1.169

0.033

0.37

0.726

1.175

1.187

0.12

0.12

0.375

0.478

0.512

0.00011

0.42

0.501

0.581

0.524

0.0033

0.43

0.499

0.639

0.592

0.0043

0.56

Logit of % cover of S. platyphylla
Unadjusted

-2.03

-0.63

-0.21

Back transformed

12

35

45

Adjusted for water depth

-2.02

-0.63

-0.22

Back transformed

12

35

45

Adjusted for habitat type
Back transformed

-2.01
12

#

-0.62
35

#

-0.27#
43
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Table 4.3 (continued) Effect of range on measurements related to Sagittaria platyphylla population abundance. USA denotes United States of
America, RSA denotes South Africa, AUS denotes Australia, LC denotes large and continuous, and LCD denotes large and discontinuous. Bold font
indicates P < 0.05. Standard error of difference is denoted as SED
Range
USA

Australia

South
Africa

8.2

9.3

8.4

67

87

70

-1.93

-2.65

-2.94

Back transformed

0.17

0.04

0.02

Adjusted for water depth

-2.06

-2.51

-2.81

Back transformed

0.14

0.06

0.03

Square root of density of S. platyphylla
plants (plants/m2)
Unadjusted
Back transformed
Negative of diversity of other species + 0.1
to power of -0.5 (species/quadrat)
Unadjusted

Negative reciprocal (% cover of other
species + 1)
Unadjusted

-0.54

-0.84

-0.88

Back transformed

0.8

0.2

0.1

Adjusted for water depth

-0.58
0.7

-0.78
0.3

-0.84
0.2

Back transformed
#

Predicted values have proportional weighting for the three habitat types.
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USA vs.
Aus

SED
USA vs.
RSA

AUS vs.
RSA

P-value
Native vs.
AUS vs.
Introduced
RSA

1.00

1.27

1.36

0.36

0.50

0.357

0.454

0.486

0.016

0.55

0.468

0.542

0.489

0.21

0.54

0.143

0.182

0.195

0.021

0.82

0.189

0.219

0.197

0.22

0.81

Plant morphology
Habitat type did not affect any of the plant morphology levels (Table 4.4). Water depth
was only related to plant height and number of fruiting heads per inflorescence. Thus
results for plant height and number of fruiting heads per inflorescence are reported after
adjusting for water depth, as well as unadjusted.

Table 4.4 P values for effects of habitat type and linear effect of water depth on
measurements related to Sagittaria platyphylla plant morphology. Bold font indicates P <
0.05
Habitat type

Water depth

Plant height (cm)

0.99

7.7 × 10-9

Square root of basal diameter

0.14

0.61

Square root of number of leaves

0.36

0.079

Square root of number of inflorescences

0.63

0.82

0.80

0.035

Square root of number of fruiting heads
per inflorescence at fruiting stage

Mean plant height was greater in South Africa (about 100 cm) than in Australia or the
USA (about 70 cm), whether or not the comparison was adjusted for water depth (Table
4.5). Plant basal diameter was similar between all three ranges. South African S.
platyphylla had more leaves than USA plants. However, the observed differences between
Australia and the USA and between South Africa and Australia for the square root of the
number of leaves are both around one and a half times the corresponding standard error of
difference, and thus it is not clear where Australian S. platyphylla is placed in relation to
the other two ranges. Australian plants had about half as many inflorescences as both
USA and South Africa, but the USA and South Africa had a similar number of
inflorescences per plant. Whether or not an adjustment is made for water depth,
Australian plants had 9.8% and 17.4% more fruiting heads per inflorescence than South
African and USA plants respectively.
105

Table 4.5 Effect of range on Sagittaria platyphylla plant morphology. USA denotes United States of America, RSA denotes South Africa, AUS
denotes Australia. Bold font indicates P < 0.05. Standard error of difference is denoted as SED. All presented P values are calculated using an F
statistic with 1 numerator degrees of freedom and between 43 and 54 denominator degrees of freedom.
Range
USA vs.
AUS

SED
USA vs.
RSA

AUS vs.
RSA

P-value
Native vs.
AUS vs.
Introduced
RSA

USA

Australia

South
Africa

63
69

76
67

108
95

6.9
5.6

11.3
8.8

12.0
8.8

0.0045
0.53

0.010
0.0021

Square root of basal diameter (cm)
Unadjusted
Back transformed

1.59
2.5

1.46
2.1

1.70
2.9

0.074

0.121

0.129

0.29

0.069

Square root of number of leaves
Unadjusted
Back transformed

2.44
6.0

2.59
6.7

2.86
8.2

0.097

0.159

0.169

0.030

0.11

Square root of number of inflorescences
Unadjusted
Back transformed

1.02
1.0

0.70
0.5

1.05
1.1

0.078

0.128

0.136

0.0028

0.012

Square root of average number of fruiting
heads per inflorescence
Unadjusted
Back transformed
Adjusted for water depth
Back transformed

2.47
6.1
2.47
6.1

2.90
8.4
2.90
8.4

2.64
7.0
2.64
7.0

0.073

0.091

0.102

4.9 × 10-6

0.014

0.081

0.094

0.104

0.000053

0.017

Plant height (cm)
Unadjusted
Adjusted for water depth

1
106

The only effect of sampling year within range was for leaves per plant (F2,42 = 3.96; P
= 0.027). The back transformed means for the USA decreased from 6.9 in 2010 to 5.8 in
2011 to 5.2 in 2012, suggesting some year to year variability.

Achene production
There was no evidence (P > 0.05) habitat type or water depth affected the number of
achenes per fruiting head or achene size. In the USA, achene production was maintained
at approximately 500 achenes per head up to damage score 2, after which achene
production declined dramatically (Fig. 4.4). Plants from introduced ranges produced
about 40% more achenes per fruiting head (700 vs. 500) than native USA plants (F1,59 =
37.8; P = 7 × 10-8) when herbivory damage score was 0. (Table 4.6, Fig. 4.4). Also,
individual achenes were approximately 50% heavier in introduced range plants than in the
native range (0.14 vs. 0.09 mg; F1,57 = = 43.69; P = 1 × 10-8).
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(a)

(b)

Fig. 4.4 The relationship between (a) achene per fruiting head (irrespective of
damage to individual achene) and (b) individual achene weight and damage
score for fruiting head from native (□) and introduced (×) range populations. The
individual achene weight graph site excludes sites with damage score greater
than 3
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Table 4.6 Effect of range on Sagittaria platyphylla achene production. USA denotes United States of America, RSA denotes South Africa, AUS
denotes Australia. Bold font indicates P < 0.05. Standard error of difference is denoted as SED
Range

Achenes per fruiting head
Unadjusted (excluding damage score
from model)
When damage score is 0
Individual achene weight (mg)
Unadjusted

USA v
AUS

SED
USA v
RSA

AUS v
RSA

P-value
Native v
AUS v
Introduced
RSA

USA

Australia

South
Africa

460

700

730

40

52

58

1.4 × 10-9

0.61

520

700

730

35

45

49

7.3 × 10-8

0.54

0.093

0.138

0.139

0.0079

0.0102

0.0113

1.4 × 10-8

0.94
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Discussion

Several of the most widely cited invasion hypotheses, notably the Enemy Release (Keane
and Crawley 2002; Williams 1954) and Evolution of Increased Competitive Ability
(EICA) (Blossey and Nötzold 1995), predict that a number of plant growth metrics
increase in invaded ranges over native areas. Our study examined various population and
individual characteristics of Sagittaria platyphylla that were used to test these hypotheses,
including plant density, plant height, species diversity and coverage, fruiting head and
achene production and achene weight.
While an increase in plant density has been found in other studies on clonal species
(Beckmann et al. 2009; Jakobs et al. 2004; Vila et al. 2005), this is not the case with S.
platyphylla populations. Our study shows no difference in plant density between the
native range (USA) and two different introduced ranges (Australia and South Africa).
Other biogeographical studies have shown that invasive species are not always more
abundant in their introduced range (Ebeling et al. 2008; Firn et al. 2011). Beckmann et al.
(2014) compared local performance of six clonal species between native and invasive
regions and found that for two of the species (Leucanthemum vulgare (Vaill.) Lam. and
Prunella vulgaris L.), neither population densities nor clonal growth were greater in
invasive populations. They concluded that clonality was not the only mechanism for
successful plant invasion.
Although plant density was comparable between continents, S. platyphylla populations
in introduced ranges occupied more space in other ways; through greater vegetative cover
and through more extensive vegetative spread. Percentage cover of populations in
introduced ranges was about 40% compared to native range cover of about 10%. The
greater cover occurred equally in both introduced ranges, and was maintained after
allowing for different habitat and water depth profiles. This is very strong evidence that S.
platyphylla is dominating the landscape of introduced ranges in a manner other than via
increasing plant density. In Australia, the most severe infestations occurred throughout
the Murray-Darling Basin, where extensive monocultures extended for hundreds of
meters along watercourses. In the Goulburn-Murray Irrigation district alone, it has been
estimated that 85% of 14,000 km of creeks, drains and channels have infestations of S.
platyphylla (Chapman and Dore 2009; Flower 2004). These shallow, high nutrient and
frequently disturbed environments appear to favor the establishment, spread and
dominance of the plant. Indeed, our analyses showed that introduced range populations
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are generally both larger and more likely to be ruderal (Tables 4.2 and 4.4), supporting
the suggestion that abiotic factors contribute to the invasiveness of S. platyphylla.
In the native range, the diversity and cover of other co-occurring plant species was
low, with the back transformed mean diversity being 0.17 species per 0.25 m2 quadrat and
back transformed mean cover being 0.8%. The back transformed mean is a statistical
estimate of the median population, which does not preclude the possibility of a very few
native populations having much greater values. In fact for two populations, the percentage
cover of other species was greater than 80% (despite an estimated median of 0.8%) and
three populations had diversity of at least 1 species per square meter (despite an estimated
median of 0.17 species per square meter). Despite generally low diversity and cover of
other species in the native range, we detected a substantial reduction in these
measurements in the introduced ranges. This is not necessarily evidence that S.
platyphylla outcompetes other species because it is possible that there is naturally more
species diversity in the native range than in both introduced ranges. However, the result is
in accord with findings reported by Bastlová-Hanzélyová et al. (2001) for Lythrum
salicaria L., by Alba and Hufbauer (2012) for Verbascum thapsus L. and by Hinz et al.
(2012) for Lepidium draba L., who found that the percentage cover of other plant species
was lower in the introduced range (see also the review of biogeographic comparisons by
Hinz and Schwarzlaender (2004)).
Hinz et al. (2012) suggest that while lower richness, diversity and abundance of other
species within introduced range populations can be interpreted as a posteriori competitive
effect of invasion, they also suggest the alternative interpretation of an a priori biotic
condition of lower interspecific plant competition. The second explanation is possible
when the abiotic conditions of native and introduced regions systematically differ in the
general conduciveness for growth and diversity. Such a situation may occur in the present
study as the introduced range populations generally occur in much deeper water and in
more disturbed environments. Thus, to make deductions related to a posteriori
competitive effects of invasion on local species, it is important to examine the effects
after allowing for important abiotic differences between native and introduced regions.
Shallow water depth is often a proxy for water depth fluctuation, as shallow water
depth in summer/autumn is often associated with greater water depths in winter/spring.
Cronk and Fennessy (2001) describe how aquatic vegetation can change across a littoral
gradient according to water depth fluctuations, such that species diversity is high when
water levels are allowed to fluctuate, but is reduced when water levels are stabilized. In
our study we could not detect a difference in plant species diversity between native and
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introduced ranges after we had allowed for the effect of water depth. However, it is not
clear that this is due to populations in the native range occurring at shallower water depths
where there are greater opportunities for riparian species to co-occur with S. platyphylla
or simply due to insufficient statistical precision.
Another common assumption of biogeographical studies is that plant height will be
greater in introduced versus native ranges (Blossey and Nötzold 1995; but see Thébaud
and Simberloff 2001). We found that S. platyphylla plants were about 50% taller in South
Africa than in either the USA or Australia, however there was no difference in height
between USA or Australian plants. We suggest that the greater height in South Africa
may have been associated with resource availability as populations occurred in nutrient
rich waterways (e.g. water treatment works, Appendix Table S4.7).
Other differences in plant morphology were found between regions. Plants in South
African populations had more leaves than plants in USA populations. Australian
populations had plants with fewer inflorescences than plants in the USA and South
African populations, and the Australian populations had more fruiting heads per
inflorescence than the USA and South African populations. However, no aspect of plant
morphology was found to be consistently different between the native range and the two
introduced ranges. This indicates that these morphological differences are unlikely to be
associated with the main invasive hypotheses (i.e. ERH and EICA) operating in a uniform
manner over all introduced range environments. These results show the importance of
considering more than one introduced region in comparative studies between native and
introduced populations. Furthermore, they highlight that invasive species management
should not solely be based on the findings from a region outside the area of concern.
Despite the lack of consistent differences between native and introduced ranges in
plant morphology, there were consistent differences in sexual reproductive traits. Attack
of fruiting heads by specialist herbivores had a direct impact on achene production and
weight in the native range (Fig 4.3, Table 4.6). Even when we compared fruiting heads
with no herbivore damage, the number of achenes per head was 40% greater and achene
weight was 50% greater in introduced countries. These differences were similar for both
introduced countries, with different habitat types, irrespective of water depth and in
different sampling years. This result suggests biotic factors in the USA are causing S.
platyphylla plants to produce fewer and smaller achenes than in introduced ranges.
Increased seed production and heavier seeds were also shown for other invasive plants
including Buddleja davidii Franch. (Ebeling et al. 2008) and Cytisus scoparius (L.) Link
(Buckley et al. 2003). Specialist herbivores in the native range may affect seed size either
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through reduced vigor of the parent plants and consequent maternal effects (Agrawal
2001) or through selection against large seeds (Moegenburg 1996). However, other
factors may account for variation in seed size including the abiotic environment (Wulff
1986), pollination effects (Wolfe 1995) and plant density (Mazer and Wolfe 1992).
Whatever the mechanism for increased seed size in invasive populations, the influence of
seed size on germination and establishment of plants is well known (Stanton 1984).
The ability to reproduce both sexually and asexually is a common trait amongst
invasive plants (Forman and Kesseli 2003), with each mode of reproduction being
important at different stages during the establishment of a population (Jakobs et al. 2004).
For invasive S. platyphylla, the prolific production of achenes enables the species to
disperse over long distances and occupy new habitats. Once established, extensive clonal
growth via stolons allows populations to rapidly expand and exploit gaps in native
vegetation. In addition, the formation of underground carbohydrate storage organs
(tubers) would enable populations to persist through adverse conditions such as frost,
drawdown events and weed management applications (Adair et al. 2012). This strategy
appears to have favored the invasiveness of S. platyphylla into ruderal habitats, where
disturbance events provide gaps in space and time, providing ideal conditions for the
mass germination of achenes (Flower 2004).
A likely reason for differences in achene production and weight may be attributed to
plasticity in response to release from biotic or abiotic environmental constraints that are
specific to the native region (Herrera et al. 2011). As argued by the ERH, release from the
biotic constraints of specialist natural enemies is the most likely reason for the differences
in achene production and weight between native and introduced range populations, unless
there is an unidentified environmental condition that (i) occurs in both Australia and
South Africa but not the USA, (ii) is not related to our assessment of habitat type and
water depth, and (iii) affects achene production and weight but does not affect
morphology of the plant. It is difficult to envisage such an environmental condition that is
not novel. Of course it is not impossible that such an environmental condition could exist.
For instance, there is increasing evidence that plant-pollinator interactions play an
important role in successful invasions of species that are not capable of autonomous selffertilization (Harmon-Threatt et al. 2009). Agren (1996) observed that for Lythrum
salicaria, pollinators were less attracted to small, isolated populations and thus
demonstrated that there was a positive correlation between population size and plant
fecundity. For S. platyphylla, increased fecundity in invasive compared to native
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populations could be related to larger populations being found in introduced regions, and
thus being more attractive to pollinators.
If plasticity in response to release from environmental constraints in the native region
is the reason for consistently better reproductive performance in introduced regions, then
the observation that (i) the differences are consistently seen in achene production and
weight but not plant morphology and (ii) many native populations have severe damage
from insect herbivory of achenes but such damage rarely occurred in introduced
populations, indicates that the obvious candidates for an environmental constraint are
natural enemies, especially pre-dispersal seed predators. We thus hypothesize that release
from natural enemies is relevant to the invasiveness of S. platyphylla, with herbivory of
reproductive structures being a pivotal component of the environmental constraint that is
lacking in the introduced ranges. In another study (Chapter 5), we catalogued the natural
enemy flora (pathogens) and fauna (invertebrate herbivores) associated with S.
platyphylla in the USA and Australia over a three-year period. We found a diverse guild
of generalist and specialist enemies on S. platyphylla in the native range consisting of 32
arthropod and 29 fungal taxa, whereas in Australia, only one pathogen and two insect
species were collected. Herbivory of fruiting heads and achenes in the USA was mostly
caused by the larvae of Listronotus appendiculatus (Boheman), a small common weevil
in the USA and, when abundant, had a substantial impact on reproductive output (Fig.
4.4).
Our results demonstrate that S. platyphylla populations dominate environments in
introduced ranges through having much greater cover than that which occurs in the native
range. Because there is no difference in plant density between native and introduced
ranges, this suggests that the growth of individual plants in the introduced ranges differs
in a way that allows domination of space. It seems unlikely that this can be explained by
reproductive plasticity, although it could still have an ERH explanation. However, while
numerous biogeographical studies show support for the ERH, Colautti et al. (2004)
caution against the acceptance of enhanced fitness as evidence for the ERH, as other
factors (biotic and abiotic) may be more important drivers of non-indigenous species’
abundance and dominance in situ.
Besides phenotypic plasticity, another mechanism underlying the invasive success of
S. platyphylla may have a genetic basis. It has been suggested that rapid evolutionary
change through founder effects (Burdon and Marshall 1981), inter- and intra-specific
hybridization (Abbott 1992; Ellstrand and Schierenbeck 2006) and adaptation to novel
environments (Mukherjee et al. 2012;Sakai et al. 2001) may all contribute to the success
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of invasive species (Bossdorf et al. 2005). From our recent genetic analysis of S.
platyphylla populations in native and introduced ranges using Amplified Fragment
Length Polymorphism markers, we found that Australian and South African populations
were as genetically diverse as native populations indicating that there may have been
multiple introductions into these regions (Chapter 3). A number of studies have concluded
that high genetic diversity in invasive populations has facilitated invasion success
(Williams et al. 2007; see reviews by Bossdorf et al. 2005, Dlugosch and Parker 2008 and
Ward et al. 2008), although there are many aggressive invaders that have little or no
genetic diversity such as Fallopia japonica (current name: Reynoutria japonica Houtt.)
(Hollingsworth and Bailey 2000), and the aquatic weeds, Eichhornia crassipes (Mart.)
Solms, Hydrilla verticillata (L.f.) Royle in the USA and Alternanthera philoxeroides
(Mart.) Griseb. in China (Li et al. 2006; Ye et al. 2003). In addition to comparable levels
of genetic diversity between native and invasive populations of S. platyphylla, our genetic
study also identified that some Australian populations were genetically divergent from
USA and South African populations. This may be due to intra-specific hybridization
between genetically distinct lineages from the native range. Hybridization enables the
rapid formation of novel gene combinations providing a basis on which natural selection
can act (Abbott 1992; Ellstrand and Schierenbeck 2006; Sakai et al. 2001) and has
implications for the ecology and management of the new combination (Harms et al. 2014;
Mukherjee et al. 2012; Schierenbeck and Ellstrand 2009). Another possible explanation is
that the release from natural enemies has facilitated post-invasive evolution of increased
competitive ability (EICA) (Blossey and Nötzold 1995) or a shift from costly quantitative
to cheaper qualitative defenses (Shifting Defense Hypothesis) (Joshi and Vrieling 2005;
Lin et al. 2015; Müller-Schärer et al. 2004), enabling plants to invest more resources
towards reproduction. To determine if post-invasion evolution of increased plasticity
and/or local adaptation to novel environments (Sultan et al. 2013) has occurred in S.
platyphylla, further studies such as the reciprocal common garden experiments in which
genotypes and environments are statistically controlled are required (Hierro et al. 2005).
In conclusion, our comparison of key trait patterns associated with invasiveness
between introduced and native populations of an aquatic weed revealed that plants
differed in achene production per fruiting head and achene weight. However, no other
morphological traits were found to be consistently different between the native and two
introduced ranges. Although populations in introduced regions were larger and had
greater percentage cover, overall, no differences in plant density were evident between
native and introduced range populations. Our results suggest that many of the trait
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patterns observed in S. platyphylla are influenced by environmental differences between
native and invaded ranges. We hypothesize that release from natural enemies induces
reproductive plasticity in S. platyphylla, with pre-dispersal seed predators playing a
pivotal role.
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Appendix
Table S4.7 Sampling locations, year of assessment, site characteristics and climate based on Köppen-Geiger climate zones for comparison of plant
performance, and abundance of native (USA) and introduced (Australia and South Africa) Sagittaria platyphylla populations. Assessments conducted
at each site for plant traits, reproductive performance and plant density are indicated by “×”

Site code

Year

Lat, LongA

Location details

Region

StateB

Substrate,
habitat

Habitat
type

Water
depth
(cm)

220210-1

10

-36.0612, 144.6783

Moama

AUS

NSW

Mud, river
bem

N

12

230210-1

10

-35.5666, 144.9853

Mulwala Channel 1,
Deniliquin

AUS

NSW

Mud,
irrigation

R

230210-2

10

-35.513, 144.9417

Mulwala Channel 2,
Deniliquin

AUS

NSW

Sand,
irrigation

240210-2

10

-34.285, 146.1344

Prior Rd #2, Griffith

AUS

NSW

240210-4

10

-34.3421, 146.0231

Murrumbidgee Ave,
Griffith

AUS

090311-1

11

-35.5549, 145.0301

Mulwala Canal,
Deniliquin 3

290311-1

11

-33.2626, 151.4335

290311-2

11

-33.2443, 151.4895

Pop.
sizeC

Abund.D

BSk

SI

DM

×

×

72

BSk

MI

DM

×

×

R

50

BSk

MI

DM

×

×

Mud,
irrigation

R

0

BSk

LC

DM

×

NSW

Mud,
irrigation

R

15

BSk

LC

DM

×

AUS

NSW

Clay,
irrigation

R

20

BSk

LDC

DM

×

×

Porters Creek Wetland,
Wyong

AUS

NSW

Clay

N

15

Cfa

SI

DM

×

×

Apple Gum Lake,
Woongarah

AUS

NSW

Silt

R

30

Cfa

LDC

DM

×

×
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Climate
zone

Traits

Achenes

Fruit

Plant
density

Site code

Year

Lat, LongA

Location details

Region

StateB

Substrate,
habitat

Habitat
type

Water
depth
(cm)

300311-1

11

-34.74, 150.6858

Boundary Creek,
Penrith

AUS

NSW

Sand

N

0

300311-2

11

-33.5845, 150.7232

Hawkesbury River,
North Richmond

AUS

NSW

Silt

N

310311-1

11

-33.7918, 151.1509

Lane Cove National
Park

AUS

NSW

Silt

JM050411

11

-28.7099, 153.4874

Binna Burra, Bangalow

AUS

NSW

TI220311

11

-32.4073, 152.2

Jackson St, Bulahdelah

AUS

120112-1

12

-35.6751, 145.556

Tocumwal-Finley Rd,
Finley

120112-2

12

-35.5548, 145.03

100310-1

10

100310-2

Pop.
sizeC

Abund.D

Cfb

SI

LD

×

×

30

Cfb

LDC

M

×

×

N

30

Cfa

LDC

M

×

×

Clay,
channel

R

25

Cfa

LDC

M

NSW

Clay, drain

R

15

Cfb

LDC

M

AUS

NSW

Mud,
irrigation

R

48

Bsk

LDC

DM

×

Finley-Deniliquin Rd,
Deniliquin

AUS

NSW

Mud,
irrigation

R

38

BSk

LDC

DM

×

-27.4917, 152.9097

Moggill Creek #1,
Brisbane

AUS

QLD

Sand, creek

N

20

Cfa

SI

LD

×

10

-27.4828, 152.9058

Moggill Creek #2,
Brisbane

AUS

QLD

Sand, creek

N

30

Cfa

SI

LD

×

100310-3

10

-27.4831, 152.9026

Bundaleer St,
Brookfield, Brisbane

AUS

QLD

Sand, creek

N

30

Cfa

SI

DM

×

110310-1

10

-26.4791, 152.9555

Napier/John's Rds,
Eumundi

AUS

QLD

Silt, drain

R

30

Cfa

SI

DM

×

110310-2

10

-26.4079, 152.9059

Water Treatment Plant,
Cooroy

AUS

QLD

Sand. drain

R

30

Cfa

SI

LD

×
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Fruit
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×
×

×

Site code
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Lat, LongA
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Habitat
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Water
depth
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020210-1

10

-36.1422, 145.4576

Black Swamp,
Wunghnu

AUS

VIC

Mud, creek

SN

21

030210-1

10

-36.106, 145.3635

Suttcliffe's Rd #1,
Numurkah

AUS

VIC

Mud,
irrigation

R

030210-2

10

-36.4097, 145.374

Goulburn River,
Shepparton

AUS

VIC

Mud, river
bem

170210-1

10

-36.1119, 145.3886

Broken Creek,
Wunghnu

AUS

VIC

170210-2

10

-36.094, 145.3897

Boothroyd’s Rd,
Numurkah

AUS

210710-1

10

-36.1325, 145.491

Nine Mile Creek

150211-1

11

-36.3552, 145.4016

150211-1

11

110112-1

Pop.
sizeC

Abund.D

Cfa

LC

DM

×

25

Cfa

LC

DM

×

×

N

100

Cfa

SI

DM

×

×

Mud, creek

N

20

Cfa

LC

DM

×

VIC

Mud,
irrigation

R

30

Cfa

LC

DM

×

AUS

VIC

Mud, creek

SN

15

Cfa

LC

DM

×

Shepparton Recreation
Reserve

AUS

VIC

Clay, drain

R

20

Cfa

LDC

DM

×

-36.1058, 145.3617

Suttcliffe’s Rd #2,
Numurkah

AUS

VIC

Clay,
irrigation

R

30

Cfa

LC

DM

×

12

-36.0992, 145.3827

Walsh’s Bridge Rd,
Numurkah

AUS

VIC

Mud,

SN

7

Cfa

LDC

DM

×

×

110112-2

12

-36.0004, 145.8141

O’Dwyers Rd, Cobram
East

AUS

VIC

Mud,
irrigation

R

25

Cfa

LDC

DM

×

×

110112-3

12

-35.8844, 145.5644

Mywee Rd, Mywee

AUS

VIC

Mud,
irrigation

R

58

Cfa

LDC

DM

×

×

110112-4

12

-35.879, 145.5098

Rutter’s Rd,
Koonoomoo

AUS

VIC

Mud,
irrigation

R

60

Cfa

LDC

DM

×

×

110112-5

12

-35.0274, 145.204

Nathalia Drain,
Nathalia

AUS

VIC

Mud,
irrigation

R

13

Cfa

LDC

DM
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×
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×

×
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110112-6

12

-35.9989, 145.3235

Picola-Katunga Rd,
Katunga

AUS

VIC

Mud,
irrigation

R

240211-1

11

-35.0143, 117.8946

Cull Park, Albany

AUS

WA

Silt, lake

100314-1

14

-33.3172, 26.5222

Grahamstown Botanic
Gardens

RSA

EC

110314-1

14

-32.7372, 27.2983

Maden Dam

RSA

080314-1

14

-29.6033, 30.4099

Ascot Bush Lodge,
Pietermaritzburg

080314-2

14

-29.7942, 30.9971

080314-3

14

130314-1

Climate
zone

Pop.
sizeC

Abund.D

50

Cfa

LDC

LD

R

15

Csb

MI

DM

Silt

SN

30

Cfa

MI

LD

×

×

×

×

EC

Mud

SN

27

Cfb

LC

M

×

×

×

×

RSA

KZN

Mud/silt

R

46

Cfb

MI

M

×

×

×

×

Johanna Rd Sewerage
Works, Durban

RSA

KZN

?

R

20

Cfa

SI

LD

×

×

-29.8131, 31.0059

Umgeni Rd Canal,
Durban

RSA

KZN

Silt

R

10

Cfa

MI

DM

×

×

14

-33.6819, 18.981

Paarl Sewerage, Paarl

RSA

WC

Mud

R

10

Csb

MI

M

×

×

130314-2

14

-33.9539, 18.9095

Neil Ellis Winery
Stellenbosh

RSA

WC

?

R

25

Csb

MI

M

×

×

130314-3

14

-33.963, 18.9266

Trout hatchery,
Stellenbosh

RSA

WC

Silt

R

44

Csb

MI

M

×

×

×

230810-1

10

32.9289, -88.20697

SW Taylor Boat Ramp,
Warsaw

USA

AL

Silt, lake

N

15

Cfa

SI

LD

×

×

×

240810-1

10

32.7859, -87.83616

Black Warrior River,
Eutaw

USA

AL

Silt, lake

N

40

Cfa

SI

MD

×

×

×
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×
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×
×

×

Site code
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Lat, LongA

Location details

Region

StateB

Substrate,
habitat

Habitat
type

Water
depth
(cm)

010912-1

12

34.3669, -86.22549

Short Creek,
Guntersville Reservoir

USA

AL

Sand

N

10

010912-2

12

34.4096, -86.16781

Redneck Beach,
Guntersville Reservoir

USA

AL

Sand

N

030912-2

12

33.43669, -87.38049

Blue Creek Public Use
Area, Black Warrior
River

USA

AL

Sand

050912-1

12

32.79174, -88.02926

Boligee

USA

AL

120810-1

10

33.56426, -91.38385

Hwy 65, McGehee

USA

130912-1

12

34.04891, -91.64181

US 65, Gould

140912-1

12

34.84713, -92.46382

250812-1

12

060810-2

Pop.
sizeC

Abund.D

Cfa

SI

LD

×

×

×

20

Cfa

SI

LD

×

×

×

N

20

Cfa

SI

LD

×

×

×

Clay, drain

R

15

Cfa

MI

M

×

×

×

AR

Clay, ditch

R

10

Cfa

MI

DM

×

×

USA

AR

Clay

R

20

Cfa

LDC

M

×

×

Pinnacle Mountain
State Park

USA

AR

Sand, silt

N

15

Cfa

SI

LD

×

×

31.95547, -81.31962

Richmond Hill

USA

GA

Clay

R

15

Cfa

MI

M

×

×

×

10

32.45844, -92.20349

Cheniere Brake Area 3

USA

LA

Sand, lake

N

15

Cfa

SI

LD

×

×

060810-3

10

32.55583, -92.07542

Hwy 165, Monroe

USA

LA

Clay, ditch

R

20

Cfa

MI

DM

×

×

060810-4

10

32.60401, -92.04909

Black Bayou National
Wildlife Refuge

USA

LA

Mud, lake

N

0

Cfa

MI

LD

×

200811-2

11

30.33009, -93.20042

Gateway Drive, Moss
Bluff

USA

LA

Silt,
roadside
ditch

R

15

Cfa

MI

M

×
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×
×
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×
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×

×
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210811-1

11

30.24532, -93.18094

Martin Luther King
Blvd, Lake Charles

USA

LA

Silt,
roadside
ditch

R

15

220811-1

11

30.2224, -91.90587

Lake Martin, St
Martinville

USA

LA

Mud, lake

N

240811-1

11

29.9659, -91.86402

Avery Island Rd,
Migues

USA

LA

Silt,
roadside
ditch

250811-2

11

30.2606, -89.78618

Corollo Dr, Slidell

USA

LA

250811-3

11

30.3868, -90.01798

Forest Brook Blvd,
Mandeville

USA

260811-1

11

29.2251, -89.26338

Mary Bowers Pond,
Mississippi River

270811-1

11

29.571, -89.80566

290811-1

11

040810-1

090810-1

Pop.
sizeC

Abund.D

Cfa

MI

M

25

Cfa

MI

M

R

10

Cfa

MI

M

Silt,
roadside
ditch

R

10

Cfa

MI

M

×

LA

Clay,
roadside
ditch

R

15

Cfa

MI

M

×

USA

LA

Silt, river

N

10

Cfa

LC

DM

Hwy 23, Port Sulphur

USA

LA

Silt,
roadside
ditch

R

30

Cfa

MI

M

32.6040, -92.04889

Black Bayou National
Wildlife Refuge

USA

LA

Clay

N

0

Cfa

SI

10

32.4791, -91.06171

Grassy Lake, Tara
Wildlife Reserve

USA

MS

Silt, lake

N

20

Cfa

MI

M

×

×

×

10

34.6432, -89.97071

Hwy 51, north of
Senatobia

USA

MS

Silt, ditch

R

30

Cfa

LDC

M

×

×

×

129

Climate
zone
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Fruit
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×

×

×

×

×

×

×

×

×

×

×

×

×

x

×
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110810-1

10

33.4224, -90.90481

Deer Creek, USDA
Stoneville

USA

MS

Silt, creek

N

310811-1

11

32.4911, -91.06171

Lake Purvis, Tara
Wildlife Reserve

USA

MS

Silt, lake

110912-1

12

32.5059, -89.93312

Safe Harbour

USA

MS

110912-2

12

32.9520, -90.42355

US 49, Yazoo City

USA

120912-1

12

33.1255, -91.00337

Cox Ponds, Yazoo
NWR

160810-1

10

35.7096, -89.73801

170810-1

10

090811-1

Climate
zone

Pop.
sizeC

Abund.D

25

Cfa

LDC

M

N

7.2

Cfa

SI

Silt

R

20

Cfa

SI

LD

MS

Clay

R

0

Cfa

SI

LD

×

×

×

USA

MS

Clay

SN

30

Cfa

LC

M

×

×

×

Sunk Lake

USA

TN

Clay, lake

N

0

Cfa

SI

LD

×

×

×

36.4672, -89.31911

Walnut Log Ditch boat
ramp, Reelfoot Lake

USA

TN

Silt, ditch

SN

0

Cfa

SI

LD

×

×

×

11

32.2162, -95.763039

Texas Freshwater
Fisheries Center creek, Athens

USA

TX

Clay, creek

N

20

Cfa

MI

M

×

×

×

090811-2

11

32.2185, -95.7678

TFFC - pond, Athens

USA

TX

Clay, creek

R

20

Cfa

MI

M

×

×

×

100811-1

11

33.0695, -96.95852

Lewisville Aquatic
Ecosystem Research
Facility Pond

USA

TX

Clay, pond

R

0

Cfa

MI

M

×

×

×

×

130811-1

11

29.8757, -97.9315

San Marcos River

USA

TX

Sand/silt,
river

N

40

Cfa

MI

M

×

×

×

×

140811-1

11

30.2482, -97.72747

Ladybird Lake, Austin

USA

TX

Sand/silt,
lake

N

40

Cfa

SI

M

×

×
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×

Achenes

Fruit

×

×

×

×

Plant
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×

×

×
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160811-1

11

30.5635, -95.63559

Stubblefield Recreation
Reserve, Lake Conroe

USA

TX

Sand/silt

N

0

180811-1

11

30.8061, -94.16415

Steinhagen Lake,
Huntsville

USA

TX

Silt,
concrete
drain

R

180912-2

12

32.8518, -94.69807

Lake O’ the Pines

USA

TX

Clay

190912-1

12

32.7204, -94.11551

Government Ditch,
Caddo Lake

USA

TX

200912-1

12

32.7311, -94.12671

Mossy Brake, Caddo
Lake

USA

TX

Climate
zone

Pop.
sizeC

Abund.D

Cfa

SI

LD

×

×

×

×

10

Cfa

MI

M

×

×

×

×

SN

0

Cfa

MI

M

×

×

×

×

Sand, clay

N

0

Cfa

SI

M

×

×

×

×

Sand, clay

N

0

Cfa

SI

LD

Traits

Achenes

Fruit

Plant
density

×

Position format: hddd.ddddd0; Map datum: GDA 94.
VIC = Victoria; NSW = New South Wales; QLD = Queensland; WA = Western Australia, EC = Eastern Cape, WC = Western Cape, KZN = KawZulu Natal, MS
= Mississippi; LA = Louisiana; TN = Tennessee; AR = Arkansas; AL = Alabama; KT = Kentucky; TX = Texas; GA = Georgia
LC = Large, continuous population (> 500m in length for linear or occupying the entire water body); LDC = Large but discontinuous population (ie scattered
patches frequent along water course); MI = Moderate-sized, isolated population (20-500 m long); SI = small, isolated population (< 20m long);
Abundance: DM = dense monoculture (>50 plans m2); M = moderate density (10-50 plants m2); LD = low density (<10 plants m2).
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Chapter 5 Could enemy release explain
invasion success of Sagittaria platyphylla in
Australia and South Africa?
Raelene M. Kwong, Jean Louis Sagliocco, Nathan E. Harms, Judy Shearer, Kym L.
Butler, Peter T. Green and Grant D. Martin

Abstract
Sagittaria platyphylla (delta arrowhead) is an emergent aquatic macrophyte native to
southeastern United States of America that has been introduced into Australia and South
Africa as an ornamental pond and aquarium plant. Compared to plants in the native range,
S. platyphylla in Australia and South Africa have greater reproductive capacity and form
extensive infestations that dominate shallow waterbodies. One explanation for the
invasiveness success of S. platyphylla in introduced countries is that plants are devoid of
biotic pressures (herbivores and diseases) that would regulate population abundance in
their native range (the enemy release hypothesis). To assess the enemy release hypothesis
for S. platyphylla, we used a combination of literature and field surveys to compare the
diversity of natural enemies and levels of herbivory and disease between native and
introduced range populations. Exploration for natural enemies began in 2010 with a total
of 107 populations surveyed of which 58 were in the USA, 41 in Australia and eight in
South Africa. As the literature was virtually devoid of host records for S. platyphylla, all
organisms discovered during the field surveys represent new associations for this plant
species. There was both less diversity and abundance of insects and pathogens associated
with S. platyphylla in the introduced compared to the native range. Thirty two species of
insects and 29 fungal taxa were collected in the USA and occupied all six feeding niches
(root crowns, leaves, flowers, fruit/achenes, petioles and tubers). In contrast, only
generalist insects and pathogens were found on plants in Australia and South Africa and
the incidence of herbivory and disease on plants was low (less than 10% of plant parts
damaged). Furthermore, species exploiting sexual and asexual reproductive structures
were absent in Australia and South Africa, whereas in the USA nine insect species were
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associated with flowers and fruiting heads and two insect species were found in the
tubers. As predicted, natural enemy diversity, herbivory and disease were greatest in the
native range and low in the introduced range, suggesting that the lack of biotic constraints
may have facilitated S. platyphylla invasion in Australia and South Africa.

Keywords

Sagittaria platyphylla · Weed biological control · Natural enemy surveys ·

Enemy Release Hypothesis · Herbivory

Introduction

Since Charles Darwin first proposed the enemy release hypothesis (ERH) in 1859
(Darwin 1859), ecologists have debated the theories of biological invasions and as a
result, several hypotheses have been postulated (see Catford et al. (2009) for a detailed
synthesis of invasion hypotheses and references therein). But the ERH still remains the
most widely cited (Keane and Crawley 2002; Liu and Stiling 2006; Williams 1954) and is
based on the assumption that non-native species, when liberated from their natural
enemies, gain a substantial competitive advantage over natives that are themselves
experiencing top-down regulation from their own natural enemies (Cincotta et al. 2009;
Hierro et al. 2005; Vasquez and Meyer 2011).
If the ERH was broadly applicable, then most exotic plant species should become
invasive when released from herbivore pressure in their new environment (Maron and
Vilà 2001; Williamson 1996). However in Australia, only 16% of the 2,700 naturalized
exotic plants introduced since European settlement have become serious pests of
agriculture (AWS 2006), a proportion that accords with the ‘tens’ rule proposed by
Williamson and Fitter (1996). Clearly, the ERH does not hold for all cases and there is
growing evidence to suggest that interrelated causes such as disturbance, resource
availability and niche opportunities contribute to invasion success (Catford et al. 2009;
Hierro et al. 2005; Mack et al. 2000; Shea and Chesson 2002; van Kleunen et al. 2014).
Classical biological control is predicated on the underlying assumptions of the ERH
(Liu and Stiling 2006), yet few studies have specifically tested the ERH as an a priori
assessment for determining the likely success of a new biocontrol program. This may
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account for the overall relatively poor success rate worldwide, estimated to be around one
third of programs that have controlled the target weed populations to acceptable levels
(Julien et al. 1984; McFadyen 1999).
We used the North American native aquatic macrophyte, Sagittaria platyphylla
(Engelm.) J.G.Sm. to test several predictions of the ERH. This species is a widespread
weed in managed waterways in south eastern Australia. With increasing pressure from
management authorities to initiate a biological control program against this aquatic weed,
this study attempts to address the fundamental question: could enemy release explain the
invasion success of S. platyphylla in its two introduced regions: Australia and South
Africa? In the first component of this biogeographical study (Chapter 4), we compared
measures of population and individual performance (plant density, morphological traits
and sexual reproduction) to determine if any differences were apparent after controlling
for influential abiotic factors (water depth and habitat type). Contrary to a common
prediction of the ERH that exotic plants perform better in their introduced regions (Keane
and Crawley 2002), we found no difference in plant density between native and
introduced range populations, however introduced range populations dominated the
landscape through an increase in percentage cover. While morphological differences
existed in some traits between native and introduced locations, these were not always
consistently different between the two invaded ranges. For instance, plants were about
50% taller in South Africa than in either the USA or Australian regions, but there was no
difference in height between USA or Australian plants. However, a clear difference was
found in reproductive success, where the number of achenes per fruit and achene weight
were 40% and 50% greater, respectively, in introduced countries compared to the USA.
These differences were similar for both introduced countries, with different habitat types,
irrespective of water depth and in different sampling years. We hypothesized that this
result is evidence that there are biotic factors in the USA that are causing S. platyphylla
plants to produce fewer and smaller achenes.
Here, we further test the ERH using a combination of three approaches. Firstly we
conducted a detailed literature survey to determine if the diversity of natural enemies in
the introduced range was substantially less than in the native range. Secondly, we
undertook field surveys to catalogue the diversity of arthropod herbivores and pathogens
associated with native and introduced range populations of S. platyphylla and finally, we
compared levels of herbivory and disease at the plant and population level in native and
introduced ranges.
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If the ERH applies, we would expect S. platyphylla populations in the native range to:
(1) host a more diverse assemblage of specialist and generalist natural enemies, and (2)
have a higher incidence of herbivory and disease compared to populations in introduced
ranges.

Materials and methods

Literature survey
We searched the literature to find known host records of phytophagous arthropods and
pathogens associated with S. platyphylla in the USA, Australia and South Africa. As it
became apparent that little information was available for S. platyphylla, the search was
broadened to include all Sagittaria species native to North America. Records of plant
pathogens associated with Sagittaria were retrieved from the Systematic Mycology and
Microbiology Laboratory Fungus-Host Database (Farr and Rossman 2015). The cited
references were examined for their relevance to this study and organisms found to be
associated with Sagittaria were further checked for information on their host-range, plant
parts affected, disease symptoms and location.

Field survey for phytophagous species in the native and introduced ranges
We sampled a total of 107 populations of which 58 were from the native USA range, and
41 and eight were from the introduced ranges of Australia and South Africa respectively
(Fig. 5.1, Appendix Table S5.9 and S5.10). Sampling was conducted during the summerautumn period in southern USA (2010 to 2012), Australia (2010 to 2012) and South
Africa (2014). A wide geographic range was surveyed in both native and invaded ranges
and included natural (eg. creeks, rivers, lakes, swamps) and ruderal (eg. irrigation,
roadside drainage ditches, impoundments) habitat types. Potential sampling locations
were determined by accessing species occurrence records from databases including the
Global Biodiversity Information Facility (GBIF; www.gbif.org), Australia’s Virtual
Herbarium (AVH; http://avh.chah.org.au/) or the South African Plant Invaders Atlas
(SAPIA; www.agis.agric.za). We also relied on prior knowledge of populations by local
land management authorities, project participants and colleagues. Populations were
defined as discrete stands located at least 1 km away from adjacent stands. At a survey
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site, approximately 20 minutes were spent visually searching for the presence of insects
on the flowers, fruit, leaves and inflorescence stems (scapes) of Sagittaria plants. When
practical, sites were surveyed in the early morning or evening when insect activity was
greatest. If this was not possible, extra effort was made to search for nocturnal insects
hiding between the sheaths of leaf petioles. At the majority of sites, up to 20 plants per
site were haphazardly collected at approximately 10 m intervals and the entire plant
removed from the substrate, taking care to collect as much of the below ground parts
(roots, stolons and tubers) as possible. All plant parts were thoroughly visually inspected
by pulling them apart and examining them for evidence of endophagous phytophage
activity.
Phytophagous species, for which the feeding microhabitat could be determined, were
allocated to one of six feeding niches: root crown, leaves, flowers, fruit/achenes, mining
of petioles and tuber feeding. If a species was observed feeding in different niches it was
allocated to each respective niche. Where possible, the host ranges for each species were
determined through literature records and were defined as: monophagous (restricted to
feeding on one or more plant species within the genus), oligophagous (restricted to the
family Alismataceae) and polyphagous (feeding on species from several families).
In Australia, we also examined other Sagittaria or closely-related species within the
Alismataceae that were growing in close proximity to S. platyphylla sites to determine if
native phytophages had crossed over to S. platyphylla. These included Sagittaria calycina
Engelm. (exotic: four sites), Alisma plantago-aquatica L. (native: two sites) and
Damasonium minus (R.Br.) Buchenau (native: two sites).
Adult arthropods were collected and preserved in 70% ethanol. For the USA surveys,
fruit and whole plants bearing immature insect stages were maintained by the US Army
Corps of Engineers, Engineer Research and Development Center (USACE-ERDC),
Vicksburg, Mississippi (MS) or United States Department of Agriculture (USDA) Jamie
Whitten Research Facility, Stoneville, MS for adult emergence.
To identify pathogens associated with S. platyphylla, plants were visually inspected
and diseased tissues placed in plastic zip-lock bags and kept cool until they could be
processed in the laboratory. Australian samples were sent to Crop Health Services,
Victorian Department of Economic Development, Jobs, Transport and Resources
(formerly Department of Primary Industries, Knoxfield), whereas USA samples were
identified by Dr Judy Shearer, Plant Pathologist at U.S. Army Corps of Engineers Engineer Research and Development Center (USACE-ERDC), Vicksburg MS. Due to
financial and practical constraints, the isolation and identification of pathogens was only
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conducted during the 2010 surveys in the USA (12 sites) and Australia (nine sites), and
no attempt was made to identify samples from South Africa.
All macroinvertebrates were identified to the lowest practical taxon and where species
identification was required, relevant experts were consulted. Plant and insect names are
reported with the most current (as of 2015) taxonomic classification recognized by the
Catalogue of Life (http://www.catalogueoflife.org/).

Herbivore and pathogen damage
To quantify levels of pathogen and herbivore damage, around 20 plants were harvested
from a surveyed site at approximately 10 m intervals along the length of the stand. For
each plant, we recorded whether individuals showed evidence of pathogen damage to the
leaves (leaf spots), as well as herbivory of leaves, petioles, scapes, fruiting heads and the
plant crown. Assessments were conducted during early to mid-autumn and were
conducted on two occasions in the USA: five sites in 2013 and eight sites in 2015, and
during 2014 in Australia (six sites) and South Africa (four sites). Additional data on fruit
herbivory collected during natural enemy and plant biogeographical surveys (Chapter 4),
also was included in these analyses. Hence fruit herbivory was assessed at a total of
41sites in the USA (2010-2015), 20 sites in Australia (2010-2014) and eight sites in South
Africa (2014).
In 2012, an assessment of tuber herbivory was conducted at five sites in the USA. Ten
quadrats (0.5 m x 0.5 m) were systematically placed along the length of each population
at all but one site (where four quadrats were taken), at intervals of 10 m. Five cores of
mud (10 cm depth x 15 cm diameter) were taken per quadrat; one from the inside of each
corner and one from the center using a metal auger. The five cores were pooled and the
total number of tubers per quadrat counted and assessed for signs of herbivory.
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Fig. 5.1 Populations of Sagittaria platyphylla sampled for natural enemies across: (a)
native (United States) and introduced ranges, (b) Australia and (c) South Africa from
2010 to 2014. Each black dot represents a population sampled. USA (AL-Alabama, ARArkansas, GA-Georgia, LA-Louisiana, MS-Mississippi, TN-Tennessee, TX-Texas);
Australia (NSW-New South Wales, QLD-Queensland, VIC-Victoria); South Africa (ECEastern Cape, KZN-Kwa-Zulu Natal, WC-Western Cape)
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Statistical Analysis
Herbivory and pathogen damage to S. platyphylla at each site was examined in two ways.
Firstly, the proportion of sampled plants affected by each cause of damage was
calculated. Secondly, the proportion of plant parts (e.g. fruit, leaves etc.) that were
damaged on each plant was calculated, and then averaged over a site.
The unit of analysis was always a single site, observed on one occasion. Prior to statistical
analysis, the site proportions were angularly transformed. This is a standard
transformation to make the residual variation more homogeneous over a range of
proportions from 0 to 1. With the exception of fruit herbivory, the transformed data were
analyzed as an analysis of variance with effects for (i) origin (i.e. native vs introduced),
(ii) year of sampling (2013 vs 2015) within the USA and (iii) country (Australia vs RSA)
within an introduced origin. We note that the effect of origin is marginal to both the other
two effects, and thus is natural to fit this effect first. We also note that, because of the
sampling structure of sites in the study, the effect of year of sampling in the USA and the
effect of country within introduced origin are orthogonal to each other. A consequence is
that the order of examining these two effects does not affect the results.
With fruit herbivory, there were no data collected in the USA in 2013 but there were
extra data collected in the USA for 2010, 2011 and 2012 and extra data collected in
Australia in 2010 and 2011. Thus, the analyses of variance for fruit herbivory were
modified to have effects for (i) origin (i.e. native vs introduced), (ii) year of sampling
within the USA (iii) country (Australia vs RSA) within an introduced origin, and year of
sampling within Australia.
All analyses used a residual variation calculated from a saturated model that is
calculated after fitting all combinations of country and year. There were many 0, and
some 1, values in the data. Thus, to avoid statistical over-sensitivity due to data
discreteness, all P values were calculated using non-parametric permutation tests on the F
statistics rather than comparing the F statistics to the F distribution. Statistical analysis
was carried out using GenStat 16 (Payne 2013), and in particular using the ANOVA
directive and APERMTEST procedure.
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Results

Literature survey
While no records of arthropods or pathogens were found to be associated with S.
platyphylla in either North America, Australia or South Africa, a total of 66
phytophagous arthropod taxa were recorded associated with North American Sagittaria,
representing 16 families from six orders: Coleoptera (38 species), Diptera (6), Homoptera
(2), Lepidoptera (8), Orthoptera (3), Trichoptera (9) (Table 5.1). Of the ten Sagittaria
species for which arthropod records were found, the species with the most records (31
species) was Sagittaria latifolia Willd. There were 32 arthropod records for which the
only host description given was Sagittaria sp. A total of six nematode taxa representing
six families from three orders were recorded from Sagittaria in North America (Table
5.2). For pathogens, we found records for 21 taxa from 11 families, with the main cause
of damage being leaf spots (Table 5.3).

Field surveys on Sagittaria platyphylla
There was both less diversity and abundance of insects and pathogens associated with S.
platyphylla in the introduced compared to the native range. Herbivores occupied all six
feeding niches in the USA (root crowns, leaves, flowers, fruit/achenes, petioles and
tubers), whereas species exploiting fruit, achenes and tubers were absent in Australia and
South Africa.

Native range
In the USA, 32 herbivore species from 16 families were collected from S. platyphylla
(Table 5.4). Of these, 19 species were either reared from or observed directly feeding on
S. platyphylla, thus confirming their association with this host: Coleoptera (4 species),
Diptera (8), Hemiptera (1), Homoptera (1), Lepidoptera (4) and Thysanoptera (1).

Flower and fruit-feeders Ten species were associated with the fruiting heads. The most
common and damaging of the fruit-feeders was the curculionid, Listronotus
appendiculatus (Boheman), which was collected at 74% of S. platyphylla sites (Fig 5.2).
Two other curculionids, Listronotus sordidus (Gyllenhal) and Listronotus frontalis
140

LeConte, were reared from fruit but in low numbers. Two lepidopterans (Spodoptera sp.,
Argyrogramma verruca Fabricius (Noctuidae)) and four dipteran species (Eugaurax sp.,
Eugaurax floridensis Malloch., Elachiptera sp. (Chloropidae) and one unidentified
ephydrid) caused minor damage to fruit, although the flies were more prevalent within the
male and female flowers. The bug, Euschistus ictericus (Linnaeus) (Pentatomidae) was
found at 7% of sites where it was abundant on fruiting heads.

Foliage-feeders Seven species were associated with S. platyphylla leaves, but all except
the curculionid, Listronotus lutulentus (Boheman) (Coleoptera: Curculionidae) were
generalist herbivores (Fig. 5.3). The most common of the lepidoptera, Spilosoma
virginica (Fabricius) was found at 21% of sites, whereas Herpetogramma fluctuosalis
Lederer (Crambidae) and Argyrogramma verruca Fabricius (Noctuidae) were each found
at 5% of sites. Listronotus lutulentus was the only curculionid observed feeding on the
foliage and was found at 10% of sites. A variety of species were reared from petioles
including Coleoptera (3 species), Lepidoptera (3) and Diptera (8).

Below-ground herbivores Two curculionid species (L. sordidus and L. frontalis) and one
unidentified tipulid dipteran were associated with root crowns, of which L. sordidus was
the most common, being found at 17% of sites. Weevil larvae were found in dead and
dying plants at three sites: Black Bayou (LA) in 2011 and at two sites in north-eastern
Texas (Caddo Lake and Lake O’ The Pines) in 2012. At Caddo Lake, an average of 21%
± 28% (SD) of plants per quadrat had signs of crown damage, and 7.8% ± 13% of plants
per quadrat were dead. Attack rates were lower at Lake O’ The Pines (4.6% ± 6.2% (SD)
plants attacked per quadrat) but no dead plants were observed. Crown damage was only
observed in plants growing above the water line. Tuber herbivory was observed at two of
the five sites assessed and ranged from 13% ± 9% (SD) (Boligee, AL) to 40% ± 30%
(SD) at Caddo Lake, TX. At Boligee, large, cream-colored weevil larvae were dissected
from within the tubers and although none were reared to adult, they were probably L.
sordidus as this was the only large weevil collected from this site (Fig 5.4).

Pathogens The most common form of pathogen damage observed on S. platyphylla in the
USA were leaf spots (Fig. 5.5). Twenty nine fungal taxa were isolated from leaf spot
lesions (Table 5.5), all of which were either generalist pathogens or secondary invaders.
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(a)

(b)

(c)

Fig. 5.2 Listronotus appendiculatus (Coleoptera; Curculionidae) collected on Sagittaria
platyphylla in the USA: (a) an adult specimen; (b) an adult sitting on a fruiting pedicel;
and (c) fruiting heads damaged by larvae
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(a)

(b)

(c)

(d)

Fig. 5.3 Insect herbivores feeding on the leaves of Sagittaria platyphylla in the USA: (a)
Listronotus lutulentus (Coleoptera: Curculionidae); (b) white latex globules exude from
shot-hole damaged leaves from L lututentus adults; (c) caterpillar of Spilosoma virginica
(Lepidoptera: Arctiidae); and (d) caterpillar of Argyrogramma verruca (Leptidoptera:
Noctuidae)
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 5.4 Insects feeding on root crowns and tubers of Sagittaria platyphylla in the USA:
(a) Listronotus frontalis (Coleoptera: Curculionidae); (b) Listronotus sordidus; (c) an
attacked plant showing signs of crown rot; (d) to (f) weevil larva in crown, tuber and
roots
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(a)

(b)

Fig. 5.5 Pathogens of Sagittaria platyphylla in the USA: (a) typical leaf spot symptoms;
and (b) diseased plants at Caddo Lake, Texas
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Introduced Australian range
Only two insect herbivores were identified using S. platyphylla as a food source in
Australian populations (Table 5.6). Unidentified chironomid larvae were the most
common herbivore on plants in Australia occurring at 24% of sites and were often found
associated with plant tissue damage and decay at the base of submerged leaf petioles and
root crowns. Although the feeding habits of chironomids can range from detritivorous,
herbivorous and omnivorous, it was difficult to attribute observed petiole damage to
chironomid larval feeding activity. Furthermore, this damage was minor and did not
appear to impact plant growth or survival. The cosmopolitan waterlily aphid,
Rhopalosiphum nymphaeae (Linnaeus) was abundant on inflorescences at two sites
(Mulwala Canal, west of Deniliquin NSW and Treasury Gardens in Melbourne, VIC), but
was not recorded elsewhere. However, the aphid was also found on Sagittaria calycina
Engelm. at two sites (sites 44 and 45, Appendix Table S5.9), and on the native
Alismataceae species; Alisma plantago-aquatica L. (site 47) and Damasonium minus
(R.Br) Buchenau (sites 48, 49) (Fig. 5.6).
In South Africa, no arthropods were found on S. platyphylla despite the occasional
chewing damage to the leaves and petioles, suspected to be caused by grasshoppers. At
one site (Maden Dam, EC), a lepidopteran pupae was found within a leaf roll, however
due to parasitism the adult failed to emerge and could not be identified.
Despite the occasional occurrence of leaf spots on S. platyphylla plants in Australia, no
bacterial or fungal pathogens could be isolated from affected leaf material (Fig. 5.6).
However, bacterial ooze was isolated from leaf lesions collected from Nine Mile Creek,
near Wunghnu (Victoria) and identified as Pseudomonas syringae subsp. syringae van
Hall. Similarly, leaf spots were also found on plants in South Africa but the damage
appeared to be relatively minor and the causative agents were not determined.
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(a)

(b)

(c)

Fig 5.6 The waterlily aphid, Rhopalosiphum nymphaeae: (a) on invasive Sagittaria
platyphylla; and (b) native Alisma plantago-aquatica in Victoria. (c) Diseased leaves of
S. platyphylla from Numurkah, Victoria, Australia
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Differences in herbivore and pathogen damage between countries
Pathogenic damage and insect herbivory to all above ground parts of the plant was much
greater in the native range than in the introduced range at both the plant and population
level (Tables 5.7 and 5.8). In introduced regions herbivory was low (less than 10%) in
every plant part (Table 5.8).
In the USA, there was generally no evidence (P > 0.05) of differences in damage
between 2013 and 2015. The only observed exception was that in 2015 there was a
negligible number of scapes with herbivory, despite an average of 20% of scapes having
observed herbivory in 2013 (Table 5.8). This pattern of difference also was observed with
the number of plants with scape herbivory, although 36% of plants did have some scape
herbivory in 2015 (Table 5.8).
Except for one site in South Africa (Umgeni Rd Canal, Durban), where 8.5% of fruit
showed signs of external feeding damage, herbivore damage to fruit was not observed on
plants across the introduced ranges (Table 5.7 and 5.8). In contrast, fruit herbivory in the
USA was recorded at 95% of sites and was highly variable between sites, ranging from no
fruit damaged to 100% of fruit damaged (Fig. 5.7a). The proportion of fruit per plant
damaged by insect herbivores in the USA also differed considerably between years (P =
0.007, Table 5.8, Fig 5.7b) with the angularly transformed proportion of damaged fruit
being (backtransformed values in parentheses) 30.1 (0.25) in 2010, 51.8 (0.62) in 2011,
45.6 (0.51) in 2012 and 42.9 (0.46) in 2015, with the standard error of difference ranging
from 6.11 to 7.02. The differences between years in the proportion of fruit in the USA
with herbivory were not reflected in the proportion of plants with herbivory, with about
70% of plants at a site having fruit herbivory in every year.
There were more plants with petiole herbivory in RSA than Australia, although the
proportion of plants per site in RSA with this damage was still only 5% and the average
proportion of damaged petioles per plant was only about 1% (Tables 5.7 and 5.8). No
other differences between Australia and South Africa were found (P > 0.1).
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(a)

(b)

Fig. 5.7 Dot histograms of fruit herbivory assessments conducted over four years in the
USA (native range) for: (a) the proportion of plants per site with herbivore-damaged
fruiting heads; and (b) the proportion of fruiting heads per plant attacked by insect
herbivores

Discussion

The enemy release hypothesis (ERH) attributes the increased performance of plant
invaders to their escape from natural enemies (Hierro et al. 2005; Keane and Crawley
2002; Williams 1954). The simplest method used to test the ERH is to compare the
number of herbivore and/or pathogenic taxa associated with the target species in its native
and invaded areas through lists compiled from literature and database records (Mitchell
and Power 2003; van Kleunen and Fischer 2009). However, this approach may
overestimate the degree of ‘release’ due to potential biases in sampling effort, particularly
in the species’ native range (van Kleunen and Fischer 2009). Surprisingly, we found no
records of insects, nematodes or plant diseases associated with Sagittaria platyphylla in
either the USA or Australia and South Africa, making preliminary predictions about
enemy release based on existing records impossible.
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Is there a more diverse range of specialist and generalist natural enemies in the native
range?

Another approach to test the enemy release hypothesis is to compare guilds of natural
enemies between native and invaded ranges, such as the shift from specialists to
generalists (Cripps et al. 2006b; Halbritter et al. 2012; Wolfe 2002). From our field
surveys, we found a 9.5-fold increase in the number of arthropod species and a 29-fold
increase in the number of pathogens associated with S. platyphylla in the native compared
to the introduced (Australian) range. Although signs of herbivory and disease (leaf spots)
were observed on S. platyphylla in South Africa, we were unable to ascertain the identity
of these causative agents.
Other studies also have found that populations in the native range host more herbivores
(DeWalt et al. 2004; Hansen et al. 2006; Vila et al. 2005) and pathogens (Mitchell and
Power 2003) than in the introduced range (see reviews by Hinz and Schwarzlaender
(2009) and Liu and Stiling (2006). Memmott et al. (2000) compared the invertebrate
fauna on Cytisus scoparius L (Link) from two native (France and England) and two
invaded (New Zealand and Australia) habitats. They found a higher number (up to a 2.4fold increase) of total phytophage species present on broom populations in native
compared to exotic habitats. Furthermore, exotic habitats were dominated by generalist
phytophages and native habitats were dominated by specialists. The ERH predicts that
specialist enemies of the study species will be absent from the introduced region (Keane
and Crawley 2002; Williams 1954) and this has been supported by many studies that have
tested predictions of the ERH (Cripps et al. 2006a; Halbritter et al. 2012; Wolfe 2002).
Our study is no exception. In contrast to Australia and South Africa where no specialist
herbivores were found, 21% (n=4) of arthropods reared from S. platyphylla in the USA
were specialists, 32% (n=6) were generalists and 47% (n=9) were unknown because their
identities were not determined. We believe that the number of specialists may be higher
because many of the unidentified species were dipterans from the Ephydridae family,
which are known to have narrow host ranges (Deonier 1971) and have been utilized in a
number of aquatic weed biological control programs (Reeves and Lorch 2012).
Our finding of a lack of specialist herbivores or pathogens on introduced populations
of S. platyphylla is consistent with the suggestions of Memmott et al. (2000) and Hill and
Kotanen (2009) that introduced plant species tend to host fewer herbivores and diseases
when they are taxonomically isolated from native species. Sagittaria platyphylla is from
the Alismataceae family of which only seven species are indigenous to Australia: Alisma
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plantago-aquatica, Damasonium minus, Caldesia oligococca (F.Muell.) Buchenau, C.
parnassifolia (L.) Parl., C. acanthocarpa (F. Muell.) Buchenau, Astonia australiensis
(Aston) S.W.L.Jacobs, and Butomopsis latifolia (D.Don) Kunth (Jacobs and McColl
2011). A recent comprehensive phylogenetic analysis of the Alismataceae family suggests
that Astonia and Caldesia species are more closely related to Sagittaria, than Alisma and
Damasonium, which belong to a separate clade (Chen et al. 2012). However, only A.
plantago-aquatica and D. minus have geographic distributions that overlap with S.
platyphylla, yet the general lack of herbivores and pathogens on S. platyphylla suggests
that these native confamilials have not shared these with their invasive exotic relative.
The one exception is the cosmopolitan waterlily aphid, Rhopalosiphum nymphaeae
(Linnaeus), which was present on A. plantago-aquatica, D. minus, S. platyphylla and S.
calycina. The absence of native herbivores and pathogens on invasive S. platyphylla lends
support for the biotic resistance hypothesis, which argues that resistance by native
enemies in the new range will limit the establishment or spread of most invaders (Maron
and Vilà 2001). Therefore, a lack of resistance by native enemies may have contributed to
the invasion success of S. platyphylla in Australia.

Is there a higher incidence of herbivory and disease on plants in the native range?

The second ERH prediction that native species should sustain higher total herbivore
damage than introduced species was supported by this study. While Australian and South
African populations were not devoid of herbivores or pathogens, the damage to individual
plants in the USA was considerably greater, especially herbivore damage to leaves,
petioles, scapes, fruiting heads and achenes. While herbivory of the root crowns was
uncommon in the native range, where it did occur plant die back and death were observed
in crown-damaged plants. Similarly, herbivore damage on subterranean structures was
rare in the native range and was detected at only two sites, but damage to tubers was in
the range of 13 to 40%. Admittedly, we only quantitatively assessed tuber herbivory at
four sites and in only one year. It also is likely that the timing of sampling may not have
coincided with the life history of tuber-feeding herbivores because tuber production peaks
in late autumn. In the laboratory, we have observed the larvae of the crown-boring
weevils, L. sordidus and L. frontalis feeding on S. platyphylla roots and tubers and so we
suspect that larvae feed within crowns during spring/summer and then migrate to the
tubers during autumn. Due to their capacity to damage growth apices, reduce
subterranean carbohydrate storage organs and cause plant death, L. sordidus and/or L.
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frontalis could be promising agents for the biological control of S. platyphylla in
Australia and South Africa. Despite a number of foliage-feeding herbivore species being
common at many USA sites, defoliation appeared minimal. Similarly, leaf spots were
common on USA plants but did not appear to adversely affect plant health. However we
should not underestimate the potential impact of pathogens as potent regulators of host
populations (Lopes and Berger 2001; Mitchell and Power 2003).
The third prediction of the ERH is that reduced herbivore pressure in the introduced
range will translate to increased competitive ability and plant performance (Blossey and
Nötzold 1995; Keane and Crawley 2002; Liu and Stiling 2006). For S. platyphylla, there
is some support for this third prediction. In our study on the biogeographical comparison
of plant and population traits, we found evidence for an increase in plant dominance
(percentage cover) and reproductive performance (achene production and weight) in
introduced versus native range populations (see Chapter 4). As these trait differences
could not be explained by differences in environmental conditions between the native and
introduced ranges, we hypothesize that these may be related to release from enemy
pressure. While a few studies have shown that seed-feeding herbivores play an important
role in plant population dynamics (Jongejans et al. 2006; Louda and Potvin 1995), in
general, natural enemy impacts on plant fitness at an individual scale may not always
translate to population-level effects (Keane and Crawley 2002; Maron and Vilà 2001). As
demographic responses to herbivore damage were not included in our study, we are
unable to address the final and most critical prediction of the ERH, that negative effects
of herbivores and/or pathogens will limit the abundance of plants in their native range.
An inherent shortcoming of biogeographical studies in tests of the ERH is the inability
to link comparisons of natural enemy richness, damage and effects on individual plant
performance with invasiveness success at the population and regional level (Colautti et al.
2004). One way to overcome this would be to undertake community-level studies under
controlled conditions (Hierro et al. 2005; Hinz and Schwarzlaender 2009). For example,
Nachtrieb et al. (2011) demonstrated that the exclusion of herbivores (using insecticide
treatments) significantly increased biomass production by 40 and 63% in two native
macrophytes, Potamogeton nodus Poir.and P. illinoensis Morong respectively, but
Mexican water lily (Nymphaea mexicana Zucc.) was not affected. DeWalt et al. (2004)
expanded this further by conducting a parallel study comparing the impacts of enemy
(insect and pathogen) exclusion on Clidemia hirta (L.) D. Don plant growth and survival
in the species’ native (Costa Rica) and introduced (Hawai’i) range and under different
habitat conditions. While her study showed conditional support for the ERH, the effects
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of enemies on population survival of C. hirta in the native range was limited to specific
(understory) habitats.
Our study provides just a brief snap-shot in time of what are complex herbivore-plant
relationships and therefore our data may have underestimated the influence of natural
enemies on native S. platyphylla populations. A more effective approach would be to
compare temporal changes in S. platyphylla growth, reproduction and survival with and
without herbivores to determine if herbivory influences the competitive ability of S.
platyphylla and consequently, plant diversity in native habitats (Brown 1985). Our studies
on the natural enemies of S. platyphylla have so far shown that pre-dispersal seed
predators are the most common and abundant herbivores in the native range and that this
niche is vacant in Australian and South African populations. However, we do not yet
understand the importance of achene production on population growth rate and/or spread
in S. platyphylla populations in either the native or invaded habitats. In Chapter 6, I report
on the impact of seed predators on achene production and plant biomass using an insectexclusion experiment conducted in the USA.
There is increasing evidence to suggest that the ERH hypothesis is an exception rather
than the rule for why introduced plants become invasive. Instead, it probably applies to a
small subset of plants that possess life-history features that are particularly vulnerable to
herbivore damage, such as relatively short-lived plants with short-lived seed banks
(Maron and Vilà 2001). We have demonstrated that S. platyphylla has been released from
natural enemies that would otherwise play some part in the regulation of populations in
the native range. We have also demonstrated that there is a lack of biotic resistance from
native plant competitors (see Chapter 4), pathogens and herbivores in introduced ranges
which might enable S. platyphylla to take advantage of available resources and obtain a
strong-hold in the novel environments. But does S. platyphylla fall into the limited subset
of plants for which biological control may be successful? Clearly, further studies are
required to: (1) assess the impact of specialist herbivore and herbivore guilds on
population vital rates (growth, survival and reproduction) (e.g. Liu and Stiling 2006), (2)
improve our understanding of the population dynamics of S. platyphylla in both its native
and invaded range to determine if S. platyphylla possesses life-history features that are
vulnerable to herbivore damage (e.g. Davis et al. 2006), and (3) extend our understanding
of the population genetics of S. platyphylla to determine if local adaptation is the driving
force behind S. platyphylla invasiveness and if so, the implications this may have for
future biological control attempts.
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Table 5.1 Literature records of phytophagous arthropods associated with Sagittaria species in North America. For each species the arthropod life stage
and primary feeding niche, extent of host range, associations with other species within Sagittaria and with other taxa are indicated. aF = foliage (leaves
and petioles); S = sexual reproductive plant parts (flowers and fruit); R = roots and crowns; T = tubers. bM = monophagous (restricted to Sagittaria); O =
oligophagous (restricted to Alismataceae); P = polyphagous (feeds on several plant families); ? = no indication of host range given in records. c S. variabilis has been
used as a synonym for S. engelmanniana and S. latifolia, hence the exact host for organisms recorded from S. variablilis is unknown
Order: Family: Genus species

Primary
feeding
nichea

Host rangeb

Hosts within Sagittariac

Reference

Coleoptera: Chrysomelidae
Donacia aequalis Say

F, R

P

S. engelmanniana J. G. Smith, S. latifolia
Willdenow, S. cuneata Sheldon, S. rigida
Pursh, Sagittaria sp.

(Balsbaugh and Hays 1972; Hoffman 1940;
Lillie 1991; Marx 1957; McGaha 1952)

Donacia biimpressa Melsheimer

?

?

Sagittaria sp.

(Brigham et al. 1982)

Donacia hirticollis Kirby

R

P

S. latifolia

(Hoffman 1940)

Donacia rufescens Lacordaire

?

P

Sagittaria sp.

(Marx 1957)

Donacia parvidens Shaeffer

?

P

Sagittaria sp.

(Brigham et al. 1982)

Donacia rugosa J. L. LeConte

?

P

Sagittaria sp.

(Marx 1957)

R, F

P

S. latifolia

(Hoffman 1940; McGaha 1952)

Plateumaris (=Donacia) flavipes (Kirby)

?

P

Sagittaria sp.

(Brigham et al. 1982; Hoffman 1940)

Plateumaris metallica (Ahrens)

?

P

Sagittaria sp.

(Balsbaugh and Hays 1972)

Plateumaris (=Donacia) rufa (Say)

F, S

P

S. latifolia

(Marx 1957)

Pyrrhalta (=Galerucella) nymphaea
(Linnaeus)

F

P

Sagittaria sp.

(Center et al. 1999)

Donacia subtilis Kunze
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Order: Family: Genus species

Primary
feeding
nichea

Host rangeb

Hosts within Sagittariac

Reference

Coleoptera: Coccinellidae
Coleomegilla maculata DeGeer

F

?

S. latifolia

(McGaha 1952)

Barinus bivittatus (LeConte)

?

?

Sagittaria sp.

(Blatchley and Leng 1916)

Brachybamus electus Germar

?

?

Sagittaria sp.

(Blatchley and Leng 1916; Tanner 1943)

F, S

O

S. australis (J. G. Smith) Small, S.
engelmanniana, S. latifolia, S. lancifolia, S.
graminea

(Blatchley 1920; Ciegler and Wheeler 2010;
Haller 1993; Harms and Grodowitz 2009;
Henderson 1940; McGaha 1952; Muenchow
and Delesalle 1992; O'Brien 1981; O'Brien
1997)

F, S, T

P

S. australis, S. latifolia

(Beutenmuller 1893; Blatchley and Leng
1916; Ciegler and Wheeler 2010; Henderson
1940; Muenchow and Delesalle 1992)

F, S

O

S. lancifolia Linnaeus, S. graminea
Michaux, Sagittaria sp.

(Blatchley 1920; Blatchley and Leng 1916;
Center et al. 1999; Ciegler and Wheeler
2010; Haller 1993; Muenchow 1998; O'Brien
1997)

F

M

S. latifolia, Sagittaria sp.

(Blatchley and Leng 1916; Henderson 1940;
Leng 1913; O'Brien 1981; O'Brien 1997)

Listronotus echinodori O'Brien

F, S

O

S. australis, S. latifolia

(Muenchow and Delesalle 1992; O'Brien
1981; O'Brien 1997)

Listronotus frontalis LeConte

F, S

M

S. graminea Michaux

(Center et al. 1999; O'Brien 1981)

F

M

S. graminea Michaux, S. filiformis J. G.
Smith

(O'Brien 1981)

Coleoptera: Curculionidae

Listronotus appendiculatus (Boheman)
Syn. Listronotus floridensis Blatchley

Listronotus caudatus (Say)

Listronotus (= Hyperodes) crytops (Dietz)

Listronotus delumbis (Gyllenhal)
Syn Listroderes (= Hyperodes) solutus
Boheman

Listronotus insignis Henderson
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Order: Family: Genus species

Primary
feeding
nichea

Host rangeb

Hosts within Sagittariac

Reference

Listronotuss lutulentus (Boheman)
Syns. Anchodemus angustus LeConte,
Lixellus lutulentus (Boheman),

F

M

S. latifolia, Sagittaria sp.

(Beutenmuller 1893; Blatchley and Leng
1916; McGaha 1952; Morrone 2013)

Listronotus manifestus Henderson

?

M

S. longiloba Engelmann, Sagittaria sp.

(O'Brien 1981; O'Brien 1997)

Listronotus nebulosus LeConte

?

?

Sagittaria sp.

(Beutenmuller 1893; Henderson 1940;
O'Brien 1997)

Listronotus neocallosus O'Brien

F, S, R

M

S. engelmanniana, S. graminea Michaux, S.
filiformis

(Center et al. 1999; O'Brien 1981)

?

M

S. latifolia

O'Brien, 1997

Listronotus rubtzoffi O'Brien

F, S

M

S. cuneata

(Center et al. 1999; O'Brien 1981)

Listronotus scapularis Casey

?

M

S. longiloba, Sagittaria sp.

O’Brien (1997), O'Brien (1981)

Listronotus setosus LeConte

S

M

Sagittaria sp.

Blatchley and Leng (1916), O’Brien (1997)

Listronotus sordidus (Gyllenhal)

?

M

S. engelmanniana, S. filiformis

O'Brien (1981), Henderson (1940)

F, S

M

S. latifolia, S. variabilis

Blatchley and Leng (1916), Beutenmuller
(1894), Leng (1913)

Listronotus squamiger (Say)

F

P

S. latifolia, S. variabilis A

Beutenmuller (1894), Blatchley and Leng
(1916), Henderson (1940)

Listronotus tuberosus LeConte

?

M

Sagittaria sp., S. latifolia

(Beutenmuller 1893; Blatchley and Leng
1916; Ciegler and Wheeler 2010; Henderson
1940; O'Brien 1997)

Listronotus turbatus O'Brien

F, S, R

O

Sagittaria spp, S. engelmanniana

Center (1999), O'Brien (1981)

Onychylis angustus LeConte

?

?

Sagittaria spp.

Tanner (1943)

Listronotus plumosiventris O'Brien

Listronotus (= Macrops) sparsus Say
Syn Listroderes latiusculus Boheman
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Order: Family: Genus species
Onychylis nigrirostris (Boheman)

Primary
feeding
nichea

Host rangeb

Hosts within Sagittariac

Reference

F

M

Sagittaria spp.

Center (1999), Blatchley and Leng (1916),
Tanner (1943)

Brachybamus electus Germar

?

P

Sagittaria sp.

Blatchley and Leng (1916), Tanner(1943)

Lissorhoptrus buchanani Kuschel

?

P

Sagittaria sp.

(O'Brien and Haseeb 2014)

Lissorhoptrus simplex Say

?

P

Sagittaria sp.

Blatchley and Leng (1916)

?

M

S. latifolia

(Sabrosky 1974)

Hydrellia deceptor Deonier

?

M

Sagittaria sp.

(Deonier 1971)

Hydrellia griseola Fallen

?

P

Sagittaria sp.

Deonier (1971)

Hydrellia spp.

?

S. latifolia

Deonier (1971)

Coleoptera: Erirhinidae

Diptera: Chloropidae
Eugaurax floridensis Malloch
Diptera: Ephydridae

Diptera: Itonididae
Porricondylini sp.

F

M

S. latifolia

(McGaha 1952)

F

M

S. latifolia

McGaha (1952)

F

P

S. latifolia

(Center et al. 1999; McGaha 1952)

Homoptera: Aphididae
Rhopalosiphum nymphaeae L.
Homoptera: Cicadellidae
Draeculacephala sp.
Draeculacephala inscripta Van Duzee
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Order: Family: Genus species

Primary
feeding
nichea

Host rangeb

Hosts within Sagittariac

Reference

Lepidoptera: Arctiidae
Spilosoma virginica (Fabricius)

F

P

Sagittaria sp.

(Center et al. 1999; Harms and Grodowitz
2009)

Munroessa icciusalis (Walker)

F

P

S. latifolia

(Herlong 1979; Stoops et al. 1998)

Parapoynx obscuralis (Grote)

F

P

S. latifolia, S. filiformis

(Habeck 1974; Herlong 1979; Stoops et al.
1998)

Synclita occidentalis Lange

?

Sagittaria sp.

(Lange et al. 1953; Munroe 1972)

Lepidoptera: Crambidae

Lepidoptera: Noctuidae
Acronycta oblinita J.E. Smith

?

M

Sagittaria sp.

(Brigham et al. 1982)

Argyrogramma verruca Fabricius

F

P

Sagittaria sp.

(Kimball 1965)

Bellura obliqua anoa (Dyar)

?

M

Sagittaria sp.

(Lafontaine and Schmidt 2010; McCafferty
and Minno 1979)

Cryptocala acadiensis (Bethune)

?

P

S. latifolia

(Lafontaine and Schmidt 2010)

F

P

S. lancifolia ssp. media (Micheli) Bogin
(=falcata)

(Barrows 1991)

Paroxya atlantica Scudder

F

P

S. latifolia

(Squitier and Capinera 2002)

Paroxya clavuliger (Serville)

F

P

S. latifolia

(Squitier and Capinera 2002)

Romalea microptera (Beauvois)

F

P

S. latifolia

(Squitier and Capinera 2002)

Lepidoptera: Torticidae
Argyrotaenia amatana Dyar
Orthoptera:Acridae
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Primary
feeding
nichea

Hosts within Sagittariac

Reference

F

S. latifolia

McGaha (1952)

Leptocella spp.

F

S. latifolia

McGaha (1952)

Leptocerus americanus (Banks)

F

S. latifolia

McGaha (1952)

Triaenodes aba Milne

F

S. latifolia

McGaha (1952)

Triaenodes ignita Walker

F

S. latifolia

McGaha (1952)

Triaenodes injusta (Hagen)

F

S. latifolia

McGaha (1952)

Triaenodes marginata Sibley

F

S. latifolia

McGaha (1952)

Neureclipsis crepuscularis (Walker)

F

S. latifolia

McGaha (1952)

Polycentropus spp.

F

S. latifolia

McGaha (1952)

Order: Family: Genus species

Host rangeb

Trichoptera: Lemnephilidae
Pycnopsyche sp.
Trichoptera: Leptoceridae

Trichoptera: Polycentropidae
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Table 5.2 Plant parasitic nematodes associated with Sagittaria from North America
Order: Family: Genus species
Aphelenchida: Aphelenchoididae
Aphelenchoides sp.

Host

Location

Reference

S. lancifolia Linnaeus, S.
subulata (L.) Buchenau

Florida

Smart et al. (1985), Esser and
Harkcom (1982)

Sagittaria sp.

Florida

Esser et al. (1985)

S. subulata (L.)
Buchenau

Florida

Sher 1968, Gerber and Smart
(1987)

Sagittaria sp.

Florida

Esser and Harkcom (1982)

Sagittaria sp.

Florida

Esser and Harkcom (1982)

Sagittaria sp.

Florida

Esser and Harkcom (1982)

Dorylaimida: Longidoridae
Xiphinema sp.
Tylenchida: Pratylenchidae
Hirschmanniella caudacrena Sher
Tylenchida: Heteroderidae
Dolichodorus sp.
Tylenchida: Hoplolaimidae
Helicotylenchus sp.
Tylenchida: Tylenchidae
Tylenchus sp.
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Table 5.3 Plant pathogens associated with Sagittaria from North America. Retrieved from Farr and Rossman, July 2015: http://nt.arsgrin.gov/fungaldatabases/fungushost/fungushost.cfm
Pathogen

Host

Ascomycota, Pezizomycotina, Dothideomycetes, Dothideomycetidae, Capnodiales, Mycosphaerellaceae
Cercospora sp.
Sagittaria sp.
Cercospora alismatis Ellis & Holw.

S. rigida Pursh, S. cuneata E. Sheld, Sagittaria sp.

Cercospora sagittariae Ellis & Kellerm

S. cuneata E. Sheld, S. latifolia Willd.

Didymaria alismatis (Oudem.) Davis

S. rigida Pursh

Symptom

Location

Leaf spot

Florida

Leaf spots

Minnesota, Wisconsin, Texas

Leaf spots

Wisconsin, Iowa, Oklahoma,
Delaware, Kansas
Wisconsin

Mould

Canada

Saprophyte

California

Leaf spots

Canada, Iowa, Massachusetts,
Texas, Wisconsin

Ascomycota, Pezizomycotina, Dothideomycetes, Dothideomycetidae, Capnodiales, Davidiellaceae
Cladosporium pseudocladosporioides Bensch,
Crous & U. Braun

S. graminea Michx.

Ascomycota, Pezizomycotina, Dothideomycetes, Pleosporomycetidae, Pleosporales, Pleosporaceae
Epicoccum nigrum Link

S. latifolia Willd.

Ascomycota, Pezizomycotina, Leotiomycetes, Leotiomycetidae, Helotiales, Dermateaceae
Gloeosporium confluens Ellis & Dearn

S. latifolia Willd.
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Pathogen

Host

Symptom

Location

Necrosis

Wisconsin

Leaf spots

Louisiana

Ascomycota, Pezizomycotina, Sordariomycetes, Sordariomycetidae, Plectosphaerellaceae
Plectosporium alismatis (Oudem.) W.M. Pitt, W.
Gams & U. Braun

S. rigida Pursh

Ascomycota, Pezizomycotina, Leotiomycetes, Leotiomycetidae, Helotiales, Dermateaceae
Marssonina sp.

S. rigida Pursh

Basidiomycota, Agaricomycotina, Agaricomycetes, Agaricomycetidae, Agaricales, Typhulaceae
Sclerotium hydrophilum Sacc

S. latifolia Willd.

Wisconsin

Basidiomycota, Pucciniomycotina, Pucciniomycetes, Pucciniales, Pucciniaceae
Puccinia sp.

Sagittaria sp.

Leaf spots

Florida

leaf spots

Canada, Illinois, Nebraska,
Wisconsin
Canada

Basidiomycota, Ustilaginomycotina, Exobasidiomycetes, Exobasidiomycetidae, Doassansiales, Doassansiaceae
Burrillia pustulata Setch

S. latifolia Willd.

Doassansia affinis Ellis & Dearn

S. latifolia Willd.
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Pathogen

Host

Symptom

Location

Doassansia alismatis (Nees) Cornu

S. latifolia Willd.

Missouri

Doassansia intermedia Morot

S. rigida Pursh, S. cuneata E. Sheld, S. latifolia Willd.,
Sagittaria sp.

Doassansia opaca Setch.

S. latifolia Willd., S. sagittifolia L.

Doassansia sagittariae (Westend.) J.C. Fisch.

S. graminea Michx., S. rigida Pursh, S. cuneata E. Sheld, S.
lancifolia L., S. latifolia Willd., S. sagittifolia L., Sagittaria
sp.

Pseudodoassansia obscura (Setch.)

S. latifolia Willd.

Canada, Iowa, Minnesota, North
Dakota, New Hampshire,
Wisconsin, Louisiana
Connecticut, Delaware, Indiana,
Massachusetts, New York,
Wisconsin, Rhode Island
Delaware, Kansas, Indiana,
Wisconsin, Wyoming, Illinois,
Connecticut, Florida, Montana,
Missouri, Maine, Vermont,
South Dakota
Connecticut, Massachusetts,
Wisconsin

Leaf galls

Basidiomycota, Ustilaginomycotina, Ustilaginomycetes, Urocystidales, Doassansiopsidaceae
Doassansiopsis deformans Setch.
Doassansiopsis furva (Davis)

S. lancifolia L., S. latifolia Willd., S. sagittifolia L.,
Sagittaria sp.
S. rigida Pursh, S. latifolia Willd.

Doassansiopsis limnanthemi (Cif.) Vánky

S. latifolia Willd.

Leaf spots

Florida, Connecticut, Louisiana,
Texas, Canada
Wisconsin
Nebraska, Wisconsin

Chromista, Oomycota, Oomycetes, Pythiales, Pythiaceae
Pythium sp.

Sagittaria sp.

Florida
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Table 5.4 Arthropods collected from Sagittaria platyphylla in the USA from surveys conducted between 2010 to 2012. (* denotes specimen collected
in low numbers and not observed feeding on plants, hence association with S. platyphylla is considered dubious). A R = reared from immature stage;
C = collected as adult. B Incidence is reflected by the number of sites where the insect occurred as a % of the total number of sites (n=58) surveyed for
phytophagous organisms. C A = abundant (often in high numbers); C = common (at most sites but in small numbers); S = sporadic (at a small number
of sites, but sometimes in abundance), R = rare (few sites with few individuals seen). D M = monophagous (restricted to Sagittaria); O = oligophagous
(restricted to Alismataceae); P = polyphagous (feeding on plants in other families)
Order: Family: Genus species

Plant association

Reared /
CollectedA

IncidenceB

AbundanceC

Host
rangeD

Sites

Coleoptera: Curculionidae
Listronotus appendiculatus
(Boheman)

Flowers, fruit,
petioles

R

74

A

M

L. tuberosus LeConte*

?

C

2

R

NA

L. sordidus (Gyllenhal)

R

17

S

M

R

7

R

M

52, 78, 82, 84, 90, 98, 103, 105, 106,
107
72, 78, 83, 105

L. marshalli O'Brien*

Fruit, petioles,
crowns, tubers
Fruit, petioles,
crowns, tubers
?

C

2

R

NA

86

L. lutulentus (Boheman)

Leaves, petioles

R

10

R

M

77, 78, 86, 98, 99, 102

Perigaster cretura Herbst*

Leaves

C

2

R

NA

59

Sphenophorus pertinax
ludovicanus Chittenden*
Sphenophorus coesifrons
Gyllenhal*

Leaves

C

2

R

NA

98

Leaves

C

2

R

NA

98

L. frontalis LeConte
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52, 55, 57, 58, 59, 61, 64, 65, 67, 71,
72, 74, 75, 76, 77, 78, 79, 80, 81, 82,
83, 84, 85, 86, 87, 89, 90, 91, 92, 93,
94, 95, 96, 97, 98, 99, 101, 102, 103,
104, 105, 106, 107
64

Reared /
CollectedA

Host
rangeD

Sites

R

NA

105

2

R

NA

105

C

2

R

NA

105

?

C

2

R

NA

59

Spilosoma virginica
(Fabricius)
Lepidoptera: Crambidae

Leaves

R

21

S

P

55, 65, 82, 83, 85, 86, 89, 94, 101,
103, 105, 106

Parapoynx (sp. prob.
obscuralis)*
Ostrinia sp.*

Leaves

C

3

R

NA

101, 105

Leaves

C

2

R

NA

89

Herpetogramma fluctuosalis
Lederer
Lepidoptera: Noctuidae

Leaves

R

5

S

P

76, 103, 105

Spodoptera sp. (prob. S.
frugiperda Smith & Abbot)
Argyrogramma verruca
Fabricius
Lepidoptera: Nymphalidae

Fruit, petioles

R

2

R

P

78

Leaves, fruit,
petioles

R

5

R

P

62, 104, 105

Petioles

C

2

R

NA

IncidenceB

Order: Family: Genus species

Plant association

Coleoptera: Chrysomelidae
Lysathia ludoviciana (Fall)*

?

C

2

Petioles

C

Crowns

?Donacia sp.*

AbundanceC

Coleoptera: Scarabidae
Ataenius apicalis Hinton*
Coleoptera: Scirtidae
Scirtes sp.*
Lepidoptera: Arctiidae

Junonia coenia Hübner*
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Reared /
CollectedA

Host
rangeD

Sites

R

?

52, 86, 98, 105, 107

7

R

?

59, 78, 86, 105

R

2

R

Petioles

R

5

R

?

86, 103, 105

Species D

Petioles

R

5

R

?

82, 104, 105

Species E

Petioles

R

2

R

?

105

Species F

Fruit

R

2

R

?

105

Crowns, petioles

R

3

R

?

72, 86

Petioles

R

2

R

?

59

Leaves

R

2

R

?

105

Flowers, fruit,
leaves

R

7

S

P

52, 58, 67, 98

IncidenceB

Order: Family: Genus species

Plant association

Diptera: Chloropidae
Elachiptera sp.

Fruit

R

9

Flowers, fruit,
petioles
Fruit

R

Species A

Eugaurax sp.
Eugaurax floridensis
Malloch
Diptera: Ephydridae

AbundanceC

52

Diptera: Tipulidae
Unidentified
Diptera: Tabanidae
Unidentified*
Hemiptera: Fulgoroidea
Unidentified
Homoptera: Pentatomidae
Euschistus ictericus
(Linnaeus)
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Order: Family: Genus species
Homoptera: Cicadellidae
Draeculacephala inscripta
Van Duzee*
Thysanoptera: Thripidae
Heliothrips femoralis
(Reuter)

Plant association

Reared /
CollectedA

Leaves

C

Leaves

R

IncidenceB

3
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Host
rangeD

Sites

R

P

64, 84

S

P

Glasshouse pest at USACE-ERDC,
Vicksburg MS .

AbundanceC

Table 5.5 Fungal isolates from leaf spot symptoms collected from S. platyphylla in the USA
Phylum

Class: Order: Family

Genus species

Ascomycota

Ascomycota

Dematiaceous Ascomycete
Moniliaceous Ascomycete 1
Moniliaceous Ascomycete 2
Ascomycetes, Pseudeurotiaceae

Pseudeurotium sp. J.F.H. Beyma

Pezizomycotina, Leotiomycetes, Leotiomycetidae
Pezizomycotina, Sordariomycetes, Trichosphaeriales

Gloeosporium sp.
Khuskia oryzae H.J. Huds
Nigrospora sphaerica (Sacc.) E.W. Mason
Pestalotiopsis guepinii (Desm.) Steyaert
Arthrinium phaeospermum (Corda) M.B. Ellis
Colletotrichum gloeosporioides (Penz.) Penz. & Sacc.
Colletotrichum falcatum Went
Glomerella cingulata (Stoneman) Spauld. & H.
Schrenk
Cylindrocarpon heteronema (Berk. & Broome)
Wollenw
Isaria sp.
Fusarium oxysporum Schltdl.
Fusarium equiseti (Corda) Sacc.
Fusarium lateritium Nees
Trichoderma hamatum (Bonord.) Bainier
Trichoderma harzianum Rifai

Pezizomycotina, Sordariomycetes, Xylariomycetidae
Pezizomycotina, Sordariomycetes, Sordariomycetidae

Pezizomycotina, Sordariomycetes, Hypocreomycetidae
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Phylum

Zygomycota

Class: Order: Family

Genus species

Pezizomycotina, Dothideomycetes, Pleosporomycetidae

Pezizomycotina, Dothideomycetes, Botryosphaeriales

Alternaria alternata (Fr.) Keissl.
Alternaria tenuissima (Nees) Wiltshire
Cochliobolus spicifer R.R. Nelson
Curvularia lunata (Wakker) Boedijn
Curvularia pallescens Boedijn
Phoma sp.
Sphaeropsis sp.

Mucoromycotina, Mortierellales, Mortierellaceae

Mortierella sp.

Mucoromycotina, Mucorales, Choanephoraceae

Choanephora cucurbitarum (Berk. & Ravenel) Thaxt.
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Table 5.6 Phytophagous species collected on Sagittaria platyphylla in Australia
Order:
Family

Species

Diptera: Chironomidae
Unidentified taxon

Hemiptera: Aphidae
Rhopalosiphum
nymphaeae (Linnaeus)

IncidenceA

24

5

AbundanceB

M

A

Organs attacked

Submerged
petioles, root
crowns

Leaves,
inflorescences

Sites

11, 12, 13, 22,
24, 25, 27, 28,
31

10, 38

A

Incidence is reflected by the number of sites where the insect occurred as a % of the total
number of sites (n=38) surveyed for phytophagous organisms.

B

A = abundant (hundreds of individuals seen on individual plants); M = moderate (5 to 10
individuals seen per site).
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Table 5.7 Proportion of plants affected by pathogens and insect herbivores at each site. P values are calculated using permutation tests on the F
statistics. There were no fruit measurements taken in 2013. Samples not available are indicated by nd. The P value for a year effect within Australia is
1.00
Angular transformation of estimated proportion
Native

Estimated proportion

Introduced

Native

Plant
part

Source of
damage

USA
2010
2011
2012

USA
2013

USA
2015

Aus
2010
2011

Aus
2014

RSA
2014

Fruit

Herbivores

56.8

nd

54.1

0.0

0.0

4.2

Pathogens

nd

67.6

74.8

nd

38.7

Herbivores

nd

73.5

58.7

nd

Petiole

Herbivores

nd

81.1

74.2

Scape

Herbivores

nd

49.7

Crown

Herbivory

nd

11.1

P value

Introduced

USA
2010
2011
2012

USA
2013

USA
2015

Aus
2010
2011

Aus
2014

RSA
2014

5.449.54

0.70

nd

0.66

0.00

0.00

0.01

41.5

7.849.74

nd

0.85

0.93

nd

0.39

0.44

21.8

41.7

11.1413.83

nd

0.92

0.73

nd

0.14

0.44

nd

0.0

12.4

3.784.70

nd

0.98

0.93

nd

0.00

0.05

36.7

nd

0.0

9.1

8.9910.84

nd

0.58

0.36

nd

0.00

0.03

22.5

nd

0.0

0.0

7.358.87

nd

0.04

0.15

nd

0.00

0.00

sed

Native
v
Introduced

Year
within
USA

Aus (Years
combined)
v
RSA 2014

<0.001

0.30

0.56

0.39

0.76

0.23

0.15

(F = 175)

<0.001
(F = 28)

Leaf

172

0.001
(F = 16)

<0.001
(F = 595)

<0.001
(F = 31)

0.007
(F = 10)

0.099

0.016
(F = 8)

0.18

0.39

0.16

1.00

Table 5.8 Proportion of plant parts affected by pathogens and insect herbivores at each site. P values are calculated using permutation tests on the F
statistics. There were no fruit measurements taken in 2013. Samples not available are indicated by nd. The P value for a year effect within Australia is
1.00. Values of fruit herbivory in the USA in each year are (backtransformed values in parentheses) 30.1 (0.25) for 2010, 51.8 (0.62) for 2011, 45.6
(0.51) for 2012 and 42.9 (0.46) for 2015, with the standard error of difference ranging from 6.11 to 7.02
Angular transformation of estimated proportion
Native

Estimated proportion

Introduced

Native

Plant
part

Source of
damage

USA
2010
2011
2012

USA
2013

USA
2015

Aus
2010
2011

Aus
2014

RSA
2014

Fruit

Herbivory

42.5

nd

42.9

0.0

0.0

2.1

Pathogens

nd

38.7

49.0

nd

17.8

Herbivores

nd

49.0

34.8

nd

External
herbivory

nd

25.8

21.0

Internal
herbivory

nd

48.5

External
herbivory

nd

Internal
herbivory

nd

P value

Introduced
Year
within
USA

Aus (Years
combined)
v
RSA 2014

<0.001

0.007

0.74

(F = 144)

(F = 4)

Native
v
Introduced

USA
2010
2011
2012

USA
2013

USA
2015

Aus
2010
2011

Aus
2014

RSA
2014

4.618.08

0.46

nd

0.46

0.00

0.00

0.00

16.4

6.468.02

nd

0.39

0.57

nd

0.09

0.08

<0.001

8.7

17.4

7.389.17

nd

0.57

0.33

nd

0.02

0.09

<0.001

nd

0.0

4.8

3.043.78

nd

0.19

0.13

nd

0.00

0.01

<0.001

46.0

nd

0.0

0.0

4.515.60

nd

0.56

0.52

nd

0.00

0.00

26.9

4.9

nd

0.0

0.0

4.114.96

nd

0.20

0.01

nd

0.00

0.00

40.9

40.6

nd

0.0

0.0

6.457.77

nd

0.43

0.42

nd

0.00

0.00

<0.001

sed

0.15

0.86

0.091

0.33

0.15

0.20

0.61

1.00

<0.001

<0.001

(F = 20)

(F = 26)

1.00

(F = 31)

Leaf
(F = 24)

(F = 78)

Petiole
<0.001
(F = 179)

Scape

173

(F = 67)

0.96

1.00
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Appendix
Table S5.9 Field sites in Australia surveyed for phytophagous organisms associated with Sagittaria platyphylla
Site
No

LatitudeA

Longitude

Site Name

StateB

Substrate / habitat

Water
depth (cm)

Population
sizeC

Plant
abundan
ceD

Sagittaria platyphylla sites
1

-33.2443

151.4895

Apple Gum Lake, Woongarah

NSW

Silt

30

LDC

DM

2

-35.6594

145.8108

Berrigan Water Treatment Plant

NSW

Clay, dam

50

LDC

DM

3

-28.7099

153.4874

Binna Burra, Bangalow

NSW

Clay, channel

25

LDC

M

4

-34.74

150.6858

Boundary Creek, Penrith

NSW

Sand

0

SI

LD

5

-35.6368

145.5054

Brookman’s Rd, Finley

NSW

Clay, irrigation

30

LDC

DM

6

-35.5548

145.03

Finley-Deniliquin Rd, Deniliquin

NSW

Mud, irrigation

38

LDC

DM

7

-33.5845

150.7232

Hawkesbury River, North Richmond

NSW

Silt

30

LDC

M

8

-32.4073

152.2

Jackson St, Bulahdelah

NSW

Clay, drain

15

LD

M

9

-33.7918

151.1509

Lane Cove National Park

NSW

Silt

30

LDC

M

10

-35.5549

145.0301

Mulwala Canal, Deniliquin

NSW

Clay, irrigation

20

LDC

DM

11

-35.5666

144.9853

Mulwala Channel 1, Deniliquin

NSW

Mud, irrigation

72

MI

DM

12

-35.513

144.9417

Mulwala Channel 2, Deniliquin

NSW

Sand, irrigation

15-50

MI

DM
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Site
No

LatitudeA

Longitude

Site Name

StateB

Substrate / habitat

Water
depth (cm)

Population
sizeC

Plant
abundan
ceD

13

-36.0612

144.6783

Murray River, Moama

NSW

Mud, river bem

12

SI

DM

14

-34.3421

146.0231

Murrumbidgee Ave, Griffith

NSW

Mud, irrigation

15

LC

DM

15

-33.2626

151.4335

Porters Creek Wetland, Wyong

NSW

Clay

15

SI

DM

16

-34.285

146.1344

Prior Rd #2, Griffith

NSW

Mud, irrigation

0

LC

DM

17

-35.4092

145.6618

Smeatonvale, Jerilderee

NSW

Mud, irrigation

20

SI

DM

18

-35.6751

145.556

Tocumwal-Finley Rd, Finley

NSW

Mud, irrigation

48

LDC

DM

19

-34.2054

150.5732

Turner St Wetland, Thirlmere

NSW

Silt, wetland

0-20

MI

M

20

-27.4831

152.9026

Bundaleer St, Brisbane

QLD

Sand, creek

30

SI

DM

21

-27.4917

152.9097

Moggill Creek #1, Brisbane

QLD

Sand, creek

20

SI

LD

22

-27.4828

152.9058

Moggill Creek #2, Brisbane

QLD

Sand, creek

30

SI

LD

23

-26.4791

152.9555

Napier/John's Rds, Eumundi

QLD

Silt, drain

30

SI

DM

24

-26.4079

152.9059

Water Treatment Plant, Cooroy

QLD

Sand. drain

30

SI

LD

25

-36.1422

145.4576

Black Swamp, Wunghnu

VIC

Mud, creek

21

LC

DM

26

-36.094

145.3897

Boothroyd’s Rd, Numurkah

VIC

Mud, irrigation

30

LC

DM
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Site
No

LatitudeA

Longitude

Site Name

StateB

Substrate / habitat

Water
depth (cm)

Population
sizeC

Plant
abundan
ceD

27

-36.1119

145.3886

Broken Creek, Wunghnu

VIC

Mud, creek

20

LC

DM

28

-36.4097

145.374

Goulburn River, Shepparton

VIC

Mud, river bem

100

SI

DM

29

-35.8844

145.5644

Mywee Rd, Mywee

VIC

Mud, irrigation

58

LDC

DM

30

-35.0275

145.204

Nathalia Drain, Nathalia

VIC

Mud, irrigation

13

LDC

DM

31

-36.1325

145.491

Nine Mile Creek

VIC

Mud, creek

15

LC

DM

32

-36.0004

145.8141

O’Dwyers Rd, Cobram East

VIC

Mud, irrigation

25

LDC

DM

33

-35.9989

145.3235

Picola-Katunga Rd, Katunga

VIC

Mud, irrigation

50

LDC

DM

34

-35.879

145.5098

Rutter’s Rd, Koonoomoo

VIC

Mud, irrigation

60

LDC

DM

35

-36.3552

145.4016

Shepparton Recreation Reserve

VIC

Clay, drain

20

LDC

DM

36

-36.1058

145.3617

Suttcliffe’s Rd #2, Numurkah

VIC

Clay, irrigation

30

LC

DM

37

-36.106

145.3635

Suttcliffe's Rd #1, Numurkah

VIC

Mud, irrigation

25

LC

DM

38

-37.814

144.9763

Treasury Gardens, Melbourne

VIC

Silt, pond

20

SI

LD

39

-36.0992

145.3827

Walsh’s Bridge Rd, Numurkah

VIC

Mud,

7

LDC

DM

40

-35.0143

117.8946

Cull Park, Albany

WA

Silt, lake

15

MI

DM

41

-35.0174

117.8993

Middleton Mews, Albany

WA

Silt, pond

30

SI

DM
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Other Alismataceae sites
S. calycina
42

-34.3559

146.0325

Ben Martin Rd, Hanwood

NSW

Mud, irrigation

25

LDC

M

43

-34.2885

146.137

Prior Rd #1, Griffith

NSW

Mud, irrigation

0

LDC

M

145.9761

Rosewood Rd, Coleambally

NSW

Mud, irrigation

10

SI

SI

145.7519

Coleambally rice farm

NSW

Mud, irrigation

15

LDC

M

44
45

34.766901°
34.827440°

Alisma plantago-aquatica
46

-34.5213

146.3908

Vance Rd, Leeton

NSW

Mud, irrigation

0

SI

LD

47

36.768739°

145.5451

Euroa Arboretum

VIC

Nursery plants

NA

NA

NA

145.9761

Rosewood Rd, Coleambally

NSW

Mud, irrigation

10

SI

SI

145.8637

Kidman Way, Coleambally

NSW

Mud, irrigation

0

SI

SI

Damasonium minus
48
34.766901°
49
34.813031°
A
B
C

D

Position format: hddd.ddddd0; Map datum: GDA 94.
VIC = Victoria; NSW = New South Wales; QLD = Queensland; WA = Western Australia.
LC = Large, continuous population (>500m in length for linear or occupying the entire water body); LDC = Large but discontinuous population (ie scattered patches frequent
along water course); MI = Moderate-sized, isolated population (20-500 m long); SI = small, isolated population (< 20m long);
DM = dense monoculture (>50 plans m2); M = moderate density (10-50 plants m2); LD = low density (<10 plants m2).
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Table S5.10 List of sites surveyed in southern USA for phytophagous organisms associated with Sagittaria platyphylla
Site
No.

LatitudeA

Longitude

Location

StateB

Substrate /
habitat

Water depth
(cm)

Population
sizeC

Plant
abundanceD

50

33.88226

-86.43337

Highland Lake

AL

Sand/silt, lake

10

SI

LD

51

32.92885

-88.20697

SW Taylor Boat Ramp, Warsaw

AL

Silt, lake

15

SI

LD

52

32.79174

-88.02926

Lizzieville School, Boligee

AL

Clay, ditch

15

MI

DM

53

32.55515

-87.8444

Runaway II, boat ramp, Demopolis

AL

Silt, lake

20

SI

LD

54

32.568

-87.81038

Runaway I, boat ramp, Demopolis

AL

Silt, lake

20

SI

LD

55

32.7859

-87.83616

Black Warrior River, Eutaw

AL

Silt, lake

40

SI

MD

56

34.38323

-86.28181

Marina Rd N, Guntersville Reservoir

AL

mud

0

SI

LD

57

34.3669

-86.22549

Short Creek, Guntersville Reservoir

AL

Sand

10

SI

LD

58

34.4096

-86.16781

Redneck Beach, Guntersville Reservoir

AL

Sand

20

SI

LD

59

34.40666

-86.17789

Towns Creek, Guntersville

AL

Sand

30

SI

LD

60

33.36127

-87.41499

Lock 15 Rd, Black Warrior River

AL

Sand

20

SI

LD

61

33.43669

-87.38049

Blue Creek Public Use Area, Black Warrior
River

AL

Sand

20

SI

LD

62

30.9418

-88.02397

US 43, Creola

AL

Clay

15

LDC

M
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Site
No.

LatitudeA

Longitude

Location

StateB

Substrate /
habitat

Water depth
(cm)

Population
sizeC

Plant
abundanceD

63

32.54459

-87.85435

Black Warrior River, Demopolis

AL

Silt

40

LDC

DM

64

33.56426

-91.38385

Hwy 65, McGehee

AR

Clay, ditch

10

MI

DM

65

34.04891

-91.64181

US 65, Gould

AR

Clay

20

LDC

M

66

34.25191

-91.983

Beachfront Drive, Pine Bluff

AR

Sand, silt

20

SI

LD

67

34.84713

-92.46382

Pinnacle Mountain State Park

AR

Sand, silt

15

SI

LD

68

31.95547

-81.31962

Richmond Hill

GA

Clay

15

MI

M

69

32.14868

-91.70534

David Recreational Park, Winnsboro

LA

Silt, ditch

15

MI

M

70

32.45844

-92.20349

Cheniere Brake Area 3

LA

Sand, lake

15

SI

LD

71

32.55583

-92.07542

Hwy 165, Monroe

LA

Clay, ditch

20

MI

DM

72

32.60401

-92.04909

Black Bayou National Wildlife Refuge

LA

Mud, lake

0

SI

LD

73

29.99399

-93.35785

Hwy 27, Hackberry

LA

20

SI

M

74

30.29432

-93.23446

Perkins Ferry Rd, Moss Bluff

LA

10

MI

M

75

30.33009

-93.20042

Gateway Drive, Moss Bluff

LA

10-20

MI

M

76

30.24532

-93.18094

Martin Luther King Blvd, Lake Charles

LA

10-20

MI

M
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Silt, roadside
ditch
Silt, roadside
ditch
Silt, roadside
ditch
Silt, roadside
ditch

Site
No.

LatitudeA

Longitude

Location

StateB

Substrate /
habitat

Water depth
(cm)

Population
sizeC

Plant
abundanceD

77

30.2224

-91.90587

Lake Martin, St Martinville

LA

Mud, lake

10-40

MI

M

78

29.96589

-91.86402

Avery Island Rd, Migues

LA

0-20

MI

M

79

30.26064

-89.78618

Corollo Dr, Slidell

LA

0-10

MI

M

80

30.38684

-90.01798

Forest Brook Blvd, Mandeville

LA

15

MI

M

81

29.22511

-89.26338

Mary Bowers Pond, Mississippi River

LA

Silt, river

50

LC

DM

82

29.571

-89.80566

Hwy 23, Port Sulphur

LA

Silt, roadside
ditch

30

MI

M

83

32.47905

-91.06171

Grassy Lake, Tara Wildlife Reserve

MS

Silt, lake

10

MI

M

84

34.6432

-89.97071

Hwy 51, north of Senatobia

MS

Silt, ditch

30

LDC

M

85

33.42238

-90.90481

Deer Creek, USDA Stoneville

MS

Silt, creek

25

LDC

M

86

32.49108

-91.06171

Lake Purvis, Tara Wildlife Reserve

MS

Silt, lake

0-20

SI

M

87

32.50586

-89.93312

Safe Harbour

MS

Silt

20

SI

LD

88

32.95204

-90.42355

US 49, Yazoo City

MS

Clay

20

SI

LD

89

33.12547

-91.00337

Cox Ponds, Yazoo NWR

MS

Clay

30

LC

M

90

35.70962

-89.73801

Sunk Lake

TN

Clay, lake

0

SI

LD
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Silt, roadside
ditch
Silt, roadside
ditch
Clay, roadside
ditch

Site
No.

LatitudeA

Longitude

Location

StateB

Substrate /
habitat

Water depth
(cm)

Population
sizeC

Plant
abundanceD

91

36.46723

-89.31911

Walnut Log Ditch boat ramp, Reelfoot Lake

TN

Silt, ditch

0

SI

LD

92

36.46392

-89.3214

Bayou du Chien, Reelfoot Lake

TN

Silt, bayou

0

LDC

DM

93

36.36247

-89.4317

Reelfoot Lake Visitor's Centre

TN

Mud, lake
inlet

0

SI

LD

94

36.46798

-89.31583

Walnut Log Road, Reelfoot Lake

TN

Mud, bayou

0

SI

M

95

36.37193

-89.37654

Eagle Nest Camp, Reelfoot Lake

TN

Mud, lake

0

SI

LD

96

32.21615

-95.763039

Texas Freshwater Fisheries Center - creek,
Athens

TX

Clay, creek

20

MI

M

97

32.2185

-95.7678

TFFC - pond, Athens

TX

Clay, creek

15

MI

M

98

33.0695

-96.95852

Lewisville Aquatic Ecosystem Research
Facility Pond

TX

Clay, pond

0

MI

M

99

33.0695

-96.95852

LAERF Race

TX

Clay, pond

10

SI

DM

100

29.88963

-97.93443

Spring Lake Dam Wall, San Marcos

TX

Sand, river

50

LDC

M

101

29.87572

-97.9315

San Marcos River

TX

Sand/silt, river

25-60

MI

M

102

30.24821

-97.72747

Ladybird Lake, Austin

TX

Sand/silt, lake

40

SI

M

103

30.56345

-95.63559

Stubblefield Recreation Reserve, Lake Conroe

TX

Sand/silt

0

SI

LD

104

30.80607

-94.16415

Steinhagen Lake, Huntsville

TX

Silt, concrete
drain

10-15

MI

M
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Site
No.

LatitudeA

Longitude

Location

StateB

Substrate /
habitat

Water depth
(cm)

Population
sizeC

Plant
abundanceD

105

32.72042

-94.11551

Government Ditch, Caddo Lake

TX

Sand, clay

0

SI

M

106

32.73112

-94.12671

Mossy Brake, Caddo Lake

TX

Sand, clay

0

SI

LD

107

32.8518

-94.69807

Lake O’ the Pines

TX

Clay

0

MI

M

A
B
C

D

Position format: hddd.ddddd0, Map datum: WGD 84;
MS = Mississippi; LA = Louisiana; TN = Tennessee; AR = Arkansas; AL = Alabama; KT = Kentucky; TX = Texas; GA = Georgia.
LC = Large, continuous population (>500m in length for linear or occupying the entire water body); LDC = Large but discontinuous population (ie scattered patches frequent
along water course); MI = Moderate-sized, isolated population (20-500 m long); SI = small, isolated population (< 20m long).
DM = dense monoculture (>50 plans m2); M = moderate density (10-50 plants m2); LD = low density (<10 plants m2).
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Table S5.3 Sampling locations, year of assessment and site characteristics for comparison of levels of disease and herbivory between of native (USA) and
introduced (Australia (AUS) and South Africa (RSA))) Sagittaria platyphylla populations. Assessments conducted at each site for fruit herbivory, disease (leaf
spots), foliage herbivory (leaves, petioles, scapes) and crown herbivore damage are indicated by “×”
Site code

Year

220210-1

10

Latitude,
LongitudeA
-36.0612, 144.6783

Site name

Country

StateB

Substrate

HabitatC

Water depth (cm)

Murray River, Moama

AUS

NSW

Mud

N

12

Fruit
herbivory
×

230210-1

10

-35.5667, 144.9853

Mulwala Channel 1,
Deniliquin

AUS

NSW

Mud

R

72

×

230210-2

10

-35.513, 144.9417

Mulwala Channel 2,
Deniliquin

AUS

NSW

Sand

R

50

×

300311-1

11

-34.7400, 150.6858

Boundary Creek, Penrith

AUS

NSW

Sand

N

0

×

300311-2

11

-33.5845, 150.7232

Hawkesbury River, North
Richmond

AUS

NSW

Silt

N

30

×

310311-1

11

-33.7918, 151.1509

Lane Cove National Park

AUS

NSW

Silt

N

30

×

090311-1

11

-35.5549, 145.0301

Mulwala Canal, Deniliquin

AUS

NSW

Clay

R

20

×

290311-2

11

-33.2443, 151.4895

Apple Gum Lake,
Woongarah

AUS

NSW

Silt

R

30

×

JM050411

11

-28.7099, 153.4874

Binna Burra, Bangalow

AUS

NSW

Clay

R

25

×

110310-1

10

-26.4791, 152.9555

Napier/John's Rds,
Eumundi

AUS

QLD

Silt

R

30

×

030210-2

10

-36.4097, 145.374

Goulburn River,
Shepparton

AUS

VIC

Mud

N

100

×

189

Leaf
spots

Foliage
herbivory

Crown

Site code

Year

170210-1

10

Latitude,
LongitudeA
-36.1119, 145.3886

Site name

Country

StateB

Substrate

HabitatC

Water depth (cm)

Broken Creek, Wunghnu

AUS

VIC

Mud

N

20

Fruit
herbivory
×

030210-1

10

300414-1

Leaf
spots

Foliage
herbivory

Crown

-36.106, 145.3635

Suttcliffe's Rd #1,
Numurkah

AUS

VIC

Mud

R

25

×

14

-35.9256, 145.6601

Cobram

AUS

VIC

Mud

R

120

×

×

×

300414-2

14

-35.8692, 145.5220

Mywee Rd. Koonoomoo

AUS

VIC

Mud

R

20

×

×

×

×

300414-3

14

-35.9421, 145.4786

Hendys Rd, Smathmerton

AUS

VIC

Mud

R

20

×

×

×

×

300414-4

14

-35.9992, 145.4308

Katunga-Picola Rd#1

AUS

VIC

Mud

R

5

×

×

×

×

300414-5

14

-35.9991, 145.3237

Katunga-Picola Rd#2

AUS

VIC

Mud

R

5

×

×

×

×

300414-6

14

-35.0275, 145.204

Nathalia

AUS

VIC

Mud

R

35

×

×

×

×

240211-1

11

-35.0143, 117.8946

Cull Park, Albany

AUS

WA

Silt,

R

15

×
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Site code

Year

100314-1

14

Latitude,
LongitudeA
-33.3172, 26.5222

30

Fruit
herbivory
×

Leaf
spots
×

Foliage
herbivory
×

110314-1

14

SN

27

×

×

×

×

080314-1

Mud

R

46

×

×

×

×

KZN

Mud

R

20

×

RSA

KZN

Silt

R

10

×

Paarl Sewerage, Paarl

RSA

WC

Mud

R

10

×

-33.9539, 18.9095

Neil Ellis Winery
Stellenbosh

RSA

WC

Mud

R

25

×

-33.963, 18.9266

Trout hatchery, Stellenbosh

RSA

WC

Silt

R

44

×

×

×

×

Site name

Country

StateB

Substrate

HabitatC

Water depth (cm)

Grahamstown Botanic
Gardens

RSA

EC

Silt

SN

-32.7372, 27.2983

Maden Dam

RSA

EC

Mud

14

-29.6033, 30.4099

Ascot Bush Lodge,
Pietermaritzburg

RSA

KZN

080314-2

14

-29.7942, 30.9971

Johanna Rd Sewerage
Works, Durban

RSA

080314-3

14

-29.8131, 31.0059

Umgeni Rd Canal, Durban

130314-1

14

-33.6819, 18.981

130314-2

14

130314-3

14
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Crown
×

Site code

Year

230810-1

10

Latitude,
LongitudeA
32.9289, -88.2070

Site name

Country

StateB

Substrate

HabitatC

Water depth (cm)

SW Taylor Boat Ramp,
Warsaw

USA

AL

Silt

N

15

Fruit
herbivory
×

240810-1

10

32.7859, -87.8362

Black Warrior River,
Eutaw

USA

AL

Silt,

N

40

×

230915-2

15

32.9289, -88.20697

SW Taylor Boat Ramp,
Warsaw

USA

AL

Silt

N

15

×

230915-3

15

32.7917, -88.0293

Boligee

USA

AL

Clay

R

0

120810-1

10

33.5643, -91.3839

McGehee

USA

AR

Clay

R

10

×

140912-1

12

34.8471, -92.4638

Pinnacle Mountain State
Park

USA

AR

Sand,

N

15

×

130912-1

12

34.0489, -91.6418

US 65, Gould

USA

AR

Clay

R

20

×

250812-1

12

31.9555, -81.3196

Richmond Hill

USA

GA

Clay

R

15

×

220811-1

11

30.2224, -91.9059

Lake Martin, St Martinville

USA

LA

Mud

N

15

×

260811-1

11

29.2251, -89.2633

Mary Bowers Pond,
Mississippi River

USA

LA

Silt

N

50

×

200811-2

11

30.3301, -93.2004

Gateway Drive, Moss Bluff

USA

LA

Silt

R

15

×

210811-1

11

30.2453, -93.1809

Martin Luther King Blvd,
Lake Charles

USA

LA

Silt

R

15

×

240811-1

11

29.9659, -91.8640

Avery Island Rd, Migues

USA

LA

Silt

R

10

×
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Leaf
spots

Foliage
herbivory

Crown

×

×

×

×

×

×

Site code

Year

041013-1

13

Latitude,
LongitudeA
32.6040, -92.0491

230915-3

15

280915-1

Fruit
herbivory

Leaf
spots
×

Foliage
herbivory
×

×

×

×

×

×

×

×

×

×

×

×

×

×

×

×

×

0

×

×

×

×

N

40

×

N

0

×

Site name

Country

StateB

Substrate

HabitatC

Water depth (cm)

Black Bayou NWR

USA

LA

Mud

N

0

30.2606, -89.7862

Corollo Dr, Slidell

USA

LA

Silt

R

40

15

32.1487, -91.7053

Winnsboro

USA

LA

Clay

R

30

280915-2

15

32.1488, -91.7043

Monroe

USA

LA

Clay

R

0

×

310811-1

11

32.4911, -91.0617

Lake Purvis, Tara Wildlife
Reserve

USA

MS

Silt

N

10

×

120912-1

12

33.1255, -91.0034

Cox Ponds, Yazoo NWR

USA

MS

Clay

SN

39

×

221013-1

13

32.4791, -91.0617

Grassy Lake, Tara Wildlife
Reserve

USA

MS

Silt

N

0

160810_1

10

35.7096, -89.7380

Sunk Lake

USA

TN

Clay

N

0

×

170810_1

10

36.4680, -89.3158

Walnut Log Road, Reelfoot
Lake

USA

TN

Mud

SN

0

×

210915-1

15

36.4672, -89.3191

Reelfoot Lake

USA

TN

Silt

N

0

220915-1

15

35.7096, -89.7380

Sunk Lake

USA

TN

Clay

N

130811-1

11

29.8757, -97.9315

San Marcos River

USA

TX

Sand/silt

160811-1

11

30.5635, -95.6356

Stubblefield Recreation
Reserve, Lake Conroe

USA

TX

Sand/silt
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×

Crown
×

Site code

Year

180811-1

11

Latitude,
LongitudeA
30.8061, -94.1641

Site name

Country

StateB

Substrate

HabitatC

Water depth (cm)

Steinhagen Lake,
Huntsville

USA

TX

Silt

R

15

Fruit
herbivory
×

140811-1

11

190912-1

30.2482, -97.7274

Ladybird Lake, Austin

USA

TX

Sand/silt

SN

40

×

12

32.7204, -94.1155

Government Ditch, Caddo
Lake

USA

TX

Sand/clay

N

0

×

180912-2

12

32.8518, -94.6981

Lake O’ the Pines

USA

TX

Clay

SN

0

×

031013-1

13

32.7204, -94.1155

Govt. Ditch, Caddo Lake,

USA

TX

Sand

N

300913-1

13

33.0695, -96.9585

USA

TX

Clay

031013-2

13

32.8518, -94.6981

Lewisville Aquatic
Ecosystem Research
Facility Pond
Lake O The Pines

USA

TX

290915-1

15

32.7322, -94.1270

Caddo Lake

USA

TX

A
B
C

Leaf
spots

Foliage
herbivory

Crown

15

×

×

×

R

35

×

×

×

Clay

SN

15

×

×

×

Sand/clay

N

0

×

×

×

Position format: hddd.ddddd0, Map datum: WGD 84
MS = Mississippi; LA = Louisiana; TN = Tennessee; AR = Arkansas; AL = Alabama; KT = Kentucky; TX = Texas; GA = Georgia
habitat type: N = natural; R = ruderal; SN = semi-natural
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Chapter 6 Impacts of a predispersal seed
predator on achene production in the aquatic
macrophyte Sagittaria platyphylla
Raelene M. Kwong, Jean-Louis Sagliocco, Nathan E. Harms and Julie G. Nachtrieb

In preparation for submission

Abstract

To aid prioritization of potential biological control agents of Sagittaria platyphylla
(Engelm.) J.G.Sm. for use in Australia and South Africa, we studied the effects of a
predispersal seed weevil Listronotus appendiculatus (Boheman) (Coleoptera:
Curculionidae) on achene production and plant performance. Levels of achene production
and insect damage were compared between insecticide-treated and control plants over one
flowering season in an experimental study pond. Trial data were compared to field
collected data on achene production by attacked and non-attacked plants in 30 natural
populations. In the exclusion trial, 10% of fruit were completely destroyed by weevil
larvae and mature fruit produced 38% less achenes than non-attacked fruit. These levels
of herbivory were considerably lower than the average impact levels recorded during field
surveys (63% reduction in 2011 and 60% in 2012) and may be related to experimental
pond conditions. Based on its potential to significantly reduce achene production under
field conditions in the native range, L. appendiculatus may make a suitable candidate for
the biological control of S. platyphylla by assisting in slowing the rate of spread or
reinvasion back into herbicide-treated areas, but is unlikely to provide population-level
impacts on well-established infestations.

Keywords

Sagittaria platyphylla · Weed biological control · Listronotus

appendiculatus · Predispersal seed predation · Efficacy assessment
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Introduction

The production of seeds is a vital stage in the life history of seed producing plants
enabling populations to persist, expand and disperse to new areas. Seeds produced
through cross-fertilization are critical to a species’ success, as they contribute to the
creation of genetically diverse populations with the capacity for local adaption to
changing environmental conditions (Rea and Nasrallah 2008).
The predation of seeds either prior to or post seed fall, has been shown to be a major
cause of seed mortality in native plant populations (Szentesi and Jermy 2003). While the
effect of predispersal seed predators on plant population dynamics often is inferred
(Kluge and Neser 1991), there are only a handful of examples where this link has been
demonstrated experimentally (Louda 1978; Louda and Potvin 1995). Louda (1982, 1983),
in parallel experiments, used exclusion of predispersal seed predators to assess the
relationship between seed predation on recruitment and population abundance in two
native shrubs over an ocean to mountain gradient in California. For both Haplopappus
squarrosus (current name: Hazardia squarrosa (Hook. & Arn.) Greene) and
Haplopappus venetus (current name: Isocoma arguta Greene), predation on developing
flower heads decreased the number of viable seeds produced and influenced both the
abundance and spatial occurrence of the species along the climatic gradient. However, for
H. venetus, seedling mortality from vertebrate herbivores in addition to predispersal seed
predation also was important. In another experiment, Louda et al. (1990) compared plant
performance in Platte thistle (Cirsium canescens Nutt.) when seed feeders were excluded
from developing inflorescences using insecticides. Compared with sprayed plots, early
feeding by insects in untreated plots caused a 3-fold reduction in viable seeds, which led
to a 6-fold decrease in seedling establishment and up to a 37-fold reduction in the
eventual number of new adult plants.
For invasive plant species, the use of predispersal seed predators in classical biological
control has produced mixed results (Julien and Griffiths 1998). In the USA, a thistle headfeeding weevil (Rhinocyllus conicus Fröl.) reportedly reduced Carduus nutans L. (musk
thistle) population densities by 95% at a release site in Virginia six years after initial
release (Kok and Surles 1975). However, the release of R. conicus in Canada, the USA
and New Zealand failed to control a different thistle species, Cirsium arvense (L.) (Cripps
et al. 2011). Unfortunately, the weevil became a pest itself when its attack on non-target
natives caused significant declines in populations of rare native thistle species in North
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America (Louda 1998; Rose et al. 2005). In Australia, predispersal seed predators have
been released against a range of weeds including Chrysanthemoides monilifera (L.) Norl.
(Edwards et al. 2009), Acacia nilotica (L.) Delile (Radford et al. 2001), Mimosa pigra L.
(Heard 2012) and various thistles species (Carduus nutans (Cullen and Sheppard 2012),
Cirsium vulgare (Savi) Ten. (Sagliocco et al. 2012) and Silybum marianum (L.) Gaertn.
(Morley 2012)) without success (see Julien et al. (2012) for other examples of Australian
biocontrol programs that have involved seed predators). In South Africa, seed predators
have been used exclusively in biological control programs against woody trees and
shrubs, such as Australian acacias, Pinus and Prosopis L. species, due to conflicts arising
from the commercial exploitation of these species for timber and tannins (Dennill and
Donnelly 1991; Zachariades et al. 2011). Apart from one case where high seed mortality
by the introduced weevil Erytenna consputa Pascoe was reported to have suppressed the
regeneration of seedlings of Hakea sericea Schrad. following fire, (Kluge and Neser
1991), predispersal seed predators have generally failed to suppress their target weed
populations (Dennill and Donnelly 1991), although they may still contribute to biocontrol
efforts through reducing weed spread (Kluge and Neser 1991).
During surveys for natural enemies of the aquatic macrophyte Sagittaria platyphylla
Eng. J.G across the plant’s native range in North America (Chapter 5), Listronotus
appendiculatus (Boheman) (Coleoptera: Curculionidae) was identified as highly
damaging to the reproductive structures of the plant. Listronotus appendiculatus may be a
promising candidate for the biological control of S. platyphylla because: (a) it was the
most common herbivore found on S. platyphylla in the native range, (b) it was found
across most of the plant’s native distribution, from temperate to subtropical climates and
in open and shaded habitats, (c) it could reach very high densities, causing high levels of
damage to reproductive structures, and (d) it appears to have a limited host range and is
not known to attack other species outside Sagittaria (Harms and Grodowitz 2009;
Muenchow and Delesalle 1992). As there are no native Sagittaria species in Australia or
South Africa, the risk of non-target attack is less likely than if there were many closelyrelated species with overlapping distributions with the target weed (Pemberton 2000).
Furthermore, a biogeographical comparison of S. platyphylla morphological and
reproductive traits between native and introduced ranges revealed that the only consistent
difference between native and invasive populations was achene production; plants in
introduced ranges produced 40% more achenes per fruit and achenes were twice as heavy
(Chapter 4). No information is available on the impact of L. appendiculatus on plant
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fitness and demography of S. platyphylla populations making predictions about the
potential impact of the species and hence its value as a biological control agent difficult.
Pre-release evaluation of the potential impact of candidate agents on the target weed
has been recommended as a way to improve the efficiency of biological control projects
(McClay and Balciunas 2005; Van Klinken and Raghu 2006) by not wasting time and
money releasing ineffective agents (Conrad and Dhileepan 2007). Qualitative
observational studies in the native range provide ‘snap-shot’ indications of levels of
herbivore damage (McFadyen 2003). Experimental approaches using exclusion (Gerber et
al. 2008) or addition of herbivores (Poveda et al. 2003), simulated herbivory (Raghu and
Dhileepan 2005) and/or population modelling (Buckley et al. 2003), can provide more
precise information on the impacts of herbivory on various plant parameters (Maron
1998), whether herbivory induces a compensatory response in the plant (Gerber et al.
2007; Raghu et al. 2006), and what impacts, if any, herbivory has on the population
dynamics of the target weed (Crawley 1989; DeWalt et al. 2004; Gerber et al. 2008).
Towards refining our understanding of the impact of L. appendiculatus on its host
plant in its native range, we conducted a study to measure plant reproductive performance
through field surveys and an herbivore-exclusion experiment. Our research questions
were:
(1) Under experimental pond conditions, what is the impact of weevil predation on the
number of fruiting heads that set seed, and on the number of seed set by individual
fruiting heads?
(2) Are these levels of seed destruction comparable with field surveys?
(3) Do plants compensate for fruit herbivory through increasing sexual or asexual
reproduction?
(4) What is the likely effectiveness of the predispersal seed predator as a weed biological
control agent for S. platyphylla?

Materials and methods

The plant and its herbivores
Sagittaria platyphylla (Alismataceae) is a perennial, emergent, aquatic herb that grows
along the margins and in shallow waters of marshes, ponds, streams and ditches (Godfrey
and Wooten 1979). The species is primarily distributed in south central USA with
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sporadic populations in eastern USA and Central America (Mexico and Panama) (Keener
2005), but has become invasive in a number of countries including Australia, South
Africa and New Zealand (Adair et al. 2012). Plants overwinter as tubers or as the
submersed phyllodial-leafed form and grow rapidly in spring forming emergent petiolate
leaves. Populations expand clonally by stoloniferous growth, often forming dense stands
of up to 160 plants m-2 (Kwong this study). Plants produce multiple monoecious
inflorescences during the growing season (spring to autumn). Inflorescences are racemose
with 3-8 nodes; each node bearing a whorl of three flowers (Keener 2005). Female
flowers are basal to male flowers and blooming occurs sequentially from the bottom to
the top although a brief overlap between the gender phases has been observed (Hoebee
and Edwards 2012). Generalist pollinators, such as small bees and flies are attracted to
female flowers via secretions from floral nectaries (Hoebee and Edwards 2012).
Sagittaria platyphylla produces aggregate fruit (hereafter referred to as ‘fruit’) of oneseeded carpels (Adair et al. 2012). In the native range each inflorescence produces and
average of 6 fruiting heads and up to 500 achenes per fruit depending on levels of fruit
herbivory. Plants in introduced ranges produce around 8 fruit per inflorescence and
around 700 achenes per fruit (Chapter 4). Sagittaria platyphylla is not agamospermous
(Wooten 1973) and self-incompatibility appears incomplete (Hoebee and Edwards 2012).
Achene dispersal is primarily by hydrochory, although some may be eaten by ducks and
may be viable when excreted (Parsons and Cuthbertson 2001). When water levels recede,
exposed achenes germinate readily on the saturated mud, although they can also remain
dormant for several years if buried beneath sediment (R. Kwong unpublished data). In the
laboratory, the optimal temperature for germination is 21oC, although in Australia
germination in the field has been recorded in late winter to early spring when the ambient
temperature can vary between -4oC and 10oC (Flower 2004).
Insect herbivores associated with flowers and fruit of S. platyphylla have recently been
documented (Chapter 5) but their impacts on achene production are not well understood.
Several fly (Diptera) species have been reared from flowers and fruit from three families,
including Chloropidae (Elachiptera sp. and Eugaurax spp.), Ephydridae, Tabanidae and
Tipulidae although several may have been detritivores, feeding within L. appendiculatus
galleries. The stink bug Euschistus ictericus (L.) (Hemiptera: Pentatomidae), which feeds
on a range of emergent aquatic and riparian plant species (McPherson and Paskewitz
1984), has been collected occasionally from the fruiting heads of S. platyphylla in
Alabama, Arkansas and Texas. In addition to L. appendiculatus, two other weevils,
Listronotus sordidus (Gyllenhal) and Listronotus frontalis (LeConte) have occasionally
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been reared from fruits of S. platyphylla, although the primary feeding niche of these
latter two weevils is the below-ground part of the plant (crowns, roots and tubers)
(Chapter 5).
Listronotus appendiculatus (Fig. 6.1) is a small, slender weevil, 4.2-6.5 mm long
(Blatchley and Leng 1916). As the natural history of L. appendiculatus on S. platyphylla
is unknown, the following description is based on observations by Muenchow and
Delesalle (1992) observations on S. latifolia in Florida. After overwintering, adults appear
in spring shortly before the onset of blooming (Fig. 6.1a). Adults feed on flowers and
mature achenes. Eggs are laid in crevices on the external surface of the plant and are not
covered in protective material. In particular, eggs are laid among flower buds at the tip of
emergent young inflorescences. Upon eclosion, larvae chew into the nearest buds and
then gradually migrate down the inflorescence, attacking buds and maturing seed heads
(Fig. 6.1b). Within the fruit, larvae tunnel through the carpels and into the receptacle (Fig
6.1c, d). Large larvae that migrate to immature inflorescence stalks can kill the
inflorescence outright or cause it to die back from the tip. Larvae develop through three
instars (Haller 1993) and pupate in the base of inflorescence stalks or leaf petioles
(Muenchow and Delesalle 1992). Several generations occur across the fruiting season and
adults overwinter off the plant (Muenchow and Delesalle 1992). Listronotus
appendiculatus has a narrow host range that appears to be restricted to Sagittaria. In the
literature, host records include S. australis (J. G. Smith) Small, S. engelmanniana J. G.
Smith, S. latifolia Willdenow, S. lancifolia Linnaeus and S. graminea Michaux (Blatchley
1920; Haller 1993; Henderson 1940; McGaha 1952; Muenchow and Delesalle 1992;
O'Brien 1981). For systematic treatment of Listronotus see Henderson (1940) and O'Brien
(1981), and for a detailed larval description of L. appendiculatus, see (Haller 1993).
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(a)

(b)

(c)

(d)

Fig. 6.1 The predispersal seed feeding weevil, Listronotus appendiculatus; (a) a pair of
mating adults on the male flower of Sagittaria platyphylla; (b) weevil-damaged fruit at
Steinhagen Lake, Huntsville, Texas (August 2011); (c) a larva burrowing into the
receptacle of the fruiting head; and (d) a fruiting head with holes where the larva has
tunneled into the receptacle tissue
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Study system
The study was conducted in an earthen, clay-lined pond of approximately 0.2 ha in size
(28 m × 75 m), located at the U.S. Army Engineer Lewisville Aquatic Ecosystem
Research Facility (LAERF), Lewisville, Texas, USA (33.067016°, -96.954724°). The
pond was fed untreated water from Lake Lewisville and maintained at a consistent
maximum depth of 1 m. At study onset, growth of S. platyphylla was a dense
monoculture along the front and side shallow margins of the pond (Fig. 6.2). Plant species
endemic to the pond and present during the study included American Lotus (Nelumbo
lutea Willd.; in the open water- rear of the pond), Cattail (Typha latifolia L; in the rear of
the pond), Knotgrass (Paspalum distichum L; in the shallow pond margins) and
Smartweeds (Polygonum spp.; in the shallow pond margins).

Fig. 6.2 Experimental pond at the U.S. Army Engineer Lewisville Aquatic Ecosystem
Research Facility (LAERF), Lewisville, Texas, used for the trial. Sagittaria platyphylla
plants occupy the margins of the pond. The posts mark the placement of plots
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Predispersal seed predator exclusion experiment
On 6 June 2012, twenty four 0.5 x 0.5 m plots were randomly placed along the margins of
the study pond within stands of S. platyphylla so that each half of the pond contained 12
plots. Plots were approximately 3 m to 5 m apart. For each plot, water depth was
measured at the plot’s center and the maximum heights of three haphazardly-selected
mature plants were measured. Once placed, plots were randomly assigned a treatment of
either non-herbivore (treated) or herbivore (control). Herbivores were eliminated from
non-herbivore plots by foliar application of a mixture of Karate® insecticide (Syngenta
Crop Protection, Greensboro, NC) at the rate of 0.1 ml/L in a water solution (0.030 ml
insecticide applied per plot) and Thoroughbred® non-ionic-organosilicone surfactant
(Estes Incorporated, Wichita Falls, TX) at the rate of 1 ml/L. The insecticide application
was extended 0.5 m beyond the plot boundaries to ensure full coverage and applied when
there was no breeze to ensure insecticide did not drift onto control plots. Plots were
treated with insecticide every two weeks beginning 8 June and ending 13 September
2012. Herbivore plots were sprayed with water in the same manner and frequency as nonherbivore plots.

Fruit herbivory
Study plots were examined approximately every four weeks for flower/fruit production
and herbivore damage. During each examination, all inflorescences bearing mostly
mature fruit (large fruit with achenes intact) within each plot were removed for
processing. Samples were restricted to mature fruit in an attempt to maximize herbivore
interaction time, thus enabling more accurate damage level estimation. However, samples
also included immature fruit due to the temporal variation in fruit maturation on each
inflorescence. During examination, the total number of undamaged and damaged fruit per
inflorescence was recorded irrespective of maturity of fruit. Damaged fruit were
identified as having surface and/or internal damage. Surface damage was identified by the
presence of latex globules on the surface of fruit and internal damage was detected by
blackened areas of fruit or larval tunnels through the fruit. Tunnels were usually apparent
because of latex and frass at the tunnel opening on the exterior of the fruit. An additional
assessment of internal damage was measured as the proportion of fruit per plot with
damaged receptacles, which was assessed following the removal of achenes from each
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fruit (see Achene herbivory section below). The number of immature fruit per plot that
had been completely destroyed by feeding activity also was recorded.

Achene herbivory
Following fruit herbivory assessments, fruit from each plot were pooled, placed in paper
bags and dried slowly at 35oC for up to 5 days, then stored at room temperature. Achenes
from mature fruit were dislodged from their receptacles and all extraneous plant material
and insect larvae removed through microscopic examination. To estimate mean achene
weight per fruit, the pooled achenes per plot were weighed and averaged across the
number of mature fruit per plot. Individual achene weight was determined by counting the
number of achenes (intact + eaten + unfertilized) present in a 0.025 g subsample of the
pooled achenes for each plot. The number of achenes per fruit was then calculated as the
ratio of the achene weight per fruit and the individual achene weight. The percentage of
intact and unfertilized achenes was calculated from the total number of achenes present in
the subsample. Weevil larvae targeted the achene embryos and did not feed upon
unfertilized achenes; when estimating the proportion of damaged achenes per fruit,
unfertilized achenes were subtracted from the total number of achenes.

Plant response
To evaluate end of growing season differences in plant density and biomass due to
herbivore-plant interactions, all 24 plots were harvested at 3.5 months after
commencement of the trial (22 September 2012). Plots were excavated to a depth of
approximately 20 cm to collect plants and their roots and tubers, and placed into large
plastic tubs for washing. The total number of plants and tubers per plot was counted. It
proved difficult to separate Sagittaria root material from that of other species so only
above-ground foliage was used for biomass comparison. Foliage and tuber material were
dried separately to constant weights in an oven at 55oC for a minimum of 48 h.

Post-trial herbivory
To assess the continued activity of weevils on fruit damage and achene production, S.
platyphylla was sampled on two occasions (22 October and 21 November 2012) in an
adjacent stand occurring within the same pond. This stand had not previously been
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sprayed with insecticide or water. Twelve quadrats were haphazardly placed within the
stand and all inflorescences bearing mostly mature fruit (large fruit with achenes intact)
within the quadrat were removed for processing. On the second sampling date, a new set
of 12 randomly-placed plots was sampled. Post-trial assessments were conducted for the
following parameters: number of fruit per plot, proportion of fruit per plot with internal
damage, number of achenes per fruit and proportion of damaged achenes per fruit.
Estimates for number of achenes and percentage of damaged achenes per fruit followed
the same procedures outlined in Achene herbivory above.

Phyto-active effects of insecticide treatment
To test for phyto-active effects (phyto-toxic or phyto-stimulation) of the
insecticide/surfactant mixture, a small-scale greenhouse trial was conducted using plants
grown from tubers and exposed to either the insecticide/surfactant mixture or a control of
water. Forty tubers were collected from culture pots and placed in saturated potting soil
until sprouting. Once a sufficient numbers had sprouted, 30 were potted individually in
1 gallon pots filled with topsoil amended with Osmocote® fertilizer (N:P:K of
14.0:3.5:9.1, The Scotts Company, Marysville, OH). Pots were maintained in tanks in a
greenhouse for 4 weeks until the onset of the experiment. At study commencement (6
July 2012), 15 replicates of each treatment were placed in separate tanks (to prevent drift
of insecticide onto control plants) at a water depth of 15 cm. Treatments were applied
with a handheld mister and consisted of Karate® + Thoroughbred® applied at the same
rate used in the pond study (a total of 0.0296 ml Karate® and 0.3 ml Thoroughbred in
300 ml water), by approximating a one square meter surface to be treated. Fifteen control
plants were treated with reverse osmosis (RO) water. Treatments were applied every two
weeks for 12 weeks.

Field survey of predispersal seed predation
During field assessments in 2011 and 2012, we collected fruit samples from 30 sites to
compare levels of achene herbivory throughout the native range of S. platyphylla. At each
site, subsamples of three mature fruit per inflorescence from between 10 to 28 plants were
collected. The achenes for each plant were dried in open petri dishes for several weeks
and then separated from the receptacle, pooled together and visually inspected to remove
plant debris and dead insect larvae. At this time, samples were categorized as either
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‘damaged’ or ‘undamaged’ by L. appendiculatus. The pooled achenes were weighed and
averaged across the sampled fruit on each plant to provide a measure of the average
weight of achenes per fruit for each plant. The estimates for the number of achenes per
fruit followed the same procedures outlined in Achene herbivory above. For each site, the
average numbers of achenes per damaged and undamaged fruit were calculated by
averaging across damaged and undamaged samples.

Statistical analysis
All statistical analyses were conducted using GenStat 16th Edition (VSN International
Ltd., www.vsni.co.uk). For the exclusion experiment, the design was a randomized block
design with blocking based on two halves of the pond. Estimated means for nonherbivore (insecticide) and herbivore (control) treatments and for the different sampling
dates were compared using analysis of variance (ANOVA) or linear mixed models. The
choice of statistical technique depended on the complexity of the structure of the data and
the degree of balance. For some response variables, missing values such as the absence of
fruit on a particular sampling date, created an unbalanced design (Quinn and Keough
2002). Proportion data were analyzed using generalized linear mixed models (GLMMs),
with the link function logit(p) = log (p/1-p) applied to the expected proportions, thus
necessitating the results being presented as back-transformed means on the original scale.
The analysis of plant density at the end of the trial used pre-trial plant density as a
covariate.
For the field surveys, the comparison of achene production between damaged and
undamaged fruit was analyzed using an ANOVA with site as a blocking variable which
created a pairing of damage and undamaged observations.
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Results
Pre-trial plot characteristics
No differences in initial plant height or water depth were detected among treatments
(ANOVA, F1,21 = 3.28, P = 0.08 for plant height; F1,21 = 0.46, P = 0.5 for water depth).
Initial plant density in herbivore plots was marginally greater than in non-herbivore plots
(Table 6.2).

Predispersal predator exclusion experiment
The removal of herbivores from plots using an insecticide spray treatment had no
discernible influence on the number of fruit produced by plants at the individual or plot
level throughout the duration of the trial (Table 6.1, Fig. 6.3, a) fruit per stem: treatment,
F = 2.03; df = 22.3; P = 0.168; time, F = 10.88; df = 76.1; P < 0.001; interaction,
F = 2.44; df = 81.4; P = 0.054; b) fruit per plot: treatment, F = 0.15; df = 21.3;
P = 0.700; time, F = 3.72; df = 75.5; P = 0.008; interaction, F = 0.79; df = 75.7;
P = 0.536). Nor did the application of insecticide appear to deter insect pollinators from
visiting flowers as the percentage of unfertilized achenes between herbivore and nonherbivore plots was comparable (Table 6.1.).
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Table 6.1 Comparisons of fruit and achene production and levels of herbivory by the
predispersal seed predator, Listronotus appendiculatus between herbivore (control) and
non-herbivore (insecticide-treated) plots of Sagittaria platyphylla. Values are means with
95% confidence intervals (minimum, maximum) shown in parentheses
Outcome measures

Comparisons between treatment groups
Herbivore
Non-herbivore
(control)
(insecticide-treated)

p-value

Trial with repeated measures [T1-T5]
Fruit herbivory measures
Number of fruit per inflorescence
[means]

5.84 [5.42, 6.25]

5.37 [4.97, 5.76]

0.168

Number of fruit per plot [backtransformed means]

23.76 [17.50, 32.26]

26.50 [19.64, 35.75]

0.689

% Fruit per inflorescence with surface
damage [back-transformed mean]

29.92 [23.19, 37.65]

18.12 [13.68, 23.61]

0.012

% Fruit per inflorescence with internal
damage [back-transformed mean]

34.00 [27.93, 41.14]

5.80 [4.02, 8.32]

< 0.01

% Fruit per plot destroyed at immature
stage [back-transformed means]

9.28 [5.27, 13.30]

0.00

< 0.01

% Damaged receptacles per plot [backtransformed means]

49.32 [38.36, 60.36]

0.00

< 0.001

Achene weight per fruit (mg) [means]

0.0578 [0.0492,
0.0664]

0.0747 [0.0663,
0.0830]

0.004

Total number of achenes (fertilized and
unfertilized) per fruit [means]

403 [356, 449]

518 [472, 563]

0.001

Number of intact (undamaged) achenes
per fruit [means]

291 [240, 343]

467 [417, 517]

< 0.001

% of damaged achenes per fruit [backtransformed means]

14.18 [9.63, 20.41]

0.062 [0.030, 0.130]

< 0.001

% of unfertilized achenes per fruit [backtransformed means]

9.94 [7.30, 13.39]

7.22 [5.29, 9.78]

0.086

Achene production measures per plot on
mature fruit
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(a)

(b)

Fig. 6.3 Effects of insecticide treatment on; (a) the number of fruit per stem and (b) the
total number of fruit per plot fruit over a 14 week period. Dashed line represents nonherbivore plots (insecticide-treated), solid line represents herbivore plots (control, treated
with water). Means (a) and back-transformed means (b) are plotted with 95% CI

Fruit herbivory
The insecticide treatment reduced fruit herbivory on S. platyphylla, measured as piercing
or chewing surface damage and internal weevil larva feeding damage. Temporal variation
in herbivory occurred and treatment differences appeared rapidly (13 June 2012) for both
surface and internal damage (Fig. 6.4a) surface damage: treatment, F = 7.82; df = 18.1;
P = 0.01; time, F = 17.98; df = 61; P < 0.001, interaction, F = 0.39; df = 61.9; P = 0.76;
b) internal damage: treatment, F = 67.74; df = 93.3; P = < 0.01; time, F = 1.52; df = 75.0;
P = 0.22; interaction, F = 2.6; df = 97.9; P = 0.06.). Surface damage was highest at the
start of the trial irrespective of treatment and was likely due to superficial feeding by adult
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L. appendiculatus and the pentatomid bug Euschistus ictericus, which also was observed
on the fruits of S. platyphylla at the site. Across the duration of the trial, on average 30
and 34% of fruit in herbivore plots showed signs of surface and internal damage
respectively and insecticide treatment reduced these levels of damage by 39% for surface
damage and 83% for internal fruit damage (Table 6.1).
Weevil larvae tunneled into and consumed tissue within the receptacle (Fig. 6.1c, d).
Overall, receptacle damage in herbivore plots occurred in almost half of the fruit, but
ranged from 46.7% (95% CI = 31.2, 62.8) at the start of the trial and increased to 65.9%
(95% CI = 52.6, 77.1) by the completion. In contrast, no receptacle damage was recorded
in the insecticide plots (insecticide = 0.00%; control = 49.3%, (38.4, 60.4); spray
treatment F = 14.02; df = 83.1; P = < 0.001). When immature fruit were heavily attacked,
they were completely destroyed. In herbivore plots, an average of 9.28% (5.27, 13.3) of
fruit were destroyed at the immature stage, whereas no fruit were destroyed in the nonherbivore plots.

Achene herbivory
Inflorescence-feeding insects decreased the total weight of achenes per fruit across the
duration of the trial (Table 6.1; F = 10.72; df = 20.8; P = 0.004). This was due to an
overall 22% reduction in the mean total number of achenes (fertilized and unfertilized)
per fruit from 518 in non-herbivore plots to 403 in herbivore plots (F = 13.97; df = 20.5;
P = 0.001). Of total achenes, the number that remained intact and viable (i.e. not damaged
by larvae) was 38% lower in herbivore plots compared to non-herbivore (Table 6.1,
Fig. 6.5a, F = 33.61; df = 20.4; P < 0.001, time, F = 9.47; df = 76.4; P < 0.001,
interaction, F = 2.29; df = 76.8; P < 0.067). Therefore, the mean (± 95% CI) total number
of undamaged achenes in herbivore plots was 291 (240, 343) and in non-herbivore plots
was 467 (417, 517). In addition to feeding on receptacle tissue, larvae also consumed the
embryos of fertilized achenes. Overall, larvae destroyed an average of 14.3% of achenes
in herbivore plots compared to only 0.06% of damage in non-herbivore plots (Table 6.1;
F = 166.15; df = 34.6; P = < 0.001, time F = 4.15; df = 59.8; P = 0.005; interaction
F = 6.48; df = 136.4; P < 0.001), although two periods of greater damaged were observed
in herbivore plots on the 11 July (22%) and the 21 September (39%) (Fig. 6.5b, Fig 6.6).
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(a)

(b)

Fig. 6.4 Effects of insecticide treatment on the proportion of fruit per plot with; (a)
surface herbivore damage; and (b) internal herbivore damage over a 14 week period.
Dashed line represents non-herbivore plots (insecticide-treated), solid line represents
herbivore plots (control, treated with water). Back-transformed means and are plotted
with 95% CI
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(a)

(b)

Fig. 6.5 Effects of insecticide treatment on; (a) the number of undamaged fertilized
achenes per fruit; and (b) the percentage of fertilized achenes eaten by weevil larvae over
a 14 week period. Dashed line represents non-herbivore plots (insecticide-treated), solid
line represents herbivore plots (control, treated with water). Back-transformed means and
are plotted with 95% CI
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(a)

(b)

Fig. 6.6 Sagittaria platyphylla achenes (a) intact and (b) attacked by larvae of the
predispersal seed predator, Listronotus appendiculatus
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Plant response
Over the duration of the trial, there was approximately a three-fold increase in plant
density in non-herbivore plots and a four-fold increase in herbivore plots, however no
treatment effect was evident in the number of plants per plot at the end of the trial when
corrected for initial plant density (Table 6.2; F1,20 = 0.16, P = 0.69). Tuber abundance and
total dry weight of tubers per plot did not differ between herbivore and non-herbivore
plots (Table 6.2; tuber abundance: F1,22 = 1.99, P = 0.12; dry tuber biomass: F1,21 = 3.58,
P = 0.07). However, above ground plant biomass was 35% less in non-herbivore than in
herbivore plots, although the effect was marginally significant (Table 6.2; F1,21 = 4.9,
P = 0.04).

Table 6.2 Comparison of plant density and above and below-ground plant biomass
between insecticide-treated (non-herbivore) and control (herbivore) plots of Sagittaria
platyphylla. Values are means with 95% confidence intervals (minimum, maximum)
shown in parentheses
Comparisons between treatment groups
Outcome measures

Herbivore
(control)

Non-herbivore
(insecticidetreated)

p-value

Plant density per plot pre and post
Pre-trial number of plants [means]

15.2 [11.4, 19.0]

20.7 [16.9, 24.5]

0.05

End of trial number of plants [means]

61.9 [52.3, 71.5]

59.3 [49.7, 68.9]

0.69

Number of tubers [means]

50.1 [12.1, 88.1]

113.1 [22.5, 203.7]

0.12

Dry tuber biomass (g) [back-transformed
means]
Above ground biomass (g) [means]

8.16 [3.87, 17.23]

21.3 [10.1, 45.0]

0.07

67.7 [52.0, 83.4]

44.1 [28.4, 59.8]

0.04

End of trial plant response per plot
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Post-trial herbivory
Fruit production continued at the site for the two consecutive post-trial assessment dates
(Fig. 6.7a, fruit per plot: mean, 95% CI: October: 23.00, (15.9, 30.1); November: 17.00,
(8.73, 25.3); F1,21 = 1.5, P = 0.24), although herbivory declined significantly. Weevil
infestation of fruit (measured as the percentage of fruit with internal damage) from
October to November reduced by 74% (Fig. 6.7b, back-transformed mean, 95% CI: 22
October 2012 = 20.63%, (14.0, 29.4); 21 November 2012 = 5.39%, (2.05, 13.42); F = 7.2;
df = 93.0; P = 0.01). Although the number of intact achenes per fruit remained relatively
constant (Fig. 6.7c, mean, 95% CI: 22 October 2012: 351, (263, 440); 21 November
2012: 435, (331, 539); F = 1.68; df = 17.0; P = 0.21), there was little damage to individual
achenes (Fig. 6.7d, percentage of achenes damaged: back-transformed mean, 95% CI: 22
October 2012 = 3.8%, (1.8, 11.0); 21 November 2012 = 0.05%, (0.04, 0.23); F = 22.11; df
= 50.1; P < 0.001).

Phyto-active effects of insecticide treatment
The glasshouse trial found no positive or negative phyto-active effects for plant height
(F1,28 = 1.24, P = 0.27), number of inflorescence stalks per pot (F1,28 = 0.07, P = 0.41) or
number of plants per pot (F1,28 = 0.01, P = 0.92).
Field survey of predispersal seed predation
Listronotus appendiculatus-attacked fruit produced significantly less achenes compared
to undamaged fruit and this was consistent across years (achene production,
F1,27 = 201.16, P < 0.001; year, F1,27 = 0.03, P = 0.858; achene production x year,
F1,27 = 0.15, P = 0.701). In 2011 attacked plants produced 63% less achenes per fruit than
undamaged (mean, 95% CI: undamaged: 625, (558, 693), damaged: 230, (152, 308)).
Similarly in 2012, attacked plants produced 60% less achenes than undamaged fruit
(mean, 95% CI: undamaged: 623, (527, 721), damaged: 249, (133, 366), Fig. 6.8).
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(a)

(b)

(c)

(d)

Fig. 6.7 Post-trial monitoring in 12 herbivore plots (untreated with insecticide) in a
Sagittaria platyphylla stand adjacent to the experimental site for (a) number of fruit per
stem, (b) percentage of fruit with internal insect damage, (c) number of undamaged
achenes per fruit, and (d) percentage of whole achenes damaged by weevil larvae. Backtransformed means and are plotted with 95% CI
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Fig. 6.8 Number of achenes per fruit in weevil-damaged and undamaged fruiting heads in
the USA over two years. Means are plotted with 95% CI

Discussion

In classical weed biological control, predicting the potential efficacy of a candidate
biological control agent on the target weed prior to release is an important step in
prioritizing available agents (McClay and Balciunas 2005; Raghu et al. 2006). Releasing
fewer but more effective agents into the weed’s invaded range not only reduces scientific
and monetary expense (Gerber et al. 2007), but more importantly reduces the potential for
unanticipated ecological side effects in the recipient community (Louda et al. 2003;
Pearson et al. 2000).
Our investigations demonstrated that that the predispersal seed predator Listronotus
appendiculatus negatively affected the reproductive performance of S. platyphylla in
three ways. Firstly, when larvae attacked immature fruit they often completely destroyed
the fruit leaving behind a mass of frass and the remnants of achenes. Hence, an average of
10% of all fruit produced per plant was destroyed prior to achene maturation. Secondly,
feeding damage of receptacle tissue disrupted the development of achenes resulting in an
overall 22% reduction in the number of achenes produced per fruit. In herbivore plots, an
average of 50% of fruit across the 3 month trial sustained insect damage to the receptacle.
Finally, direct consumption of the fertilized achene embryos resulted in a further 14%
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destruction of achenes per fruit. Therefore, the remaining number of achenes produced
per fruit was reduced from 467 in non-herbivore plots to 291 in herbivore plots, which
represents an average overall reduction of 38%. These levels of herbivory are
considerably lower than the average impact levels recorded during field surveys
conducted over two years (63% reduction in 2011 and 60% in 2012) and may be related
to environmental conditions, such as water level. Our study pond was subject to a
constant water level but many field sites experience fluctuations throughout the year.
Periods of drying at field sites may stress plants and facilitate additional damage by
herbivores (White 1984).
During field surveys, achene destruction varied markedly from site to site which is
consistent with the findings of others who have reported that differences in predation
levels may be associated with: (a) habitat or climate factors operating at a local or
regional scale (DeWalt et al. 2004; Steffan-Dewenter et al. 2001), (b) ecotypic or
physiological susceptibility to predation (Louda 1982; Strauss and Agrawal 1999), (c)
episodic rather than chronic impacts (Carson and Root 2000), or (d) levels of parasitism
or predation of the predispersal seed predators (García et al. 2000) or of the plant’s
pollinators (Suttle 2003). Although parasitism levels were not quantified during our study,
we have documented a number of parasitic wasp species from L. appendiculatus larvae
(Harms unpublished data). In addition, predatory reduviid bugs (Heteroptera: Reduviidae)
were observed at some sites, piercing fruit and feeding on L. appendiculatus larvae. In
contrast, weevil populations were in such high abundance at other sites, such as Yazoo
Wildlife Management Reserve in Mississippi, that few of the sampled fruit produced
achenes.
In many field-based studies on predispersal seed predation, the impacts of predation
are measured by numbers of seeds consumed (García et al. 2000), or percentage of
flowers or fruits attacked (Fenner and Lee 2001). However, the reliability of these
approaches has been questioned and may provide misleading results (Janzen 1971). Using
the conventional approach of counting seed losses to insect predation, Anderson (1988)
recorded seed destruction losses in Eucalyptus baxteri (Benth.) Maiden & Blakely ex
J.M.Black, Leptospermum myrsinoides Schltdl., L. juniperinum Sm. and Casuarina
pusilla (current name: Allocasuarina pusilla (Macklin) L.A.S.Johnson) at 2%, 10%, 28%
and less than 1% respectively. However when a comparison was made between seed
production with and without seed predators, the actual losses were measured to be 66%,
64%, 44% and 83% respectively. This is because the exclusion experiment revealed two
important effects of herbivory on seed production that could not have been determined by
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the conventional method alone; predispersal seed predators reduced the number of seeds
per fruit, and they caused large reductions in seed viability. In another experiment,
Zammit and Hood (1986) excluded flower and seed predators from Banksia ericifolia L.f.
using insecticides and found that 40% of seed produced by inflorescences were consumed
by predispersal seed predators. In addition, they also found that only half of the
inflorescences in herbivore plots set seed and this was attributed to tunneling damage
within the central rachis caused by mature larvae of a tortricid moth.
Exclusion experiments provide a realistic assessment of the impact of predispersal
seed predators because the degree of seed loss by predators is compared against a control
which estimates seed production levels that would potentially have been produced by the
plant in the absence of herbivores. This was apparent in our study. Had we only assessed
the percentage of damaged achenes per fruit in herbivore plots, we would have concluded
that only 14% of achenes were lost to predation. However, by comparing the number of
achenes remaining in fruit between attacked and non-attacked fruit, rather than an
assessment of the percentage of seeds attacked, the actual level of seed loss was almost
three times greater. The evidence presented here supports the hypothesis that predispersal
seed predators of S. platyphylla reduce the number of fruit per inflorescence that set seed,
and the number of seeds set per fruiting head. From the perspective of prioritizing the
selection of biocontrol agents, it is also important to understand how S. platyphylla
responds to this kind and level of herbivory (Raghu et al. 2006).
Herbivores and pathogens affect plants in different ways and as such, plants exhibit a
diversity of responses that can vary from susceptibility (the inability of the plant to resist
herbivore damage) to resistance (plant traits or life-history mechanisms that enable plants
to avoid, defend or tolerate herbivore damage), or overcompensation (plants that have
higher fitness when they are damaged compared with related plants that are undamaged
(Agrawal 2000).
In terms of seed predation, plants may avoid or minimize losses of seed to predators in
at least two ways (Atlan et al. 2010): phenological escape and predator satiation.
Phenological escape results from asynchrony between predator and prey populations. In
this case, fruit production occurs at a time when herbivore populations are minimal, either
before (Mahoro 2003; Zimmerman 1980) or after (English-Loeb and Karban 1992) peak
seed predation. Predator satiation occurs where plants produce an overabundance of fruit
thereby reducing the probability of an individual fruit being attacked (Janzen 1971). We
found evidence for both of these strategies. Sagittaria platyphylla used a phenological
avoidance strategy by continuing fruit production for up to two months following
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inactivity by L. appendiculatus. Secondly, S. platyphylla produced an abundant supply of
fruit across the season with the proportion of fruit attacked never reaching more than 60%
(Fig. 6.3b). However, rates of fruit predation were found to be highly variable in natural
populations, ranging from no attack to almost 100% of fruit attacked (Chapter 4),
suggesting that predator satiation may not occur at all sites or at all times.
Atlan et al. (2010) found that in natural populations of Ulex europaeus (Fabaceae),
there was a genetic link between two main forms of flowering phenology and predator
avoidance strategies. Long-flowering plants produced most of their pods before the peak
of seed predation when weevil infestation rate was nil or low and thus escaped predation
in time. Short-flowering plants on the other hand, produced most of their pods during the
period of peak weevil activity yet the incidence of seed predation was lower than for
long-flowering plants, indicating predator satiation. Atlan et al. (2010) suggest that
polymorphism in predator avoidance traits may facilitate the maintenance of high genetic
diversity for flowering phenology in native range populations. This has implications for
the potential of a species to become invasive, as high genetic diversity in invading
populations confers evolutionary potential for adaptation to a range of new environmental
conditions (Bossdorf et al. 2005; Mukherjee et al. 2012). Our study did not allow us to
ascertain whether there is a genetic basis to predator avoidance strategies in natural
populations of S. platyphylla. However our previous studies on the genetic structure of the
species have shown that similar levels of genetic variation in native and invasive
populations may have resulted from multiple introductions from different sources and
possible intraspecific hybridization (Chapter 3). We hypothesize that invasive populations
have maintained traits associated with long flowering periods and high fruit and seed
production, and that the absence of predispersal seed predators in the invaded range has
led to greater reproductive performance in invasive S. platyphylla compared to native
populations.
In addition to avoidance and satiation strategies, another response to herbivory may be
through compensation, by replacing tissue lost to herbivory or reallocating resources to
other plant parts. In our study, we expected to find a compensation for fruit herbivory
through the production of more fruit, yet we found no evidence for an increase in fruit
production at either the plant or plot level. As with other studies where seeds from nonattacked fruit were heavier than from insect-attacked fruit (English-Loeb and Karban
1992), we expected to find an increase in weight of intact achenes, yet we found no
evidence for this as the change in achene mass per fruit was proportional to the reduction
in the number of achenes per fruit, not individual achene weight. This also accords with
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our other observations from field surveys where the individual weight of achenes
remained constant despite varying levels of attack by predispersal seed predators (Chapter
4).
The reallocation of resources to vegetative biomass is seldom reported in the literature
as a response to herbivory of reproductive structures, therefore we expected to find no
effect of this in our study. Yet in our study, aboveground plant biomass was 1.5 times
greater in herbivore compared to non-herbivore plots. We do not understand what
performance benefit would be gained by the reallocation of resources to foliage
production in response to herbivory of reproductive structures. However a similar result
was reported by Reichman and Smith (1991) who found that early removal of flowers by
herbivores of Tragopodon dubius Scop. (Asteraceae) stimulated the production of more
flowers and the growth of larger plants. A more likely explanation for the possible
reallocation of resources in our study might be associated with insect herbivore damage to
leaves and petioles, which would have been reduced following insecticide application. At
the study site, leaf damage in the form of small shot holes was caused by adults of the
weevil Listronotus lutulentus (Boheman), whereas leaf petioles were damaged by larvae
of both L. lutulentus and L. appendiculatus boring into and pupating at the base of
petioles. Studies of other aquatic plants have shown that relatively low levels of leaf
herbivory can result in increased levels of plant biomass (Cherry and Gough 2009) or
higher leaf turnover rates (Nachtrieb et al. 2011; Wallace and O'Hop 1985). In our study,
the increase in aboveground plant biomass in herbivore plots was not associated with
plant density as plant density levels were similar between herbivore and non-herbivore
plots. We therefore hypothesize that leaf and petiole herbivory may have induced a plant
growth compensatory response.
To assess the potential of L. appendiculatus for the biological control of S.
platyphylla in introduced countries we need to determine what influence seed herbivory
has on the population dynamics of the weed. Louda and Potvin (1995) suggest that shortlived fugitive plants with a strong reliance on current seed rain for regeneration should be
more negatively affected by herbivores that reduce seed production than long-lived
perennials or short-lived annuals with long-lived seed banks. Furthermore, it has been
argued that the use of seed feeders for the biological control of a non seed-limited species
is likely to be ineffective because unrealistically high predation rates would be necessary
to achieve control (Kriticos et al. 1999). Radford et al. (2001) suggest that for some non
seed-limited species, between 95 and 99% seed reduction would be necessary to achieve
effective control.
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Sagittaria platyphylla is a perennial, long-lived species due to its prolific clonal
growth via stolons and tubers. Although we do not yet understand the importance of seed
production on population growth rate, we suspect that seedling recruitment is unlikely to
play an important role in the population dynamics of established populations. However,
the importance of seed production in the long-distance dispersal and the maintenance of
genetic variation within populations is becoming clearer (Broadhurst and Chong 2011).
S. platyphylla has proven difficult to control with conventional methods due to
submersed rosettes and subterranean tubers that are protected from contact herbicide
application. New herbicide techniques are focusing on increasing coverage to submersed
plants and reducing the standing biomass (Clements et al. 2013). However, populations
can rapidly recolonize from the existing seed bank when conditions become favorable,
such as during draw-down events in warmer months (Flower 2004). Hence, the reduction
in seed banks caused by L. appendiculatus may assist in reducing the amount of seed
available for re-colonization following herbicide application.

Conclusion

Predispersal seed predation by the weevil L. appendiculatus significantly reduced the
reproductive potential of S. platyphylla in native range populations through the reduction
in the number of fruit that reach maturity and the number of achenes per fruit. To our
knowledge, this is the first study quantifying effects of predispersal seed predation in an
aquatic macrophyte. Sagittaria platyphylla limits the effects of seed herbivory through
‘escape in time’ and ‘predator satiation’ strategies, although these responses are likely to
vary in space and time. We did not find any evidence for compensation for fruit herbivory
by increasing resources to remaining achenes, however we did not test for any fitness
improvements in the remaining achenes that escaped attack and this should be addressed
in future studies. Rather, we suspect that the removal of herbivores from the foliage due
to insecticide treatment might have elicited a reallocation of resources from tuber
production to aboveground biomass. From a biocontrol perspective, we predict that L.
appendiculatus on its own is unlikely to reduce existing stands of S. platyphylla in the
long term, but rather should be seen as one of a complementary suite of control agents
that attack different life history stages of the weed.
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Chapter 7 Conclusions and future directions
Summary: synthesis of results

Classical biological control has been demonstrated to be a highly successful and costeffective method for the management of exotic invasive weeds. In Australia alone, the
overall benefit:cost ratio for Australia’s investment in biological control up to 2005 was
calculated to be 23:1 in direct economic returns to agriculture and health, not including
ecological benefits (Page and Lacey 2006). Despite such benefits, the practice of
biological control is an inherently risky endeavor. It is economically risky because there
is no guarantee that the funds invested in finding, testing and releasing biocontrol agents
will result in a positive return on investment. Furthermore, it is ecologically risky because
the deliberate release of natural enemies that are themselves exotic species, may cause
direct and indirect ecological impacts (Louda et al. 2003; Pearson and Callaway 2003;
Willis and Memmott 2005). Today, the assessment of the suitability of an invasive weed
species as a target for biological control is a routine first step, and in some countries such
as Australia, it is a mandatory process.
Typically, assessing the suitability of a weed as a target for biological control involves
the completion of a desk-top feasibility study which discusses several aspects of the
weed, including (1) justification for biocontrol (i.e. the economic and ecological damage
that it causes, available means of control, potential spread and impact, and identification
of potential conflicts of interest), (2) feasibility of biocontrol (i.e. the ease of surveying in
the native range for candidate biocontrol agents, and the effort required to import and
conduct host-specificity testing), and (3) the likelihood of success (i.e. the likelihood that
biocontrol agents will establish in the new range and cause sufficient damage to weed
populations to bring about the desired level of control).
The aquatic weed Sagittaria platyphylla meets all three of these criteria with respect to
justification for biocontrol. It causes significant economic and ecological harm, it is
difficult and costly to control and has little commercial or ornamental value (Adair et al.
2012). In Australia, it is a declared Weed of National Significance. Similarly, the
feasibility of biocontrol of S. platyphylla would be considered high due to the ease of
conducting foreign exploration in the weed’s country of origin (south east USA).
However, prior to this study no information was available on the identity or impacts of
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natural enemies on S. platyphylla in its native range. Nor was the genetic structure of
native and invasive populations understood, making predictions on the likelihood of agent
establishment and subsequent biocontrol success, impossible.
The goal of my dissertation research was to answer the fundamental question of
whether S. platyphylla would be a suitable target for classical biological control in
Australia and South Africa. My approach was to use a biogeographical comparison of S.
platyphylla populations between its native and introduced ranges to examine some of the
key ecological and genetic characteristics that are often associated with species
considered “good biocontrol targets” (Burdon and Marshall 1981; Paynter et al. 2012).
Invasive species may differ genetically from their native conspecifics due to founder
effects, inter- or intraspecific hybridization and adaptation to novel environments.
Although such genetic changes may have contributed to the invasiveness of the species,
they may also subsequently affect the success of biological control efforts (Gaskin et al.
2011; Müller-Schärer et al. 2004). In the first component of the biogeographical study
(Chapter 3), I used AFLP markers to survey genetic diversity and population genetic
structure in 26 populations from the USA, 19 from Australia and 7 from South Africa. I
found that populations in South Africa and Australia have maintained substantial
molecular genetic diversity comparable with that in the native range. Results from
principal coordinates analysis, population graph theory and Bayesian-based clustering
analysis all support the notion that introduced range populations in Australia and South
Africa were founded from multiple North American source locations. Nevertheless,
Australian and South African populations could be readily assigned to clusters within the
USA and connections with potential source populations identified, making the selection
of genotype-specific natural enemies possible. These findings bode well for biocontrol
success particularly in South Africa, but may be complicated by evidence of hybridization
in some Australian populations (i.e. those occurring in the Barmah Forest in Victoria).
Classical biological control is predicated on the underlying assumptions of the enemy
releases hypothesis (ERH), that is, that natural enemies are capable of regulating plant
populations. However, while enemy release is a common phenomenon associated with the
introduction of exotic species, it may not be the only mechanism responsible for a
particular species becoming invasive in the new environment. In the second and third
components of the biogeographical study (Chapters 4 and 5), I tested two key
assumptions of the ERH; that plants show increased performance in the introduced
compared to the native range, and that these introduced plants are released from natural
enemy pressure.
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Firstly, I compared performance data (population size, plant density, morphological
traits and sexual reproduction) as well as key environmental factors (water depth and
habitat type) to determine if differences in performance between the native and
introduced ranges were apparent after controlling for influential abiotic factors. Contrary
to a common prediction of the ERH that exotic plants perform better in their introduced
regions, I found no difference in plant density between native and introduced range
populations, however introduced populations dominated the landscape through an
increase in percentage cover and being more expansive. Although morphological
differences existed in some plant traits between native and introduced ranges, these were
not always consistently different between the two invaded ranges. For instance, plants
were about 50% taller in South Africa than in either the USA or Australian regions, but
there was no difference in height between USA or Australian plants. However, a clear
difference was found in reproductive success, where the number of achenes per fruiting
head was 40% greater and achene weight was 50% greater in introduced countries
compared to the USA. These differences were similar for both introduced countries, with
different habitat types, irrespective of water depth and in different sampling years. I
hypothesized that this result was evidence that there are biotic factors, such as natural
enemy pressure, in the USA that cause S. platyphylla plants to produce fewer and smaller
achenes.
The third component of the field surveys revealed that populations of S. platyphylla in
the native range hosted a diverse but modest number of natural enemies ranging from
specialist endophagous flower and fruit feeders, crown, root and tuber feeders and
generalist foliage herbivores and pathogens. In contrast, populations of S. platyphylla in
the introduced range were host to just a few generalist arthropod herbivores and
pathogens. Only two species (Listronotus sordidus and Listronotus frontalis) were
identified as causing significant plant mortality in the native range. These large weevils
specialized on feeding within root crowns and tubers and although not commonly found,
their distribution extended across the surveyed native range. The most common and
abundant of the insect herbivores found on S. platyphylla in the USA was the fruitfeeding weevil, Listronotus appendiculatus. In contrast, plants in the introduced range
were completely free from fruit herbivory, which may account for the increased
performance in sexual reproduction in Australia and South Africa compared to the USA.
To quantify the impact of L. appendiculatus on S. platyphylla reproductive
performance, I conducted an exclusion trial in an experimental study pond in the USA.
Using insecticides to maintain weevil-free plots, I found that L. appendiculatus negatively
232

affected the reproductive performance of S. platyphylla in three ways; consumption of
immature fruit, destruction of receptacle tissue and direct feeding on achene embryos,
resulting in an overall 38% reduction in the number of achenes produced per fruiting
head. These levels of herbivory were considerably lower than the average impact levels
recorded during field surveys conducted over two years (63% reduction in 2011 and 60%
in 2012) and may be related to experimental pond conditions. Based on its potential to
significantly reduce achene production under field conditions in the native range, L.
appendiculatus may make a suitable candidate agent for biological control, particularly if
released from its own suite of parasites and predators associated with it in its native range.

Conclusions

In answer to the overall question posed by this thesis, my studies suggest that S.
platyphylla is a suitable target for biological control in Australia and South Africa. In the
native range S. platyphylla is host to a suite of herbivores and pathogens that impact the
survival and reproductive capacity of plants. Conversely, populations in the invaded
ranges are largely free from attack, which may account for their increased reproductive
performance and invasive tendencies. Apart from the Barmah Forest populations in
Australia which showed a small degree of genetic divergence from the USA, the
remaining Australian and all South African populations were closely matched to
populations in the native range. Hence, there is no reason to expect that biocontrol agents
would find invasive populations unacceptable hosts, especially if genotype-specific agent
colonies were sourced from the native range.
Of the natural enemies identified during three years of extensive surveys, three species
of weevils appear promising as biocontrol agents and have been chosen as the focus of
further research, including host specificity testing. Listronotus sordidus and L. frontalis
are extremely promising candidates due to their ability to cause plant mortality and reduce
tuber production, whereas L. appendiculatus may play a role in slowing weed spread or
reinvasion into previously managed areas through reducing achene production. A
combination of crown, tuber and achene-attacking agents is likely to be more effective
than any one of the agents released on their own.
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Future directions

In the preceding section, I suggested three weevil species that were worthy of
consideration for the biological control of S. platyphylla. This decision was based
primarily on attributes of the species (such as abundance and distribution in the native
range) and the type and degree of damage they inflict upon plants in the field. It was also
driven by the need to address the major obstacles inherent in the management of this
particular aquatic weed. For instance, the prolific production of achenes is problematic to
weed managers because achenes are responsible for long-distance dispersal, as well as its
re-invasion into previously-treated areas. Similarly, tubers are very difficult to control and
enable populations to rapidly recover following herbicide treatment. Hence, L.
appendiculatus, L. sordidus and L. frontalis might make promising agents because of
their ability to reduce the production of achenes, the viability of tubers and the survival of
plants. However, to adequately assess the full potential of these agents, future research
should concentrate on determining the extent to which these agents are able to inflict the
level of damage necessary to satisfy weed management objectives, or whether other
candidate agents should be considered from the pool of natural enemies available.
I recommend that future studies should follow the framework advocated by Raghu et
al. (2006). In this framework, a series of ‘filters’ are applied to narrow-down potential
agents to those that, (1) target vulnerable life stages of the weed (plant demography
filter), (2) elicit a plant response of susceptibility rather than compensation or tolerance
(plant response to herbivory filter), and (3) are able to inflict the desired level of damage
(agent efficacy filter).

Plant demography (Filter 1)

Studies on the population dynamics of S. platyphylla in the native and invaded ranges
should be conducted. Probabilities of growth, survival, retrogression and fecundity of
each life stage should then be used to populate a matrix projection model to estimate the
asymptotic population growth rates (Caswell 2001). Through elasticity analyses, the
relative contribution of each matrix element (survival, growth or reproduction) to the
population growth rate could then be determined, enabling each candidate agent to be
assessed against its potential to affect vital rates (Davis et al. 2006; Evans et al. 2012;
Shea and Kelly 1998; Sheppard 2003; van Klinken and Raghu 2006). Although not
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included in this dissertation research, I have made considerable progress towards
understanding the life cycle of S. platyphylla to enable the structure of a stage-based
projection matrix model to be constructed (Fig. 7.1). In addition, seed bank and
population dynamics have been studied at one site in Victoria, but our understanding of
the demography of S. platyphylla would benefit from further studies in different habitats
and across both native and invaded ranges. As one of the management targets of S.
platyphylla is to reduce weed spread, a further step would be to combine the matrix model
of local demography with a mechanistic model of seed dispersal. A coupled demographicdispersal model would also enable the relative importance of different management
approaches (not just biocontrol) to achieving the specific management aims, such as
reducing local population density and/or reducing spatial spread (Shea et al. 2010).
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Fig. 7.1 Life cycle graph and structure of the stage-based population projection matrix for
Sagittaria platyphylla populations in southeastern Australia. In the graph, circles
represent plant stages, arrows represent transitions between stages, and letters correspond
to matrix entries. Transition labels in the projection matrix indicate the probability of
individuals at one stage moving or contributing to the next. Entries along the diagonal
indicate survival (P) without change in stage, and are underlined. Entries below the
diagonal represent growth (G, transition to higher stages), and entries above the diagnonal
represent clonal reproduction (C, number of clonal offspring per stage) and fecundity (F,
production of achenes and seedlings). A zero denotes transitions that have not been
observed in the field
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Plant response to herbivory (Filter 2)

Once the vulnerable life stage transitions have been identified in Filter 1, the next step
would be to determine how S. platyphylla responds to the types of damage inflicted by
natural enemy attack. For instance, through the insect exclusion experiment (Chapter 6), I
found that S. platyphylla plants were highly susceptible to the damage caused by the fruitfeeding weevil L. appendiculatus, but compensated for herbivory through predator
avoidance strategies. Further studies, either through field, laboratory or simulated
herbivory, should be conducted for other modes of damage, particularly damage to the
crowns and tubers caused by L. sordidus and L. frontalis.

Agent efficacy (Filter 3)

Studies quantifying the impact of candidate agents could be conducted as part of the
studies assessing the response of S. platyphylla to herbivory (Filter 2). These results could
also be incorporated into coupled plant-herbivore models which incorporate other
parameters such as plant response to herbivory and density-dependence of herbivores
(Buckley et al. 2005).
Other factors also are important in determining the potential efficacy of an agent, such
as host genotypes (Goolsby et al. 2006; Manrique et al. 2008) and climate suitability
(Robertson et al. 2008). Now that we know Australian and South African populations
were founded from multiple genetic sources in the native range, it is important to know if
agent performance is likely to differ across plant genotypes (Manrique et al. 2008). If so,
then it is also important to know if agents sourced from matching host genotypes occur in
regions with comparable climates to regions being targeted in the introduced range. Either
way, success or failure of agents is often determined by climatic factors (Dhileepan et al.
2006) and therefore should be investigated for both agent prioritization and for
determining collection locations for founder agent colonies.
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