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ABSTRACT
One commonly cited mechanism for the success of invasive species is their superior

competitive ability relative to that of native species. -Although xx% (x of 25) of the empirical

studies research-generaly-supports the prediction that the strength of competition for native

species increases with latitude, no studies to date have compared the competitive ability of native

and co-occurring invasive species_across a broad latitudinal range. -In a greenhouse, |

investigated whether the competitive ability of North American native and European invasive

hapletypes-haplotypes of Phragmites australis vary in-paraHel-with latitude. Another

widespread, non-indigenous haplotype, the Gulf Coast haplotype, was also included for

assessment of competitive ability only. The-experiment-involved-8-populations-of the-invasive

4.5%)-and-2 populations-of the Gulf Coast-haplotype—Competitive ability of each haplotype was

evaluated against a standardized plant species, Spartina alterniflora, which is a common co-

inhabitant of coastal marshes.

—The competitive ability (measured in

terms of the proportional reduction in biomass of plants grown in the presence and absence of a

potential competitor) of native haplotypes decreased with increasing latitude, whereas the

competitive ability of invasive haplotypes showed no relationship with latitude. -This study

providesd the first evidence that native and invasive species (or haplotypes) exhibit non-parallel

abihby). -Overall, tThe invasive haplotype was competitively superior to the native haplotype -

biomass production of S. alterniflora was 19% lower when grown with the former than the latter

vi
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haplotype. Moreover, in the presence of an interspecific competitor, the invasive haplotype

produced 45% more aboveground biomass and 50% more belowground biomass than the native

haplotype. -Results also indicated that the intredueed-Gulf Coast haplotype was not significantly

different from either the native or invasive haplotypes in terms of competitive ability. -Because

the invasive haplotype appeared to have the greatest competitive advantage over the natives at
northern latitudes, it may be more successful in this region of its invaded range. -The results from

this research indicate that novel and important findings are possible when the mechanisms

concerning invasion success, such as biotic resistance and competition, are examined from a

biogeographical perspective.
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INTRODUCTION

Invasive species, -{-eintroduced species that generate self-propagating populations

capable of widespread dispersal (Richardson et al. 2000)}, are well known for the negative

impacts they have on community composition and function (Vitousek et al. 1996; Wilcove et al.
1998; Mack et al. 2000; Simberloff et al. 2013; Bezemer et al. 2014). -As-a-group-eferganisms;
Invasive species comprise a majority of the most widespread plant species in North America
(Stohlgren et al. 2011), and are an important part of human mediated global change (Vitousek et
al. 1997). -An important line of inquiry is why do some exotic species become "invasive"
whereas-but others fail to establish or establish but do not spread or negatively affect resident
species (i.e. naturalized species)?-

One commonly cited mechanism for the success or failure of an invasive species is the
competitive ability of the invasive species relative to that of co-occurring native species (Bakker
and Wilson 2001; Vila and Weiner 2004). -In a review of 36 experimental studies, Vila and
Weiner (2004) found that in 26 of the studies, native plant species were more negatively affected
by competition with invasive species than by competition with themselves. -Additionally, Blank
(2010) and French (2012) showed that invasive plant species cause a greater reduction in native
plant species shoot growth, root growth, plant tissue nutrient levels, and soil nutrient availability
than vice versa. -It has been argued that greater competitive ability in invasive versus native
species is the result of the size differential between the two species; i.e., invasive species tend to
be larger and outcompete smaller native species (Dostal 2011). -Although the majority of
evidence supports the view that invasive species are better competitors than native species (e.g.,

Vila and Weiner 2004), a number of studies have shown that native species are the better

competitors (Corbin and D'Antonio 2004). In these cases, native species may act as bulwarks



against the establishment and spread of invasive species (i.e. biotic resistance hypothesis; (Elton
1958; Levine et al. 2004)).
One possible explanation for the inconsistent findings is that strength of competitive

ability between native and invasive species may vary in different ways over broad geographic or

continent-wide spatial scales (i.e., they may exhibit non-parallel gradients in competitive ability).

regions-is-observed—Furthermore;-tongstanding cempeting-theories predict that competition

intensity in resident native species can either decrease or increase with latitude, as a function of
both community composition and resource availability (Dobzshanky 1950; Pianka 1966; Huston
1979; Schemske et al. 2009). For example, if a shared resource between two native species
decreases with increasing latitude, then competitive intensity and ability is expected to increase

with latitude. Native species should adapt in response to the availability of these resources.

Based on a literature search using Web-of-Knowledge (19xx — 2013; key words: XXXxX),

25 studies have examined whether competitive ability varies with latitude (Table 1). Of those

studies, the vast majority (88%:; 22 of 25) provided evidence that competitive ability of native

species varied with latitude. X% and Y% of the studies showed that competitive ability increased




or decreased with latitude, respectively. For plants only, X of Y studies supported the prevailing

prediction that competitive ability is greater at lower latitudes. tn-their-study-of-mesic-foresttree

1)-To date, no studies have examined latitudinal gradients for invasive kpecies], Commented [JTC2]: Is that correct? You may want to
provide an interesting plant example that supports this
prediction.




Table 2. Studies that examined the relationship between latitude and Literature-review-tables-of al-species-in-which-latitudinal-clines
-competitive ability-have-been-examined.




Our expectation is that Hewever-invasive species may have spread rapidly in their new

region and may not have had sufficient time to evolve a latitudinal clines in competitive ability

that parallels potential native competitors. -As-such-the-relative-competitive-abilities-efnative

exhibitreversals-in-rankings-at-other-latitudes-is presented in Fig. 1. Non-parallel gradients in

competitive ability between native and invasive species may create a situation where, in some

areas, the native species outcompete invasive species, which would support the notion of biotic

resistance (REFERENCES; Fig. 1, hatched area), whereas in other areas, the invasive species is

the better competitor (REFERNCES; Fig. 1, grey area). -H-competitive-ability-of native species

varies-with-latitudeln the case of non-parallel gradients, then-the difference in competitive ability

between native and invasive species may depend on three factors: 1) the latitude from which the
invasive species originates; 2) the speed and direction at which the invasion proceeds; and 3) the
time since arrival or rate at which the invasive species evolves in response to the

latitudinal gradient. -Although differences in competitive ability between native and invasive

plants and the effect of latitude on competitive ability are important, such a combined direct

biogeographic approach has not been explored (Schemske et al. 2009).
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Figure 1. Theeretical-Hypothetical differences in competitive ability ever-with respect to latitude
between native (solid line) and invasive species (dashed line)-{from-Bezemeret-al—2014).

dashed-line-indicates-the-competitive-ability-of native-species—Shaded areas indicates regions

where the native species has higher and lower competitive ability, respectively, than the invasive




The objective of this study was to determine whether the relative competitive abilities of

co-occurring native and invasive plants vary with latitude and in parallel with each other. -For
this study, | chose common reed, Phragmites australis (Poaceae), which is unique in that both
native and Eurasian invasive haplotypes (based on chloroplast DNA analysis) coexist together in
North America over a broad latitudinal range (Saltonstall 2002). -One clear advantage of using

conspecific plants is that there is an inherent phylogenetic control when making comparisons

between natives and invasives (i.e., provenance_or source of plant material), and among latitudes.

Specifically, | test the predictions that: 1) the invasive haplotype of P.australis is larger and has
greater competitive ability than native haplotypes when tested against a standardized native

wetland species; 2) the competitive ability of the native haplotype increases with increasing

latitude; and 3) the invasive haplotype dees-ret-exhibits a-no latitudinal gradient in competitive
ability.

MATERIALS AND METHODS
Study Species

Phragmites australis-the-common-reed-(Peaceae); has a cosmopolitan distribution with a

northern distribution limit of Norway and southern distribution limit of extreme South America,

Commented [JTC3]: ok. s the predicted (based on
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and is commonly found in estuaries, the borders of inland water bodies, and coastal wetlands

(Haslam 1972). -P. australis typically forms dense monospecific patches 2-5m in height (Hara et

al. 1993). -Growth of P. australis varies in response to latitude with the production of taller stems
and thicker rhizomes at lower latitudes and higher shoot length growth rate and earlier flowering

times at higher latitudes. These growth patterns suggest:-suggesting possible size--based

variations in competitive ability with latitude (Clevering et al. 2001). -As invasive P. australis
has increased its coverage, other species such as the endangered endemic Eriocaulon carsonii
and common forbs such as Atriplex patula var. hastata and Solidago sempervirens have declined
or disappeared (Minchinton et al. 2006; Davies et al. 2010).

Once common throughout the United States and southern Canadian Provinces, endemic
native populations of P. australis have become relatively rare, possibly because they have been
competitively displaced by European invasive haplotypes (Saltonstall 2002). -The invasive
haplotype of P. australis (M) has attained a broad distribution over much of North America,
extending beyond the range previously occupied by native populations. -Based on an analysis of
modern day samples and herbarium specimens dating as far back as the mid-1800s, the invasive
haplotype of P. australis has experienced a rapid increase in distribution since 1910 from its
likely introduction point along the Atlantic coast. -PepulationSpecimens of the invasive

haplotype in North America prior to 1910 was-enlyconstituted 6% of the herbarium records, but

by 1960 had increased to 62% (Saltonstall 2002). Through the use of both morphological and
genetic characteristics, native and invasive populations of P. australis can be distinguished
(Saltonstall 2002; Meadows and Saltonstall 2007). In comparison to the invasive haplotype, the
native haplotypes senesce earlier, have a different culm color (maroon or bright yellow), may

possess black culm spots, and drop their leaf sheaths and leaves after senescence (Meadows and



Saltonstall 2007). -By utilizing two specific noncoding chloroplast regions and 10 microsatellite
loci, three distinct P. australis haplotype groups have been found in North America: Native
(haplotypes A-H, S, Z, AA-AC), Invasive (haplotype M and its M1 variant "Delta”, L1), and
Gulf Coast (haplotype 1) I(Saltonstall 2003; Hauber et al. 2011; Lambertini et al. 2012, Meyerson
and Cronin 2013)|

Although both the native and invasive haplotypes of P. australis are genetically the same
species, the invasive haplotype is generally able to tolerate a broader range of abiotic conditions
(tolerance to high salinity), and possesses traits that are thought to confer greater competitive
ability than the native haplotypes (Bart and Hartman 2000; Burdick and Konisky 2003; Vasquez
et al. 2005; Ba et al. 2006; Kettenring and Mock 2012). -For example, under a broad range of
abiotic conditions (e.g., nutrient availability and salinity), the invasive haplotype has a higher
relative growth rate, more shoot tissue per gram of rhizome tissue, taller stems with a greater
number of nodes, 50% larger leaves, and a higher number of shoots produced than native

haplotypes (League et al. 2006; Saltonstall and Stevenson 2007; Vasquez et al. 2005).

Experimental Approach

To aeeuratelyr-assess differences in competitive ability between native and invasive

haplotypes of P. australis, | used the methodology outlined by Vila and Weiner (2004)-was-used.

Here, the strength of competition of native and invasive haplotypes against a common target
species, Spartina alterniflora (Poaceae), was assayed in a greenhouse environment. Because

there was no flowering in the experimental pots due to the short duration of the experiment,

aboveground and belowground biomass were used as the best measures of plant fitness. -Fhe

strength of

[ Commented [JTCA4]: there are other haplotypes as well. ]




belowgreund-biomass-production-of-the-otherspecies—Based on these biomass measures, |

computed-tr-additien-to-measurements-of-biomass; the relative competition intensity index

dRCID, which measutres-is the proportional decrease in the-targetplant's-biomass production of S.

alterniflora in response to the presence of one or the other haplotype of P. australis due-to

on-the-aboveground-biomass-of S—alterniflora-(Belcher et al. 1995). Separate measures were

obtained for aboveground and belowground biomass. SimHarhytThe competitive effect of the

targetplantS. alterniflora on P. australis was also inferred using the RCI. In this case, the RCI

Commented [JTC5]: Anthony, I've asked this before,
but is the RCI based on above or belowground biomass. It
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index is hereby referred to as "Tolerance," which represents a measure of the ability of the P.
australis haplotype to tolerate resource competition with S. alterniflora.

I conducted this experiment in a greenhouse setting in order to minimize variation in
abiotic conditions (e.g. edaphic condition, water availability, nutrient availability) and biotic
conditions (e.g. herbivory, presence of other plant species). -By controlling for these sources of
variation, any differences in the growth of S. alterniflora in the presence/absence of native or

invasive haplotypes of P. australis can be attributed to the effects of competition-and-vice-versa.

Source of P. australis
Starting in the summer of 2009, a common garden was established at the South Campus

of Louisiana State University that contained P. australis from a variety of locations and

haplotypes. -Haplotype for each source population was determined using the methods in
Saltonstall (2002). -Collected rhizome fragments were planted in 19 L pots containing Metromix

510 (Sun Gro Horticulture; Vancouver, Canada) in order to standardize soil conditions. -The pots

10
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were then placed in shallow plastic pools (1.2 m in diameter, .25 m high) that were maintained
with standing water. Over the ensuing 4 years, pots were split and replanted on occasion to

minimize maternal effects and further increase the number of plants in the garden.

Spartina alterniflora as a phytometer

To bioassay competitive ability, we used S. alterniflora, a common wetland grass species
known to occur in sympatry with both native and invasive haplotypes of P. australis.- In this
experiment, | used standardized 5 cm dormant plant plugs that were obtained from a commercial
nursery (American Native Plants; Perry Hall, Maryland, USA), which sourced seed material
from the northeastern coast of Virginia. -All plant plugs were acclimatized in an incubator for a

period of 7 days before being moved to the greenhouse for initiation of this experiment. -As-this

aeross-theirranges—| specifically selected a-the source of S. alterniflora to originate from the

middle range of P. australis-in-erderto-providefor-a-mere-controlled-test. | note here that the

relative strength of competition of P. australis in response to this species may change with if the

source population of S. alterniflora changes.

Experimental Set-up

For the greenhouse experiment, | used rhizome material from 14 P. australis populations
that were growing in the common garden (Table 2). -In December 2012, 9-11 g rhizome
fragments from each population were grown in 55 cm X 45 cm X 18 cm polyethylene bus tubs
filled with Metromix 510. -Two months later (March, 2013), individual P. australis plantlets of

native and invasive populations were re-potted in 1.9 L pots (with Metromix 510), either alone

11
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(no competitor = NC) or with S. alterniflora (SA). -Fhe-design-was-fully-erossed-sueh-that-each

P. australis haplotype (Native, Invasive, Gulf Coast, and None) was fully crossed with Spartina

incidence (presence/absence). The exception was -Nete-although-the P. australis-None and

Spartina-absence combination, which was omitted. All treatment combinations were replicated

12 times per population.

12



Table 2. Source populations of P. australis used in the greenhouse experiment. Haplotype, nearest city to source population, latitude,

and longitude are reported.

Commented [JTC7]: Which Native did you discard as
contaminated? You should just delete that one from the
paper entirely.

Designation Haplotype Group Location Latitude Longitude
APN Native (F) Appoquinimink, DE 39.44 -75.65
APM Invasive (M) Appoquinimink, DE 39.45 -75.64

PCI Gulf Coast (1) Pointe-Aux-Chenes, LA 29.45 -90.46
RCN Native (F or AB) Wells, ME 43.36 -70.48
PLM Invasive (M) Pass-A-Loutre, LA 29.13 -89.23

BSCM Invasive (M) Bath, ME 4451 -70.35
SCM Invasive (M) Georgetown, SC 33.35 -79.26
NBM Invasive (M) New Brunswick, ME 46.10 -64.80
NBS Native (S) New Brunswick, ME 46.10 -64.80
NYM Invasive (M) Montezuma, NY 43.00 -76.70
FPM Invasive (M) Falmouth, MA 41.55 -70.60

FPN Native (F) Falmouth, MA 41.55 -70.60

RBI Gulf Coast (1) Cameron Parish, LA 30.18 -93.26
RRM Invasive (M) Cameron Parish, LA 29.68 -92.81
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In order to ensure that nutrients were limiting, plants were grown in a nutrient-poor

environment. -Metro-mix 510 contains a limited amount of nutrients that should become depleted
during the course of this experiment (L.A. Meyerson personal-communicationunpubl. (data) and
no additional nutrients were added to the soil medium-during the study. -Because P. australis and
S. alterniflora are semi-aquatic, pots were maintained in a wet environment by placing them into
1.5 L plastic containers filled with water. The position of the 348 pots within the greenhouse was
determined using a random-number generator in order to minimize greenhouse effects. -As
needed, pots were sprayed with 51% Malathion to control for herbivorous insects (Ortho Max;
The Scotts Company; Marysville, OH). -Pots were randomly redistributed midway through the
experiment to further minimize greenhouse effects. -The experiment ran from March to July
2013, a duration of time sufficient for the plants to achieve maximum heights for the season (no

significant difference in height between measurement_periods).

Data Collection

Initial measurements for stem height and number of stems for P. australis were taken
during the first week after the start date of the experiment. -Four weeks after the start of the
experiment, potted P. australis and S. alterniflora were surveyed and the number of non-
sprouting individuals was recorded. -1 measured stem height (to the nearest mm), number of
stems, number of emerging stems, and number of dead stems for each plant species per pot. The
same measurements were taken at bi-weekly intervals until the experiment was terminated. -At

the end of the experimental period, S. alterniflora and P. australis were harvested to obtain

14
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measurements of both aboveground and belowground biomass. -For aboveground biomass, green
sprouted stems were identified as belonging to either P.australis or S. alterniflora and clipped at
soil level, after which they were placed in separate paper bags. -For belowground biomass, S.

alterniflora and P. australis root materials were hand separated, washed with tap water, and then

placed into paper bags. Tissues were dried, either in an oven at 60 C or air dried on a greenhouse

belowgreund-material. -All-sSamples continued drying until were-reweighed-untib-reno change

in weight was detected_in consecutive weighing periods.

-The equation for the relative competition intensity index (RCI) for the effect of
competition from either the native or invasive haplotype of P. australis on S. alterniflora was
RCI = (Xnp-Xp)/Xnp Where X is the biomass of S. alterniflora in the absence of P. australis (NP)
and the presence of P. australis (P). -RCI does not have a minimum value, but it does have a

maximum value of 1 indicating the highest amount of competition (i.e., the competitor has zero

biomass in the presence of ). It-and is a widely used metric for gauging competitive

interactions between species (Goldberg et al. 1999). -The RCI for the effect of S. alterniflora on

P. australis (i.e., tolerance of competition with S. alterniflora) was also [calculated| anel

interpreted-interms-of the telerance-of P—australis-te-S—alterniflerausing the same equation.

15
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Statistical Analyses

The experiment was designed such that the effects of P. australis haplotype (fixed

factornative or invasive) and latitude (covariate) on plant perfermanee-biomass (above- or

below-ground) or RCI would be assessed with a nested ANCOVA. -In this case, source

population was nested within haplotype. -The reason for this nesting is that the 12 replicate pots
per treatment combination (P. australis haplotype - Spartina incidence treatments) cannot be
considered independent replicates because they derive from the same field collection of rhizome
material (and are likely genetically identical). Consequently, the true unit of replication is the
population. The nested ANCOVA properly deals with this nonindependence among replicates
within a population. -However, owing to the strongly unbalanced design, (Native haplotypes N =
3, GulfCoeast-haplotypesN-=2-Invasive haplotypes N = 8) and relatively low number of native
populations, it was not possible to conduct this analysis. -Therefore, to avoid the possibility of
pseudoreplication, I computed the mean response among the 12 replicates per source population
and performed a simpler one-way ANCOVA with haplotype, latitude of origin, and the
haplotype-by-latitude interaction term as the independent variables. -F-statistics were computed
using Type 111 sums of squares which are appropriate for unbalanced designs (Johnson and

Bhattacharyya 2009). -Finally, I determined the relationship between dependent variables

(aboveground biomass, belowground biomass, RCI) was-regressed-againstlatitude-and-the-total

Pearson’s product-moment correlations.

16
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| used Akaike's Information Criterion, AIC (Akaike 1973) to select the best model to

explain the variation in P. australis aboveground and belowground biomass, RCI and tolerance,

based on all possible combinations of the independent variables. Ferbeoth-the S—alterniflora

small sample size was used (Burnham and Anderson 2002). The best model was selected based

on corrected -Akaike weights-as-weH-as-evidenceratios-were-calctlated-inorder to-assist with

The Gulf Coast haplotype was withheld from the previous fatitudinal-analyses because

the populations originated from a very small latitudinal range in southern Louisiana. -In order to
compare competitive ability among the examine-differences-in-competitive-abiity-and-biomass
preduction-between-all-three haplotypes (native, invasive, Gulf Coast), | did the following. |

performed separate regression analyses for the effects of latitude on biomass (above- and below-

ground), RCI or tolerance. The residuals from these regressions, which have factored out the

effects of latitude on the dependent variables, were then used in separate one-way sets-of

17
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ANOVA models with haplotype as the independent effect. -based-on-the-residualsfrom-a

All values for both aboveground and belowground biomass were transformed using the

natural log to attain a normal distribution. All analyses were conducted using the General Linear

Models procedure in Systat 12 (Systat Software, San Jose, CA).
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RESULTS
Effects of Invasive and Native P. australis on S. alterniflora
P. australis had a significant negative effect on both the aboveground and belowground
biomass of S. alterniflora (Table 3). -Of the possible candidate models for predicting S.

alterniflora aboveground biomass_(supplemental Table [1), the best model (model 6) incorporated

haplotype, latitude, and the interaction between haplotype and latitude-(Fable-2}. -This best
model was 1.289 and 1.931 times more likely than the next most plausible models (models 2 and

4, respectively).

hapletype%ln the best model, for-S—alterniflora-aboveground-biomass-haplotype, latitude, and

haplotype-by-Ilatitude a

statistically significant and explaining-explained 26%, 38%, and 34% of the variation in S.

alterniflora aboveground biomass, respectively (Table 3). FOverall, the three best models

supported the inclusion of P. australis haplotype suggesting that S. alterniflora biomass depends

primarily on P. australis haplotype with which it is grown. [ There was a 92% reduction in S.
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alterniflora aboveground biomass production when it was grown with the invasive haplotype as
opposed to the native haplotypes (Fig. 2). -Whether it is-was grown with the native or invasive
haplotype of P. australis, the aboveground biomass of S. alterniflora increased with increasing
latitude of origin. Interestingly, the effects of latitude on aboveground biomass were more
pronounced for the native than the invasive haplotype, such that the latitudinal cline in

aboveground biomass was steeper for the native haplotype; hence the significant haplotype-by-

latitude interaction (Fig. 2).

For S. alterniflora belowground biomass, the top model (model 5) included only

haplotype and latitude (Table 2).

{Fable-3)—The top model was 1.03 and 3.67 times more likely than the next two most plausible

models (models 4 and 2), which incorporated the haplotype by latitude interaction term and

haplotype, respectively. As before, haplotype was supported across all plausible models. In

comparison, latitude was a component of the top two models but was not a statistically

significant factor in the best-fit model (Table 3). Haplotype of P. australis was explained more

than twice the variation in S. alterniflora belowground biomass than latitude (69% vs. 28%)

(Table 3).

haplotype of Paustralis—\WCensequently-when S. alterniflora iswas planted with the invasive

haplotype it produces 52% less biomass than when planted with the native haplotype (Fig. 3).
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Table 3. Results from the AICc model selection for S. alterniflora aboveground biomass, belowground biomass, RCI, P. australis [Formatted: Font: Italic

aboveground biomass, belowground biomass, and tolerance. -Explanation-of celumn-headings:-K is the number of parameters, { Formatted: Font: ltalic

AICc is the corrected Akaike's Information Criterion, AiAICc is the difference between the lowest AICcscore and the AICc score
of each model (model i), Akaike's weight (wi) is the weight in favor of model i, the evidence ratio is the number of times more
likely the top-selected model is relative to model i. Top models are highlighted in bold.

« . ) . Evidence Adj. Model
Model no.* K Variables AlCc AiAICc wi Ratio R2 Rank
S. alterniflora Aboveground Biomass
Haplotype, Latitude,
6 4 Haplotype*Latitude 2.216 0.000 0.420 1.000 0.97 1
2 2 Haplotype 2.724 0.508 0.326 1.289 0.90 2
4 2 Haplotype*Latitude 3.532 1.316 0.218 1.931 0.88 3
S. alterniflora Belowground Biomass
5 3 Haplotype, Latitude -0.114 0.000 0.410 1.000 0.86 1
4 2 Haplotype*Latitude -0.063 0.051 0.400 1.026 0.76 2
2 2 Haplotype 2.488 2.602 0.112 3.673 0.68 3
RCI
Haplotype, Latitude,
6 4 Haplotype*Latitude -16.994 0.000 0.923 1.000 0.98 1
4 2 Haplotype*Latitude -10.745 6.249 0.041 22.749 2
2 2 Haplotype -10.392 6.602 0.034 27.140 3
P. australis Aboveground Biomass
5 3 Haplotype, Latitude -10.390 0.000 0.575 1.000 0.95 1
8 4 Haplotype, Latitude, | ¢ ;54 1.239 0.310 1.858 | 0.95 2
Spartina
Haplotype, Latitude,
10 4 Haplotype*Latitude -8.566 1.824 0.231 2.489 0.95 3
P. australis Belowground Biomass
6 3 Haplotype, Spartina -13.260 0.000 0.419 1.000 0.95 1
2 2 Haplotype -12.873 0.387 0.345 1.213 0.95 2

22



(Table 3 continued)

Haplotype, Latitude,

8 4 . -10.007 3.253 0.082 5.086
Spartina
Tolerance
5 3 Haplotype, Latitude -27.854 0.000 0.775 1.000 0.95
Haplotype, Latitude,
6 4 Haplotype*Latitude -24.810 3.044 0.169 4.581
2 2 Haplotype -22.584 5.270 0.056 13.943

* See Supplemental Table 1 for a description of the suite of models used in these analyses.
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Table 4. Top-ranked GLM models for both mean S. alterniflora aboveground and belowground biomass (Models X & X, Formatted: Highlight

variation explained and based on the mean squares error for each source divided by the total mean squares. | Commented [JTC14]: effect size is not a measure of %

of variation explained. Effect size is the proportional

respectively). P-values that are significant following a Bonferroni correction are highlighted in bold. % -Effect size is the percentage {Formaned; Font: Italic

Source | DF Means Squares | E ‘ P-value | f’/iEﬁeet%i;eeVar Explained | diffeljencelbetween one treatment r.elative to another
A (eg., invasive vs. native). Just call this the percent
S. alterniflora Aboveground varation explained.
Biomass Formatted: Highlight
Haplotype 1 0.168 11.017 0.013 26.08
Latitude 1 0.243 15.975 0.005 37.73
Haplotype*Latitude 1 0.218 14.288 0.007 33.85
Error 7 0.015 - - 2.33
S. alterniflora Belowground
Biomass
Haplotype 1 0.437 20.819 0.002 69.04
Latitude 1 0.175 8.317 0.020 27.65
Error 8 0.021 - - 3.32
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Figure 2. Linear+Relationship between latitude and aboveground biomass production by S. alterniflora (In-transformed) when grown

Latitude

with either the invasive or native haplotype of P.australis. -Values are based on the least squares means_and -lines are fit by least-

squares [regression),

25

Commented [JTC15]: in the figure legend, you need to
show both the symbol for each haplotype and the line

type.




5]

wn

S

g

S

m B
- 1

S A T
=) 1
S T

|

[ L

2
S 0

[3)

m

=

-1
Invasive Native

Haplotype
Figure 3. -Least-squares-means-of-bBelowground biomass of S. alterniflora (In-transformed
least-squares means) when
grown with either the invasive or native haplotype of P. australis. Different letters indicate a
significant difference. Error bars represent 95% CI.

Of paramount importance in influencing t+he RCI of P. australis (i.e., the negative

effects of P. australis on S. alterniflora) -was st
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in-hew-H-was-affectedprimarihy-by-haplotype and-to-atesserdegreefollowed by latitude. 4

regards-te-the RCl-mModel 6 was the-deemed the only tep-viable model based on AIC; weights [Formaned: Subscript

and included haplotype, latitude, and the haplotype-latitude interaction-term. The RCI of the
invasive haplotype was 19% greater than the RCI from-of native haplotypes. -Notably, there was
no evidence that the RCI changed with latitude in the invasive haplotype, however, there was a
sharply declining trend in the RCI of the native haplotypes with increasing latitude (Fig. 4).

Consequently, the haplotype by latitude interaction term explained the greatest amount of

variation (36%) in RCI_(Table X). [Formatted: Highlight
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Figure 4. The hnearrelationship between relative competitive intensity (RCI) of native and
invasive P. australis and latitude. -Values are based on the least squares means_and lines are fit

by least-squares [regression. Commented [JTC16]: as before, identify the two
different line types.

P. australis biomass production in the presence of

Aboveground biomass production of P. australis, in the presence of Fhe-differencesin
the-competitive-impact-of P--australis-on-S. alterniflora, was corresponded-to-the differences-in
BlemessbebueenthetuehosletmesorPaustalis TThetan inTluenced by rredetmede Byar
Paustralis-abovegreund-biomass-ineluded-enby-haplotype and latitude (model 5; Table 5). ~The

next two most plausible models (models 8 and 10) each included either Spartina-S. alterniflora [Formatted: Font: ltalic

[ Formatted: Font: Italic

or the interaction term between haplotype and latitude. -However, each of these effects when
included in the model were non-significant. Therefore, the top three models together provided
strong support for the effect of haplotype as a primary effectand-latitude-asa-covariate-effecton
the-preduction-offactor affecting P. australis aboveground biomass. -S—alterniflora-did-not
significanthy-affectthe production-of Paustralis-biemass—The invasive haplotype achieved
45% greater aboveground biomass than the native haplotype (Fig 5). Aboveground P. australis
biomass decreased with increasing |-+r-addition-to-haplotype-tatitude was-the-enly-othervariable
to-affect the-aboveground-biomass-of-P—australis-andbut this variable explained only 14% of the

variation in biomass production (Table 5

Similarly, hFhe-haplotype of P. australis was also the most important factor affecting the « [Formaned: Indent: First line: 0.5"

production of P. australis belowground biomass. -The top model (model 6) ferbelowground

biemass-included haplotype and SpartinaS. alterniflora, and was 1.213 times more likely than [Formaned: Font: Italic

the only other plausible model (model 2) that only included haplotype. -Attheughs;In the top
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hapletype—AA -50% difference in belowground biomass was present between the larger and

more competitively superior invasive haplotype and the smaller native haplotypes (Fig. 6).
FurthermereFinally, RCI was highly correlated with the total amount of P. australis biomass|(R>
=0.797, P-value = < .001)-as-opposed-to-latitude (R*=0-165P=0.215).
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Table 5. Top-ranked GLM models for mean P. australis aboveground (Model 5) and belowground biomass (Model 6). Models
include the effects of haplotype and latitude on aboveground biomass; and haplotype and the presence of S. alterniflora for
belowground biomass. P-values that are significant following a Bonferroni correction are highlighted in bold. Effect size is the
percent variation explained and based on the mean squares error for each source divided by the total mean squares.

[ Formatted: Font: Italic

30

Formatted: Left

Source DF Mean F P-value Effect Size I [ Commented [JTC18]: % Variance Explained
Squares [Formatted: Font: Iltalic
Aboveground - ( Formatted: Highlight
Biomass [ -
Formatted: Left
__Haplotype 1 2.366 89.603 <0.001 85.32 1 [Formaﬁed_ Lot
__Latitude 1 0.381 14.423 0.001 13.74 1
__Error 19 0.026 - - 0.94 | [Formated: Let
[Formatted: Left
Belowground « ( Formatted: Left
Biomass
__Haplotype 1 4.589 198.008 <0.001 97.93 1 [Formatted: Left
_Spartinas. 1 0.074 3.181 0.090 1.58 1 [ Formatted: Font: Italic
alterniflora [Formatted: Left
__ Error 19 0.023 - - 0.49 1 {
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Figure 5. Linear relationship between latitude and aboveground biomass production by P. australis when grown in the presence of S.

alterniflora. Values are based on the least squares means. |
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Overall, P. australis was little affected by the presence of Fhe-effect of S-alterniflora-on

belewground-biemass)—S. alterniflora, Although there was no significant effect of S.

alterniflora on the overall growth of P. australis, the effect of S. alterniflora was 58% higher in
the native haplotype of P. australis than the invasive haplotype and in both haplotypes decreased
with latitude (Figure 7). Regardless of haplotype, the effect of S. alterniflora on overall P.

australis biomass production increased with latitude (Figure 7). \

The Competitive Effect of the Gulf-Coast Haplotype

In a comparison among the three main P. australis haplotypes, native, invasive and Gulf

Coast, theFhe Gulf Coast haplotype of P—austratis-was intermediate in its effects on S.

[ Formatted: Font: Italic

[ Formatted: Font: Italic
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alterniflora above- and below-ground biomass| (Figure 9) and had intermediate competitive

ability (RCI:; Figure 8).|In none of the cases was the Gulf Coast haplotype significantly different |

from the native or invasive haplotype. netsignificantly-different-from-the-native-or-invasive
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significant difference. Error bars represent 95% ClI.

37

Commented [JTC24]: what kind of pairwise
comparisons test was performed? Tukey? State this in the
figure legend. Same as for the previous graph.




DISCUSSION
his is the first study to demonstrate that the relative competitive ability of native and
invasive taxa varies with latitude, which
. -Although the competitive ability of both native and Iinvasive haplotypesl
with latitude, as illustrated by Fig. 1, were . Unlike the
other species (Table 1) and the native haplotype of P. australis, the competitive ability of

invasive haplotype not exhibit a latitudinal cline in competitive ability. Fherefore;as

highlighted-in-Fig—1;A-a

hypothesis size the
determining factor behind superior competitive ability (Dostal 2011). Overall, this
study

Due to the large geographic ranges over which invasive species can be found,
variation in factors such as biotic resistance can impact the probability of invasion success over
broad latitudinal scales (Sax 2001). Furthermore, the observation that invasive species are more
prevalent at ftemperate rather tropical latitudes (Sax 2001) fits with the observation that the
latitudinal range of non-native plants in their introduced range extends polewards instead of
towards the Equator (Guo et al. 2012). |Although native species evolve over time in response to
latitudinal differences in biotic and abiotic factors, invasive species are unable to evolve to the

same type of influences by virtue of being introduced and relatively novel to a range.\ As
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opposed to the native haplotype, the invasive haplotype of P. australis has only been detected in
North America since the early 19th century (Saltonstall 2002). Therefore, the native populations
of P. australis have had a significantly longer amount of time to evolve in response to the abiotic

and biotic conditions in North America than the invasive haplotype. Upon arrival, invasive

species may be better competitors than resident natives, however, at certain points along a
latitudinal gradient there may exist areas of higher biotic resistance (lower latitudes) and areas of

lower biotic resistance (higher latitudes) based on the cumulative competitive ability of all native

species in a given location. | Similar to the findings in Fine (2002) and Freestone et al. (2013) that

demonstrate higher biotic resistance at lower latitudes, the findings in this experiment support the
possibility of higher biotic resistance at lower latitudes as a result of stronger competition from

native species at such latitudes. Based on our model predictions (Fig x), we might expect that

native populations
of P. australis from latitudes lower than those used in this experiment sheutd-eithermight display

egual-er-greater competitive ability against S. alterniflora than the invasive haplotype. -Fer

populations-efnative species-thanseuthern-populations—Similarly, other species that are

introduced at higher latitudes from northern source populations would require more time to adapt
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to the competitive ability in southern native populations, and vice versa depending on

introduction location and the location of origin.

The significant correlation between size and competitive ability demonstrated in

this study corresponds well to the findings of Vila and Warner (2004) and Dostal (2011) in that
the invasive haplotype of P. australis produced significantly greateramounts-ofmore biomass
and was a significantly better competitor. Altheugh-etherstudies-haveshown-thatinereased

avaHabiity)-due-to-their-size—In nutrient poor conditions where the importance of competition

likely shifts to belowground resources, the higher belowground biomass of the invasive

haplotype confer a competitive advantage. -Conversely, in nutrient rich conditions, the
significantly greater amount of aboveground biomass produced by the invasive haplotype
confer a competitive advantage for light acquisition (Goldberg 1996). 40verall, my finding that

the invasive haplotype has greater competitive ability than native haplotypes of P. australis is

consistent with other studies involving P. australis (Bakker and Wilson 2001; Gorchov and

Trisel 2003; Blank 2010; French 2012; Leicht-Young et al. 2012). In the presence of the
invasive and introduced haplotypes of P. australis, S. alterniflora produced less biomass than

when in the presence of the native haplotype; thus indicating the potential for significant
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negative impacts on S. alterniflora in natural systems and the promotion of invasion success due
to the slow competitive exclusion of native species (Burdick and Konisky 2003; Loehle 2003).
There is a growing list of haplotypes of P. australis being reported in North America, but
most attention has been paid to native-invasive comparisons. The Gulf Coast haplotype is
widespread and common but has received little attention in studies of competitive ability.
Although studies exist demonstrating the growth differences of the Gulf Coast haplotype relative

to other wetland plant species and the invasive haplotype of P. australis (Howard and Rafferty

2006; Howard et al. 2008; Howard 2010), a comparison of competitive ability between-the-two
among all three haplotypes was lacking. Although the RCI of the Gulf Coast haplotype is not

significantly different from either the native haplotype or the invasive haplotype, it does appear
to be intermediate between the native and invasive haplotypes. The intermediate position of the

Gulf Coast haplotype on a parsimony network of identified P. australis haplotypes corresponds

to its intermediate growth and competitive ability (Saltonstall 2002).

must-be-taken-hrto-consideration—An important consideration that must be pointed out is that my

conclusions are likely to change with the species and origin of the test plant used to assess P.

australis competitive ability (i.e., S. alterniflora). Many possible species that are widely co-

Commented [JTC31]: This seems redundant with
previous Discussion material and doesn’t add much. Can
you say something new and informative about the fact
that M is a better competitor? What about 1?

Commented [JTC32]: OK, here you are talking about
haplotype differences in competition. This should come
before your discussion about the relationship between
biomass and competitive ability. See Discussion outline.

[ Formatted: Font: Italic

Commented [JTC33]: What physiological work have
you done in this paper?

|

[ Formatted: Font: Italic

distributed with P. australis could have been used; e.q., Typha sp. Although-theresults-from-this
experiment-may-apphronby-te-S. alterniflora; which-has been shown to be an is-rermaltly-an

inferior competitor to both native and invasive varieties of P. australis (Emery et al. 2001;

Burdick and Konisky 2003). As suggested by Table 1, it is also likely that southern or northern

population of S. alterniflora would differ in their ability to compete with P. australis. My study
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was a starting point to explore the potential differences in competitive ability of native and

invasive haplotypes of P. australis over the invasion range of this species in North America. This

study clearly demonstrates the potential for non-parallel mismatches in competitive ability of

native and invasive species (or haplotypes) that may be critical to invasion success. More studies

are clearly needed to explore how the site of origin and invasion might affect competitive

the-averall-Hinding-concerning-competitive-abthty-and Commented [JTC34]: Still needs some fine tuning, but

you get the point.

interactions with a variety of species
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Conclusions

Overall, my-results-suppert the results of my study with native P. australis are consistent

with the literature — competitive ability decreases with increasing latitude. Moreover, | also find

support for the basic prediction ef-that invasive species (or genotypes) inrereased-competitive
ability-in-invasive-species-as-opposed-toare better competitors than native species (Vila and

Weiner 2004). More importantly, Hewever-my study was the first to demonstrate that alse-able
to-determine-that-variation-in-competitive-ability-between-native and invasive haplotypes eceurs

over-exhibit non-parallel latitudinal gradients in competitive ability that potentially underlies

geographic variation in invasion success. At northern latitudese-and-as-a-result-ofsize

differenees, the invasive haplotype is a far superior competitor against S. alterniflora than the

[ Formatted: Font: Italic

native haplotypes. However, as latitude decreases, the competitive superiority of the invasive

haplotype diminishes. Under these circumstances, invasion and spread of P. australis in northern

latitudes may be more strongly facilitated by its competitive advantage over its neighbors. thus

haplotype-of Paustratis-or-S—akerniflora—Additional research is needed en-multiplefacters
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touched-upen-in-this-study;-to explore how the geographic origin of the invader and its site of

invasion may affect competitive hierarchies and invasion success. especiathy-these-sueh-as-tow

this study strongly suggests that to understand theRegareless-of-the-patternsfound-in-this-study.

furtherresearch-inte mechanisms governing the success of invasive species, they must

accommodate a biogeographical approach.
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