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1 Intr oduction

In this studya modelof willow invasionof waterwayswasdeveloped. Speci�cally,
the aim wasto representthe spreadof Salix fragilis var. fragilis (crackwillow) and
similar taxa,notablythehybrid S.X rubens(basket willow), in regionswherea single
sex is present. This is the casealong thousandsof kilometersof rivers in Victoria,
NSW, TasmaniaandtheACT (ARMCANZ, 2000,p. 5). Most populationsarefound
downstreamof clearedland,farmsor towns.

It hasbeenestimatedthatonly about5% of thepotentialrangeof willows hasso
far beencolonised. A recentlyemerging threatis the exponentialspreadof species
which disperseseedby wind. This could exposevastareasof wetlandsto invasion
(ARMCANZ, 2000,p. 3). Increasingly, hybridisationalsoleadsto recruitmentby seed
in ripariansystems.(EnvironmentACT, 1997,p. 5).

Crackwillows, like otherwillows,grow on wet sites.Willows wereintroducedto
Australiafor a rangeof reasons.They weresystematicallyplantedfor erosioncontrol
in the latterhalf of lastcentury. They arenow classedasWeedsof NationalSigni�c-
ance.

Theselargetrees— up to 25min height(NZDC, 2003)— canobstruct�o w caus-
ing destructive �ooding and,ironically, bankerosion(EnvironmentACT, 1997,p. 5).
They haveamajoreffectonnativeriparianvegetationby competitiveexclusion(ARM-
CANZ, 2000,p. 10). They degradeaquatichabitatfor invertebratesthroughshadingor
alteringthestreambed(Lesteret al, 1994). They alsoreducewatertemperature,and
mayreducedissolvedoxygenwith aseasonalpulseof deadleaves(ARMCANZ, 2000,
p. 10).

A modelof riparianwillow spreadcould potentiallybe usedto predict the relat-
ive risk andscaleof invasionin differentregionssoasto prioritisecontrolmeasures.
Since,asnotedby EnvironmentACT (1997), “over time clonesof the sourceplant
caneventuallyoccupy all potentialdownstreamwillow sites”(p. 5), theproblemis to
representtherateatwhichnew sitesareinvaded.Themaindriversarestream�o w and
channelgeomorphology, sotheeffectof changesto thesecouldbeevaluated.

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

2 Processes

Ecologicaltheoryof invasionis generallybasedon nicheoverlapandcompetitive su-
periority (Begon et al, 1996,p. 622). Weedstendto have wide resource-useniches
(Busch& Smith, 1995, p. 367). Disturbanceto naturalconditionsmay favour an
exotic over natives. For example,reduced�o ws andassociatedincreasesin salinity
changedripariancommunitystructurein aregulatedriver in theUSA (Busch& Smith,
1995,p. 368).

Similarly, Alpert et al (2000)proposeda generaltheoryof invasibility of habitat:
weedsoutperformnativesat actual(i.e. current)meanstresslevels (otherwisethey
wouldfail to invade).They alsosurvivethemaximumstressexperiencedundercurrent
variation (otherwisethey would be wiped out). However, nativesoften outperform
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weedswhenmeanstresslevelsarehigher(Alpert et al, 2000,p. 61). This suggestsa
potentialmanagementstrategy, but is toogeneralto bedirectlyuseful.

With (2002)relatesinvasibility to fragmentationatalandscapescale,assumingthat
the invadercannot disperseeffectively acrossgaps.Critical “percolation” thresholds
of habitatconnectivity may exist, below which invasionis somewhat restricted.The
ratheralarmingmanagementstrategy arisingfrom this maybe of netbene�t in some
cases.

In their review, “BasicPrinciplesandEcologicalConsequencesof ChangingWater
Regimes”,Nilsson& Svedmark(2002,p. 475) statethat invasionby exotic riparian
vegetationis morelikely following stabilised�o w (lessseasonalvariation),or theloss
of seasonal�o w peaks.

2.1 Dispersal

In thisgroupthedominantdispersalmechanismis vegetativehydrochory:stemscrack
off andarewasheddownstreamwherethey take root. Populationstypically consist
of single-sex clones. As notedby ARMCANZ (2000), “fragility [...] is the single
mostimportantattributeconferringinvasibility” (p. 7). Thiscrackingusuallyoccursin
windsand�oods. Thestemsmaybemorefragile in winter (ARMCANZ, 2000,p. 8).

Willowsdevelopdensewoodyroot-massesandcanalsoform mangrove-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 seemslikely thatthey would trapotherwillows' vegetativepropagules.

Anderssonet al (2000)studiedhydrochoryin reachesof a free-�owing Swedish
river, releasingwoodencubeson a �ood peakto mimic the dispersalof large seeds.
They found a generallyleptokurticdistribution, skewed towardsthe releasesite and
with a long tail (p. 1100). The averageandmaximumdispersaldistancesincreased
with thesizeof theriver. Thepresenceof rapidcurrents(asopposedto slow-�o wing
sections)explained38%of thespatialdistribution (p. 1099),but it wasalsoobserved
thatwind conditionsprobablyhada largeeffect (p. 1101).

Johansson& Nilsson(1993)point out that vegetative propaguleswould disperse
differently from seeds.Speci�cally they would be moreeasilysnaggedby obstacles
andalsoestablishmorereadily(p. 82). They did anexperimentalreleaseof the�oating
rhizomesof an aquaticplant. Consistentwith Anderssonet al (2000), they found a
quite de�ned skewed dispersalpatterntailing off (p. 87). In contrastto Andersson
et al (2000),they found no effect of rapidscomparedto pools,althougha large lake
did prevent further downstreamdispersal.27% of the distribution wasexplainedby
obstacles(“f allen trees,snags,emergent reedstands,rocks, etc”) andcurves in the
river(p. 88)— factorswhichalsocorrelatedwith observedpopulationsof thespecies.

Obviously, damsaremajor barriersto hydrochorousdispersal(Nilsson& Sved-
mark,2002,p. 474).

2.2 Establishment

Shafrothet al (1994)foundexperimentallythat cuttingsof this willow speciesestab-
lishedsuccessfullyunlesssoil moistureat5cmdepthwaslessthan5%for the�rst few
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weeks(?) andcouldevendosowhile inundatedto severalcentimetres.
In relevantareas,grazingeffectively preventswillow establishmenton accessible

banks(ARMCANZ, 2000,p. 13).
Anderssonet al (2000)foundestablishmentof woodyseedlingson a river correl-

atedwith the presenceof bareground,andnot with bankheightor width (p. 1101).
The dispersalpatternwas not relatedto seedlingestablishment,but was correlated
with local speciesrichness.Johansson& Nilsson(1993)founda correlationbetween
thedispersalandobservedpopulationsof anaquaticplant(p. 88).

2.3 Growth and Death

Willows grow rapidly andprobablyreachmaturityafter about3 years(guess).They
probablylive about40 years(guess).They presumablydie if exposedto a suf�ciently
long dry period. Indeed,they aresupposedto be quite drought-sensitive, but no in-
formationwasfoundon this.

3 RelatedModels

A basicapproachto invasionmodellingis to usereaction-diffusionequations.These
givewavefrontsolutionswith anasymptoticallyconstantrateof spread(Murray, 1993,
p. 311). They areof little usesincethey assumerandomlocal dispersalanda homo-
geneouslandscape(Campbell,2002,p. 536).

Another approachis that of spatio-mechanisticmodels. Theserepresentgrowth
anddispersalin a spatiallyexplicit way, thusallowing heterogeneity(Campbellet al,
2002,p. 536). They areoftenstochasticsincethey modeldiscreteindividuals.These
models,andthe relatedintegro-differenceequationmodels,have revealedthat long-
distancedispersal,thoughusuallyrare,is mostimportantin determininginvasionrates
(With, 2002,p. 1174). However, dataon theseprocessesarescarce(Higgins et al,
2001,p. 574).

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

Campbellet al (2002) attemptedto relate landscape-scaleattributes to invasive
plantdispersal.Speci�cally, to relateattributesof a rivernetwork to therateof spread
of a plant which wasbothautochorous(locally-) andhydrochorous(river-dispersed).
They developeda spatio-mechanisticmodel,representingdownstreamtransportasan
exponentialdecay. Meanandvarianceof dispersaldistancewaspredictedwell by a
simplefunctionof thedirectionalbiasof therivernetwork,andthe“downstreamtrans-
port ef�ciency” (exponentialdecayparameter)(Campbellet al, 2002,p. 540–542).
Much of the motivation for suchan empiricalapproachis that the usualmodelsre-
quireecologicalandgeographicdatathatmaynot beavailable(Campbellet al, 2002,
p. 536).

A generalstreamtransportprocessis that of sedimentrouting, but it differs fun-
damentallyfrom hydrochory. Sedimentgenerallysettlesto thebedratherthanbanks,
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it canberesuspendedafteranarbitraryperiod,andis treatedasa continuousquantity
(Deitrichet al, 1999).

TheMFAT Native FishHabitatConditionmodelconsideredthe likelihoodof �sh
larvaebeingstrandedon the �oodplain to berelatedto therateof fall of (daily) �o w.
Whetherthis relatesto theprobabilityof a vegetativepropagulebeingdepositedis not
clear.

4 A SimpleModel

A spatio-mechanisticmodelis proposed.Sincethis speciesis restrictedto waterways,
the landscapecanbe simpli�ed to onedimension.We take a probabilisticapproach,
but for simplicity only considertheexpectedvalue(it shouldbenotedthatin this type
of modelthestochasticvarianceis likely to beimportant).

The model is individual-basedandstage-structured,but hasjust two life stages:
adultsandjuveniles.Adults areeffective in contributing andinterceptingpropagules,
while juvenilesarenot; however, bothstagesareeffective in inhibiting theestablish-
mentof new seedlings(this includesthe processof eventualthinning throughcom-
petition). Seedlingsaretreatedasan instantaneouslife stage,immediatelyclassedas
juveniles.

Theriver reachis discretisedinto a numberof sections.A lengthof perhaps100m
is suggested,so that the interactionsof willows within onesectionwould not be too
signi�cant, but localvegetativedispersalwouldbemuchsmallerthanthelength.Flow
input is discretisedinto timesteps:typically daily datawould beused.

Thetravel time down thereachis assumedto besmallerthanthetime step,sofor
each�o w value,propagulesarerouteddown the entirereach(thusthey do not carry
overbetweentimesteps).

As with otherspatio-mechanisticmodels,spatialheterogeneityis possible.

4.1 SystemDiagram
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4.2 Formulation

4.2.1 Variables

Qt Input: Stream�o w at timet (eg, ML/day).

N(t)
x Numberof adultsin sectionx at timet.

J(t)
x Numberof juvenilesin sectionx at timet.

S(t)
x Numberof seedlingsthatestablishedin sectionx at timet.
Px Numberof propagulesin sectionx in currenttime step.

4.2.2 Parameters

c Cracking/fragilityfactor, �o w-dependent.

i Interceptionfactor.
f Flow transportfactor.
sx Strandingfactorfor sectionx.
kx Carryingcapacityof sectionx.

4.2.3 Equations

Increasing�o w givesa largerwatersurface(width) for entrainmentof propagules,but
thiswould notbelinearwith �o w. Increased�o w wouldmechanicallycausecracking,
andcould potentiallybe correlatedwith wind. Overall the input of propagulesin a
sectionwaschosento beproportionalto thesquarerootof �o w, for eachadulttree.

Pcracking= c
p

QtN
(t� 1)
x

Interceptionprobability approaches1 as the numberof willows in the reachin-
crease.Theparameteri controlsthescaleof this effect. Theprobabilityof any source
treein thereachbeingupstreamof any otheris 50%,sohalf theinterceptioneffectalso
appliesto localpropagules.

Pinterception=
�

1� exp(� iN(t� 1)
x )

� �
Px� 1 +

1
2

Pcracking

�

Of thosenot intercepted,thelocal strandingparameterapplies,but is reducedby a
factordependingon themagnitude(log) of �o w.

Peffective = Px� 1 +
1
2

Pcracking� Pinterception

Pstranding=
sxPeffective

1+ f klogQtk

We have a basicpropagulemassbalance.Thoseremainingtravel downstreamto
thenext reach.

Px = Px� 1 + Pcracking� Pinterception� Pstranding
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Establishmentis classicallydensity-dependent.Additionally, seedlingsdie if ex-
posedto a2 weekdry periodor a �ood in the�rst month.Thesearearbitrarilyde�ned
as10%and1000%respectivelyof the�o w attimeof stranding.Thisapproachassumes
thatstrandingwouldoccurat thecurrentwaterlevel, sorelativechangesareimportant.

S(t)
x =

(
0 if �o wintolerablein(t;t + 30)
kx�

�
N(t� 1)

x + J(t� 1)
x

�

kx
Pstranding otherwise

J(t)
x = J(t� 1)

x + S(t)
x � S(t� 3� 365)

x

Juvenilesgrow into effective adultsafter 3 years. Deathis ignoredbecauselocal
vegetativepropagationwouldprobablymaskany effect.

N(t)
x = N(t� 1)

x + S(t� 3� 365)
x

5 Implementation

Themodelwasimplementedasa perl scriptandis given in AppendixA. For simpli-
city the section-dependentparameterssx andkx weretaken ashomogeneous(single
parameter).

6 Evaluation

Themodelwasappliedto 10 yearsof �o w datafrom a streamgaugein theMurrum-
bidgeecatchment.Thehydrographis givenbelow, ona log scale:

Fiveadjacentriversectionsweresimulated.Theupstreamboundaryconditionhad
no willows, andpropagulesmoving downstreamfrom the last sectionwere ignored.
The initial conditionhad1 adultwillow in theupstreamsection.Parameterswereset
asfollows:
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� c = 0:1, meaningoneentrainedpropagulecontributedevery 10 time steps,per
root-unit of �o w, from eachadult. In fact, this parametermustincorporateim-
perfectestablishment,lossof propagulesetc.

� i = 0:5: this impliesan interceptionef�ciency of 1 � 1
e � 2

3 when2 adultsare
present.

� s= 0:5: half thepossiblepropagulesarestrandedin eachsection.

� f = 1:0: a basic�o w factorfor stranding.

� k = 10: thecarryingcapacityperreach.

Time seriesof (theexpectedvalueof) adultspersectionis shown in the�gure below.
Thicker linesaresectionsfurtherdownstream.

Theobviousdelayis dueto the3-yeargrowth periodof juveniles.As expectedall
sectionsconvergeto thecarryingcapacity, althoughthe�rst sectionis slower because
thereis no upstreaminput. Anotherperspective on thesameprocessis to look at the
(expected)numberof juveniles:
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Thelogistic (density-dependent)natureis clear. Major establishmenteventsseem
to beassociatedwith �o w peaks.Thereis a fairly smalldelayto invasiondownstream.

Whenthecrackingparameterwasincreasedby anorderof magnitudeto c = 1:0,
theinvasionprocesswasmuchmorerapid,heretakingabouthalf thetime asbefore.

In the otherdirection(c = 0:01) it behavesaswe would expect, taking a longer
time to increasethepopulation:

If we seti = 0, disablinginterception,thereis a differenceprimarily just from one
eventat t � 2500,whichseesbetterrecruitmentin all sections.
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Increasingthe parameterto i = 50 — basicallyinterceptionof all possiblepro-
pagules— leadsto thesectionsreachingdifferentpopulationlevels,lessthanthe“car-
rying capacity”.This is undoubtedlyanartifactof themodelformulation,particularly
thefact that interceptionoccursbeforestranding,andthesharptransitionbetweenju-
venilesandadults.

If we increasethe strandingfactor to s = 0:9, the invasionwavefront is slower
in space(takes longer to move downstream)but fasterin time (approachescarrying
capacityfasterwithin onesection).
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Theoppositeeffectoccursdramaticallyif theparameteris reducedto s= 0:1:

Settingf = 0 removesthedependenceof strandingon �o w, or rather, preventsany
reductionin strandingat high �o ws. In this casethatmadevery little apparentdiffer-
encefrom thebasecase.Seebelow for a differentexampleinvolving this parameter.

Finally thecarryingcapacityhaslittle effectotherthanto scalethepopulations.
Thehard-codedparameters(suchastolerable�o w for seedlings,andgrowth time

for juveniles)arelikely to have a largeeffect on themodel. Also, thestructureof the
model,andchoiceof a continuousexpectedvaluerepresentationwould surelygreatly
altertheresults.However, theseconsiderationswerenotpursuedhere.

The modelwasappliedto a different�o w series:10 yearsof a modellednatural
scenarioat Narranderra(Murrumbidgeeagain),usedin the MDBC's Living Murray
initiative. Thelog-scalehydrographis givenbelow. Notethat the �o w is muchlarger
andlessvariable,certainlynever falling to zeroasthelastexampledid.
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Theparametersusedwerec = 0:001(becauseof thehigher�o w), i = 1, s= 0:9,
f = 1:0, k = 10. This givesthe following spreadstructure,whereasbeforethicker
linesarefurtherdownstream.

If the�o w transportparameteris loosenedto f = 0:1 theeffect is considerable...
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...andcontinuesuntil thein�uenceof �o w onstranding(vstransport)is disabledby
settingf = 0:

Herelargeestablishmenteventsdominatetheinvasionpattern.

7 Data Requirementsfor Application

Clearlymuchof themodelbehaviour is implausible,to saythe least.Furthergeneral
dataon thespeciesshouldbefound,especiallyphysiologicalandlife-historydata.

For areal-world applicationit wouldneedto bevalidatedagainsthistoricaldataon
willow spread.This would mostlikely be at fairly large time intervals,andof rough
precision,eg presencevsabsence.It maybedif�cult to aquirethesedistributions,and
mayhave to rely onsuchsourcesasaerialphotographyandanecdotalaccounts.

Theprimarydatarequirement,apartfrom would betheexisting andhistoricaldis-
tributionof willows, is thespatialriver reachcharacteristics:snaggingfactorsandcar-
rying capacities.They might beregionalisableif they canberelatedto characteristics
suchasthosefoundby Johansson& Nilsson(1993).
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A Code

#!/usr/bin/perl -w
use strict;
my $T_GROWTH= 3 * 365;
my $T_ESTABLISHMENT = 30;
my $T_DESSICATION = 14;
my $DRYING_PROPORTION= 0.1;
my $FLOODING_PROPORTION = 10;
my $TRUE = 1;
my $FALSE = 0;
if (@ARGV< 8) {

print "Usage: ./willow.pl flowfile X c i s f k title \n";
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, @P_x);
# 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) {

$N[$x][0] = 0;
$J[$x][0] = 0;
$S[$x][0] = 0;

}
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$N[1][0] = 1;
for (my $t = 1; $t <= $T; ++$t) {

# upstream boundary condition
$N[0][$t] = 0;
$J[0][$t] = 0;
$S[0][$t] = 0;
$P_x[0] = 0;
# route propagules down reach, etc
for (my $x = 1; $x <= $X; ++$x) {

$P_cracking = $c * $N[$x][$t-1] * sqrt($Q[$t]);
$P_interception = (1 - exp(-$i * $N[$x][$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_effective / ( 1 + $f * log(max(1,$Q[$t])) );
# propagules heading downstream
$P_x[$x] = $P_x[$x-1] + $P_cracking - $P_interception - $P_stranding;
# establishment
$S[$x][$t] = $P_stranding * ($k - $N[$x][$t-1] - $J[$x][$t-1]) / $k;
# check for required tolerable flow for seedlings
my $tolerable = $TRUE;
my $dryperiod = 0;
for (my $t_est = 1; $t_est < $T_ESTABLISHMENT; ++$t_est) {

if ($t + $t_est > $T) {
last; # off end of record

}
if ($Q[$t + $t_est] > $Q[$t] * $FLOODING_PROPORTION) {

$tolerable = $FALSE;
last;

}
if ($Q[$t + $t_est] < $Q[$t] * $DRYING_PROPORTION){

++$dryperiod;
} else {

$dryperiod = 0;
}
if ($dryperiod > $T_DESSICATION) {

$tolerable = $FALSE;
last;

}
}
if (not $tolerable) {

$S[$x][$t] = 0;
}
$J[$x][$t] = $J[$x][$t-1] + $S[$x][$t];
$N[$x][$t] = $N[$x][$t-1];
# juveniles graduate into adults
if ($t > $T_GROWTH){
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$J[$x][$t] -= $S[$x][$t - $T_GROWTH];
$N[$x][$t] += $S[$x][$t - $T_GROWTH];

}
$J[$x][$t] = max(0, $J[$x][$t]);

}
}
# output
# time series of N and J in separate file for each section
for (my $x = 1; $x <= $X; ++$x) {

open (OUT, ">$title.NJ$x") or die "Can't open: $!\n";
for (my $t = 0; $t <= $T; ++$t) {

printf OUT "%8.3f"."\t"."%8.3 f". "\n ", $N[$x][$t], $J[$x][$t];
}
close OUT;

}
# time series of N and J and S with all sections in one file
open (OUTN, ">$title.N") or die "Can't open: $!\n";
open (OUTJ, ">$title.J") or die "Can't open: $!\n";
open (OUTS, ">$title.S") or die "Can't open: $!\n";
for (my $t = 0; $t <= $T; ++$t) {

printf OUTN "%8.3f", $N[1][$t];
printf OUTJ "%8.3f", $J[1][$t];
printf OUTS "%8.3f", $S[1][$t];
for (my $x = 2; $x <= $X; ++$x) {

printf OUTN "\t"."%8.3f", $N[$x][$t];
printf OUTJ "\t"."%8.3f", $J[$x][$t];
printf OUTS "\t"."%8.3f", $S[$x][$t];

}
print OUTN "\n";
print OUTJ "\n";
print OUTS "\n";

}
close OUTN;
close OUTJ;
close OUTS;
# print final populations
for (my $x = 1; $x <= $X; ++$x) {

printf "x=%3d"."\t"."N=%8 .3f "." \t" ."J =%8.3f "." \n" ,
$x, $N[$x][$T], $J[$x][$T];
}
sub max { return ($_[0] > $_[1]) ? $_[0] : $_[1]; }
sub min { return ($_[0] < $_[1]) ? $_[0] : $_[1]; }


