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1 Intr oduction

In this studya modelof willow invasionof waterwayswas developed. Speci cally,
the aim wasto representhe spreadof Salix fragilis var. fragilis (crackwillow) and
similar taxa,notablythe hybrid S. x rubens(baslet willow), in regionswherea single
sex is present. This is the casealongthousandf kilometersof riversin Victoria,
NSW, Tasmaniaandthe ACT (ARMCANZ, 2000,p. 5). Most populationsarefound
downstreanof clearedand,farmsor towns.

It hasbeenestimatedhat only about5% of the potentialrangeof willows hasso
far beencolonised. A recentlyemeping threatis the exponentialspreadof species
which disperseseedby wind. This could exposevastareasof wetlandsto invasion
(ARMCANZ, 2000,p. 3). Increasinglyhybridisationalsoleadsto recruitmenty seed
in ripariansystems(EnvironmentACT, 1997,p. 5).

Crackwillows, like otherwillows, grow on wet sites. Willows wereintroducedto
Australiafor arangeof reasonsThey weresystematicallyplantedfor erosioncontrol
in the latter half of lastcentury They arenow classedasWeedsof NationalSigni c-
ance.

Theselargetrees— up to 25min height(NZDC, 2003)— canobstructo w caus-
ing destructve ooding and,ironically, bankerosion(EnvironmentACT, 1997,p. 5).
They have amajoreffecton native riparianvegetatiorby competitve exclusion(ARM-
CANZ, 2000,p. 10). They degradeaquatichabitatfor invertebrateshroughshadingor
alteringthe streambed(Lesteret al, 1994). They alsoreducewatertemperatureand
mayreducedissohedoxygenwith aseasonagbulseof deadeaves(ARMCANZ, 2000,
p. 10).

A modelof riparianwillow spreadcould potentially be usedto predictthe relat-
ive risk andscaleof invasionin differentregionsso asto prioritise control measures.
Since,as notedby EnvironmentACT (1997), “over time clonesof the sourceplant
caneventuallyoccuyy all potentialdownstreamwillow sites” (p. 5), the problemis to
representherateat which new sitesareinvaded.Themaindriversarestreamo w and
channelgeomorphologysotheeffect of changedo thesecouldbeevaluated.

The greatesthene t may be in formalising knowledgeand testingit by making
speci c predictions.

2 Processes

Ecologicaltheoryof invasionis generallybasedon nicheoverlapand competitive su-
periority (Begon et al, 1996,p. 622). Weedstendto have wide resource-usaiches
(Busch& Smith, 1995, p. 367). Disturbanceto natural conditionsmay favour an
exotic over natives. For example,reduced o ws and associatedncreasesn salinity
changedipariancommunitystructuren aregulatedriverin theUSA (Busch& Smith,
1995,p. 368).

Similarly, Alpert et al (2000) proposecda generaltheoryof invasibility of habitat:
weedsoutperformnatives at actual(i.e. current)meanstresslevels (otherwisethey
wouldfail to invade). They alsosurvive themaximumstressxperiencedindercurrent
variation (otherwisethey would be wiped out). However, natives often outperform
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weedswhenmeanstresdevelsarehigher(Alpert etal, 2000,p. 61). This suggesta
potentialmanagemerdtratagy, but is too generako be directly useful.

With (2002)relategnvasibility to fragmentatioratalandscapacale assuminghat
theinvadercannot disperseeffectively acrossgaps. Critical “percolation” thresholds
of habitatconnectvity may exist, belon which invasionis someavhatrestricted. The
ratheralarmingmanagemenstratey arisingfrom this may be of netbene t in some
cases.

In theirreview, “Basic PrinciplesandEcologicalConsequencesf ChangingWater
Regimes”, Nilsson& Svedmark(2002,p. 475) statethatinvasionby exotic riparian
vegetationis morelik ely following stabilised o w (lessseasonavariation),or theloss
of seasonalo w peaks.

2.1 Dispersal

In this groupthe dominantdispersamechanisnis vegetative hydrochory:stemscrack
off and are washeddownstreamwherethey take root. Populationgypically consist
of single-s& clones. As notedby ARMCANZ (2000), “fragility [...] is the single
mostimportantattribute conferringinvasibility” (p. 7). This crackingusuallyoccursin
windsand oods. Thestemsmaybe morefragile in winter (ARMCANZ, 2000,p. 8).

Willows developdensenvoodyroot-masseandcanalsoform mangrave-likethick-
ets by “layering” (rooting from low-hangingbranches)Cremer 2002). They are
known to trap debris(EnvironmentACT, 1997,p. 5; ARMCANZ, 2000,p. 10), so
it seemdik ely thatthey would trapotherwillows' vegetatize propagules.

Anderssoret al (2000) studiedhydrochoryin reachesf a free- owing Swedish
river, releasingwoodencubeson a ood peakto mimic the dispersalof large seeds.
They found a generallyleptokurtic distribution, skewed towardsthe releasesite and
with along tail (p. 1100). The averageand maximumdispersaldistancesncreased
with the sizeof theriver. The presencef rapid currents(asopposedo slow- o wing
sections)explained38% of the spatialdistribution (p. 1099),but it wasalsoobsened
thatwind conditionsprobablyhada largeeffect (p. 1101).

Johanssor® Nilsson(1993) point out that vegetatve propagulesvould disperse
differently from seeds.Speci cally they would be more easily snaggedy obstacles
andalsoestablisimorereadily(p. 82). They did anexperimentateleaseof the oating
rhizomesof an aquaticplant. Consistentwith Anderssoret al (2000),they found a
quite de ned skewed dispersalpatterntailing off (p. 87). In contrastto Andersson
et al (2000),they found no effect of rapidscomparedo pools, althougha large lake
did prevent further downstreamdispersal. 27% of the distribution was explainedby
obstacleq“fallen trees,snags,emegentreed stands,rocks, etc”) and curvesin the
river (p. 88) — factorswhich alsocorrelatedvith obsenedpopulationsof thespecies.

Obviously, damsare major barriersto hydrochoroudispersal(Nilsson& Sved-
mark,2002,p. 474).

2.2 Establishment

Shafrothet al (1994) found experimentallythat cuttingsof this willow speciesstab-
lishedsuccessfullyunlesssoil moistureat 5cmdepthwaslessthan5%for the rst few
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weeks(?) andcouldevendo sowhile inundatedo severalcentimetres.

In relevantareasgrazingeffectively preventswillow establishmenbn accessible
banks(ARMCANZ, 2000,p. 13).

Anderssoret al (2000)found establishmenof woody seedlingson a river correl-
atedwith the presencef bareground,andnot with bankheightor width (p. 1101).
The dispersalpatternwas not relatedto seedlingestablishmentbut was correlated
with local speciegichness.Johansso®& Nilsson(1993)founda correlationbetween
thedispersabndobsenedpopulationsf anaquaticplant(p. 88).

2.3 Growth and Death

Willows grow rapidly and probablyreachmaturity after about3 years(guess).They
probablylive about40 years(guess).They presumablydie if exposedto a sufciently
long dry period. Indeed,they are supposedo be quite drought-sensitie, but no in-
formationwasfoundon this.

3 RelatedModels

A basicapproacho invasionmodellingis to usereaction-difusionequations.These
give wavefrontsolutionswith anasymptoticallyconstantateof spreadMurray, 1993,
p. 311). They areof little usesincethey assumeandomlocal dispersabnda homo-
geneoudandscap€Campbell, 2002,p. 536).

Another approachis that of spatio-mechanisticmodels. Theserepresengrowth
anddispersain a spatiallyexplicit way, thusallowing heterogeneitfyCampbellet al,
2002,p. 536). They areoften stochastisincethey modeldiscreteindividuals. These
models,andthe relatedintegro-differenceequationmodels,have revealedthat long-
distancedispersalthoughusuallyrare,is mostimportantin determiningnvasionrates
(With, 2002,p. 1174). However, dataon theseprocessesre scarce(Higgins et al,
2001,p. 574).

Higgins et al (2001) reproduceda historical invasionwith a spatio-mechanistic
model. They representedhe mixed-vectordispersaldistribution (wind andbirds) as
asumof exponentialdecayfunctions(p. 574).

Campbellet al (2002) attemptedto relate landscape-scalettributesto invasie
plantdispersal.Speci cally, to relateattributesof ariver network to therateof spread
of a plantwhich wasboth autochorouglocally-) andhydrochorougriver-dispersed).
They developeda spatio-mechanistimodel,representinglowvnstreamransportasan
exponentialdecay Meanandvarianceof dispersaldistancewas predictedwell by a
simplefunctionof thedirectionalbiasof theriver network, andthe“downstreantrans-
port ef ciency” (exponentialdecayparameterYCampbellet al, 2002, p. 540-542).
Much of the motivation for suchan empirical approachs that the usualmodelsre-
quire ecologicalandgeographiadatathat may not be available (Campbellet al, 2002,
p. 536).

A generalstreamtransportprocesss that of sedimentrouting, but it differs fun-
damentallyfrom hydrochory Sedimengenerallysettlesto the bedratherthanbanks,
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it canberesuspendedfteranarbitraryperiod,andis treatedasa continuousgquantity
(Deitrichetal, 1999).

The MFAT Native Fish HabitatConditionmodelconsideredhe likelihoodof sh
larvaebeingstrandedbn the oodplain to be relatedto therate of fall of (daily) ow.
Whetherthis relatesto the probability of a vegetative propagulebeingdepositeds not
clear

4 A Simple Model

A spatio-mechanistimodelis proposed Sincethis speciess restrictedto watermays,
the landscapeanbe simpli ed to onedimension. We take a probabilisticapproach,
but for simplicity only considerthe expectedvalue(it shouldbe notedthatin this type
of modelthe stochasticvarianceis likely to beimportant).

The modelis individual-basedand stage-structuredhut hasjust two life stages:
adultsandjuveniles. Adults areeffective in contributing andinterceptingpropagules,
while juvenilesarenot; however, both stagesare effective in inhibiting the establish-
mentof new seedlingg(this includesthe processof eventualthinning throughcom-
petition). Seedlingsaaretreatedasan instantaneoufe stageimmediatelyclassedas
juveniles.

Theriverreachis discretisednto anumberof sections A lengthof perhapsLOOm
is suggestedso that the interactionsof willows within one sectionwould not be too
signi cant, but local vegetatve dispersaivould be muchsmallerthanthe length. Flow
inputis discretisednto time steps:typically daily datawould be used.

Thetravel time down thereachis assumedo be smallerthanthetime step,sofor
each o w value, propagulesare routeddown the entirereach(thusthey do not carry
over betweertime steps).

As with otherspatio-mechanistimodels,spatialheterogeneitys possible.

4.1 SystemDiagram

.........

........

ropagules >
_I>< propag I \

-~ section properties™~~.
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4.2 Formulation

4.2.1 Variables
| & | Input: Streamo w attimet (eg, ML/day).

ﬁt) Numberof adultsin sectionx attimet.
J)(f) Numberof juvenilesin sectionx attimet.

Sﬁt) Numberof seedlingghatestablishedn sectionx attimet.
P« | Numberof propagulesn sectionx in currenttime step.

4.2.2 Parameters

| ¢ | Cracking/fragilityfacto; o w-dependent]
i | Interceptionfactor

f | Flow transporfactor

s | Strandingfactorfor sectionx.
ks | Carryingcapacityof sectionx.

4.2.3 Equations

Increasingo w givesa largerwatersurface(width) for entrainmentf propagulesbut
thiswould notbelinearwith o w. Increasedo w would mechanicallycausecracking,
and could potentially be correlatedwith wind. Overall the input of propagulesn a
sectionwaschoserto be proportionalto the squareootof o w, for eachadulttree.

P— 1
Peracking= € QtN>Et )

Interceptionprobability approached asthe numberof willows in the reachin-
creaseTheparameter controlsthe scaleof this effect. The probability of arny source
treein thereachbeingupstreanof ary otheris 50%,sohalf theinterceptioreffectalso
appliesto local propagules.

. 1
F)lnterceptionz 1 eXp( |N>(<t 1)) P 1+ Epcracking

Of thosenotinterceptedthe local strandingparameteapplies,but is reducedby a
factordependingon the magnitudglog) of o w.

1
Pefiectve = Px 1+ Epcracking I:llnterception

o SxPefrective
Pstranding= WOQQH(

We have a basicpropagulemasshalance. Thoseremainingtravel downstreamo
thenext reach.

Pe= P 1+ Pcracking P|nterception Pstranding
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Establishments classicallydensity-dependentAdditionally, seedlingdie if ex-
posedo a2 weekdry periodor a ood in the rst month. Thesearearbitrarily de ned
as10%and1000%respectiely of the o w attime of stranding.Thisapproactassumes
thatstrandingwould occuratthecurrentwaterlevel, sorelative changesreimportant.

( 0 if owintolerablan(t;t+ 30)

t
§<): ke NG Digt D

R Pstranding  Otherwise

J>((t) - J>((t H, é(t) é(t 3 369

Juwenilesgrow into effective adultsafter 3 years. Deathis ignoredbecausdocal
vegetatve propagatiorwould probablymaskary effect.

NGO = N D gl 3369

5 Implementation

The modelwasimplementedasa perl scriptandis givenin AppendixA. For simpli-
city the section-dependermtarameters, andky weretaken as homogeneousgsingle

parameter).

6 Evaluation

The modelwasappliedto 10 yearsof o w datafrom a streamgaugein the Murrum-
bidgeecatchmentThe hydrographis givenbelow, onalog scale:

100

10

discharge (cumecs)
-

0.01 : :
0 1000 2000 3000
time step

Five adjacenriver sectionsveresimulated.Theupstreanrboundaryconditionhad
no willows, and propagulesmoving downstreamfrom the last sectionwere ignored.
Theinitial conditionhad1 adultwillow in the upstreansection. Parametersvere set

asfollows:
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¢ = 0:1, meaningone entrainedpropagulecontributedevery 10 time steps per
root-unitof o w, from eachadult. In fact, this parametemustincorporateim-
perfectestablishmentipssof propagulestc.

i = 0:5: thisimplies aninterceptionef ciency of 1 % % when?2 adultsare
present.

s= 0:5: half thepossiblepropagulesrestrandedn eachsection.
f = 1:0: abasic o w factorfor stranding.
k= 10: thecarryingcapacityperreach.

Time seriesof (the expectedvalueof) adultsper sectionis shavn in the gure below.
Thickerlinesaresectiondurtherdownstream.
10

adults
w
T

25 [

0 .
0 1000 2000 3000

time step

The obviousdelayis dueto the 3-yeargrowth periodof juveniles.As expectedall
sectionscornvergeto the carryingcapacity althoughthe rst sectionis slower because
thereis no upstrearninput. Anotherperspectie on the sameprocesss to look at the
(expectednumberof juveniles:

10

juveniles

L L n
0 1000 2000 3000
time step
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Thelogistic (density-dependentjatureis clear Major establishmenéventsseem
to beassociatedvith o w peaks.Thereis afairly smalldelayto invasiondovnstream.

Whenthe crackingparametewasincreasedy an orderof magnitudeto c = 1:0,
theinvasionprocessvasmuchmorerapid, heretakingabouthalf thetime asbefore.

10

75

adults
w
T

L
3000

0 . .
0 1000 2000
time step

In the otherdirection (c = 0:01) it beharesaswe would expect, taking a longer

timeto increasehe population:

10

75

adults
w
T

3000

2000

0
0 1000
time step

If we seti = 0, disablinginterceptionthereis a differenceprimarily just from one

eventatt 2500,which seedetterrecruitmenin all sections.
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10

adults
w
T

25 [

3000

0
2000

time step

Increasingthe parametetto i = 50 — basicallyinterceptionof all possiblepro-
pagules— leadsto the sectiongeachingdifferentpopulationlevels,lessthanthe“car-
rying capacity”. This is undoubtediyan artifactof the modelformulation,particularly
thefactthatinterceptionoccursbeforestranding.andthe sharptransitionbetweenju-

0 1000

venilesandadults.
10

adults
w
T

=

0

2000 3000

0 1000
time step

If we increasethe strandingfactorto s= 0:9, the invasionwavefront is slower
in space(takeslongerto move downstream)out fasterin time (approachesarrying

capacityfasterwithin onesection).
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10

75

adults
w
T

0
0 1000 2000 3000

time step

The oppositeeffect occursdramaticallyif the parameters reducedo s= 0:1:

10

adults
w
T

0
0 1000 2000 3000

time step

Settingf = 0 removesthedependencef strandingon o w, or rather preventsary
reductionin strandingat high o ws. In this casethatmadevery little apparentiffer-
encefrom thebasecase.Seebelaw for a differentexampleinvolving this parameter

Finally the carryingcapacityhaslittle effectotherthanto scalethe populations.

The hard-codegarametergsuchastolerable o w for seedlingsandgrowth time
for juveniles)arelikely to have a large effect on the model. Also, the structureof the
model,andchoiceof a continuoussxpectedvaluerepresentatiomould surelygreatly
altertheresults.However, theseconsiderationsverenot pursuechere.

The modelwasappliedto a different o w series: 10 yearsof a modellednatural
scenarioat NarranderrgMurrumbidgeeagain),usedin the MDBC's Living Murray
initiative. Thelog-scalehydrographs givenbelow. Notethatthe o w is muchlarger
andlessvariable,certainlyneverfalling to zeroasthelastexampledid.
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The parametersisedwerec = 0:001 (becausef the higher ow), i = 1,s= 0:9,
f = 1:0, k= 10. This givesthe following spreadstructure , whereas beforethicker
linesarefurtherdownstream.

If the o w transporiparameters loosenedo f = 0:1 theeffectis considerable...
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...andcontinueauntil thein uence of o w onstrandingvstransportjs disabledoy
settingf = 0:

Herelarge establishmengventsdominatethe invasionpattern.

7 Data Requirementsfor Application

Clearly muchof the modelbehaiour is implausible to saythe least. Furthergeneral
dataon the specieshouldbe found, especiallyphysiologicalandlife-history data.

For areal-world applicationit would needto bevalidatedagainsthistoricaldataon
willow spread.This would mostlikely be at fairly large time intenals, andof rough
precision,eg presence/sabsencelt maybedif cult to aquirethesedistributions,and
may have to rely on suchsourcesasaerialphotographyandanecdotabhccounts.

The primary datarequirementapartfrom would be the existing andhistoricaldis-
tribution of willows, is the spatialriver reachcharacteristicssnaggingactorsandcar
rying capacities.They might be regionalisablef they canberelatedto characteristics
suchasthosefoundby Johanssoi: Nilsson(1993).
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Code

#!/usr/bin/per! -W
use strict;
my $T_GROWTH= 3 * 365;
my $T_ESTABLISHMENT= 30;
my $T_DESSICATION = 14;
my $DRYING_PROPORTION:= 0.1;
my $FLOODING_PROPORTND = 10;
my $TRUE = 1;
my $FALSE = 0;
if (@ARGV< 8) {
print  "Usage: ./willow.pl flowfile Xci sf ktle

exit 1,
}
my ($flowfile, $X, $c, $i, $s, $f, $k, $title) = @ARGV;
my (@Q, @N, @J, @S);
my ($P_cracking, $P_interception, $P_effective, $P_stranding,

# read flow file into Q array
open(FLOW, $flowfile) or die "Can't open: $\n"
while  (my $flowval = <FLOW>) {

chomp($Q[@Q] = $flowval);

}

close FLOW,

my $T = @Q- 1

# initial conditions

for (my $x = 0; $x <= $X; ++$x) {
SN[$x][0] = 0;
$J[$x][0] = 0,
$S[$X][0] = 0;

\n";

@P_x);
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SN[1][0] =1,
for (my $t = 1; $t <= $T; ++8$t) {
# upstream boundary condition

$N[O[$t] = O
$J[0][$t] = 0
$S[o|$t] = 0
$P x[0] =0;

# route propagules down reach, etc
for (my $x = 1, $x <= $X; ++3$x) {
$P cracking = $c * SN[Sx][$t-1] * sqrt($Q[$t));

$P_interception = (1 - exp(-$i * SN[SX][$t-1]) *
($P_x[$x-1]  + 0.5*$P_cracking);
$P_effective = $P_x[$x-1] + 0.5*$P_cracking - $P_interception;

$P_stranding = $s * $P effecive / ( 1 + $f * log(max(1,$Q[$t]) );
# propagules  heading downstream

SP_x[$x] = $P_x[$x-1] + $P_cracking - $P_interception - $P_stranding;
# establishment

$S[Sx][$t] = $P_stranding  * ($k - SN[$x][$t-1] - $J[SX][$t-1]) | $k;
# check for required tolerable  flow for seedlings

my $tolerable = $TRUE;

my $dryperiod = 0;
for (my $test =1; $t est < $T_ESTABLISHMENT; ++$t_est) {
if (Bt + $test > $T) {
last; # off end of record

}

it (SQ[$t + $test] > $Q[$f] * $FLOODING_PROPORTN) {
S$tolerable = $FALSE;
last;

}

it ($Q[$t + $test] < $Q[$f] * $DRYING_PROPORTION)
++$dryperiod;

} else {
$dryperiod = 0;

}
if ($dryperiod > $T_DESSICATION) {
$tolerable = $FALSE;
last;
}
}
if (not $tolerable) {
$S[$x][%t] =0

}

$JI[Sx][$t] = $J[$x][$t-1] + $S[EX][$t];
SN[$x][$t] = SN[$x][$t-1];

# juveniles  graduate into adults

if (3t > $T_GROWTH)Y
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}
# output
# time series

for

}

close

}

# time series

open (OUTN, ">$title.N")
open (OUTJ, ">$title.J")
open (OUTS, ">$title.S")

printf
printf
printf

for

}.
print
print
print
}
close OUTN;
close OUTY;
close OUTS;
# print  final

printf
$x, SN[$X][$T],
}

sub max { return

17
SI[Sx][$t] = $S[Ex][$t - $T_GROWTH];
SN[$x][$t] += $S[ex][$t - $T_GROWTH];
}
$I[Sx][$t] = max(0, $JI[SX][$t]);
of Nand J in separate file for each section
for (my $x = 1; $x <= $X; ++$x) {
open (OUT, ">$title.NI$x") or die "Cant open: $\n"
(my $t =0; $t <= 3T, ++$t) {
printt  OUT "%8.3f"."\t"."%8.3 o "n " SN[SX][$t],
OuT;
of Nand J and S with all sections in one file
or die "Cant open: $\n"
or die "Cant open: $\n"
or die "Cant open: $\n";
for (my $t =0; $t <= $T; ++$t) {
OUTN"%8.3f",  $N[1][$t];
OUTJ "%8.3f",  $J[1][$t];
OUTS "%8.3f",  $S[1][$t];
(my $x = 2; $x <= $X; ++$x) {
printf OUTN "\t"."%8.3f", SN[SX][$t];
printf OUTJ "\t"."%8.3f", SI[Sx][$t];
printf  OUTS "\t"."%8.3f", $S[EX][$t];
OUTN"\n";
OUTJ "\n";
OUTS "\n";
populations
for (my $x =1, $x <= $X; ++$x) {
"x=%3d"."\t""N=0%8  .3f "" " ."J =%83f "" \n",
SI[SX][$TI;
&[0 >$[1) 2% : s }
@0 <$[) 2% : s 3}

sub min { return

$I[Sx][$t];



