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EXECUTIVE SUMMARY

The project on biological control of exotic, invesisaltcedar by introduced, host-specific leaflbedtom
Asia has become highly successful. The beetlesmeading and rapidly defoliating saltcedars albog
miles and more along rivers in Nevada, Utah anafadb, in ways that are expected to increase water
supplies, improve wildlife habitat, and augment agament programs in various ways. A great neestexi
for a method of predicting the time of arrival bétbeetles and of saltcedar biomass and standti@uac
areas where management practices will need todqgedito the newly changed ecosystems. This firojec
seeks to use mathematical/statistical models, basel@ta collected from the field at the beginrohg
beetle release along Beals Creek east of Big Spriexgas over a 4-year period, where the beetles are
annually spreading and defoliating saltcedar afpidty increasing rate. Data collection beganuineJ2005,
a year after beetles were released in April 200dlevpopulations were still low, and defoliationdhaot
begun. The study continued for another 3 yeautiit 2007, as the beetles spread for 7 km alongréek.
This has been a unique opportunity to documentyaeand model a biological control of weeds prbjec
including control insect (beetle) population in@eand dispersal rate from the beginning of the
introduction.

Since very little information exists on this typenaodeling, and much of that only for insect diszdiin
annual crops, the strategy was to test some ohtigt appropriate models, modify them as appropréate
also to discover the factors that most influendedrate of dispersal, using data collected weeklyivweekly
from the Big Spring release site. The monitoriagadvas collected with unprecedented detail anpesead
could provide the behavioral and ecological expiana that influence beetle dispersal.

During the first year, various on-site physicaltfes were analyzed and eliminated that might detexrthe
rate and direction of dispersal. Temperature (Eehtaken at the weather station, at 2-3 m highiwthe
saltcedar trees, and under litter below the trémsjidity, rainfall, wind speed and direction, aafar
radiation appeared to have no effect — the onlyoitamt factors influencing direction of dispersares
availability of green biomass and the spacial itistion of the saltcedar trees, measured in teritisme and
distance dispersal of the beetles in the trees fhemelease point.

TheOkuda modelwas discarded early because some of the requireaineters could not be obtained and
runs of the model using the field data did not neésle the population waves observed at the sitee Th
Kovalev modelwell represented population waves over distanme fmonthly average counts and could be
used to estimate dispersal speed and relative gropof the area covered month to month. Howetrer,
model was completely deterministic and too infléxito represent the high variability resulting freime

many biotic and abiotic factors seen in the field.

Thespatial regression modebhcceptably predicted the magnitude of beetle @djouis and how far they
spread during a growing season. This model coeddramodate all the data and all the variable
characteristics of the insect populations in theirsh environment. The model was able to describe
generation peaks and dates of occurrence of amhit$arvae during the season, in 2005 describiagvél
generations (2 of them partially overlapping) witraks from 400 up to 40,000 (averaging 200 to 1800)
larvae per 16 fquadrat. Adult populations were up to 25,000 avetaged 100 to 1400, per quadrat and,
spread outward in 6 waves over 130 m, that advaaloedt 40 m per month. During 2006, the population
were greater and dispersal farther. The beetlas sonsumed most of the food, forcing them to ditHer
and start satellite colonies at ca. 500 m out.

In 2007-2008, the beetles spread up and down BxFaksk for 12 km, including a large satellite popiola
on each end. The beetles spread outward in siveegsves of adults, then larvae. Peak adult angl
populations were recorded within 1 km upstreamdowinstream of the creek nearest the release
site/population center. The models accuratelyesgmted the populations, outward spreading wawels, a
speed of dispersal.



INTRODUCTION

SaltcedarsT{amarixspp.), exotic small trees or shrubs native indibgerts of Asia and the Mediterranean
area, were introduced into the United States béginn 1823 as ornamentals and later to preveeasir
bank erosion. The trees spread rapidly alongrsseand reservoirs of the western U.S. and sinc&388’s
have come to dominate the native riparian ecosystenere it is causing one of the worst ecological
disasters in the recorded history of this regi®@he invasion includes all of the rivers in the veesthalf of
Texas. The United States Department of Agricultdggjcultural Research Service (USDA-ARS) locatéd a
the Grassland, Soil and Water Research Laborafemple, Texas, began the program on biologicalrobnt
of saltcedar in 1986, led by C. Jack DeLoach. rAdtdensive literature reviews, U.S. surveys, cyass
explorations, and risk analyses, the leaf beBlile:habda elongatewas collected by DelLoach and his
overseas collaborators from Fukang, China and ICIzakhstan in 1992-1998, brought into the ARS
Insect Quarantine Facility at Temple, TX wherehivst specificity, biology and behavior was furttested
and Regulatory Approvals were obtained from USDARE, USDI-Fish and Wildlife Service and State
Departments of Agriculture. In collaboration witther ARS scientists, other USDA and federal agesnci
State agencies and University scientists, thestelsagere released in outdoor cages at 10 sitésiestern
states during July 1999 and into the open enviro@aethe same sites in May 2001. They have aelliev
spectacular success in biological control of sdlicat 4 of 6 sites in NV, UT, CO and WY but went n
adapted to more southern climates and did not dm&mor establish at the 4 sites south of tH2 Batallel

in CA and TX.

The first releases of the Crete beetles were byoeh's team in the summer of 2003, at Lake Thomds a
Beals Creek in Texas, assisted by Okla Thorntoiof@do River Municipal Water District, Big Spring,
TX). Later, Texas Agrilife Research and Extensaggisted in establishing and monitoring the beétlése
upper Colorado River watershed near Big Springg\Knutson, Dallas), the Pecos River (Knutson and
Mark Muegge), the Canadian River (Gerry Michelssidand); the Rio Grande of western Texas (Tyrus
Fain, Rio Grande Institute, Marathon, TX and MaidnBt, NRCS, Alpine, TX) and Balmorhea (Donet and
Chris Casaday, NRCS, Balmorhea), Matador Wildlifaridgement Area (Chip Ruthven and Mike Janis,
TPWD) and Seymour (Charles Randal and others, UBBAHS, Olney, TX).

This modeling project collected data during thendng seasons of 2005, 2006, 2007, and 2008 to putsu
following objectives:

« To use mathematical and statistical models to stivegispersal dbiorhabdain the initial stages of
colonization in alamarixcommunity,

- To identify temporal and spatial patterns of Bierhabdadispersal, and to estimate the speed of the
dispersal, and

- To identify factors that affect the dispersaDsbrhabdain a new area of colonization.

MODELING METHODOLOGIES

Two types of modeling strategies were used to stheylispersal dbiorhabdain Tamarixcommunities
during the initial establishment stages of the ¢hgethe geographical area where it has beendotred.
The first type of methodologies are physically lwhdeterministic models that use the principle &udion
to represent the movement of insect populations faceas of high population to others of lower papah,
and the second type are statistical models thabowa deterministic component with a stochastic
component. The statistical models are spatiabssjon models that predict the movement of thectnse
population using predictor variables such as digdrom the release point or from a population $§p@nd
properties of the vegetation and other environmeh@racteristics of the area being colonized Ieyitisect.



Dispersion of many insects in nature resemble blysipal phenomenon of diffusion. This can be
represented mathematically by partial differentigliations that describe changes of insect popuolatith
respect to space and time variables. A key eleinghbse equations is a term equivalent to thieisiidn
coefficient. Kovalev and Vechernin (1986) develbped applied an Isolated Population Wave (IPW)
model that represents a wave movement similaraoftiiowed by fire in a prairie; they used the rabtb
study the dispersion of the ragweed begtlgogramma suturali. which is used to control ragweed
Ambrosia artemisiifolicl. in Russia. A similar model initially developégt Okudo (1980) was used by
Smith, et al. (2001) in forests to study the dispeofAnoplophora glabripenni§Cerambycidae) which is a
pest of many hardwood trees like maple and poplhis second model was designed to be used with
marked and recaptured insects but can be adaptesorkowvith the whole insect population if the
disappearance coefficiediis changed to an appearance-disappearance cesffisuch a coefficient can be
estimated experimentally in the field and/or labona Another parameter required to adapt the mimde
work with the entire insect population is the anigibeetle population, at the beginning of the growing
season.

One limitation of the physical models like thosectéded above is the lack of biological explanafianthe
diffusion coefficient and other parameters, in othierds, the physical models are able to deschibe t
dispersal of insects but do not tell us why thespdrse or what are the biotic or abiotic factoed thove the
insect population to colonize an area. The twost@y models will be used together with a spatial
regression model (Neter, et. al., 1989). Bothdiffesion models and the spatial regression modkl w
estimate the insect population variation duringghmwving season, and estimate how far the insdttegich
during each growing season. Another possible fispatial regression model is to identify bioticadniotic
factors associated with the insect dispersal. sHme basic data of counts of eggs, larvae andsadalde
every week at quadrats along the transects isfosdide physical and statistical models.

Additional variables that will be measured at eqohdrat or transect point for the statistical madéibe
saltcedar biomass, under canopy temperature, dadradiation.

Descriptions of the models follow:

A. Okudo’s Diffusion Model

The diffusion model used by Smith, et. al. (2004swriginally developed by Okudo (1980), it hasrbee
tested in studies by Shigesada and Kawasaki (188¥py Turchin (1997). It is based in the follogin
differential equation:

@zD 0°n_ 9°n =D(a n+@j (1]
ot ox: oy’ or?* ror

Wheren is the number of beetles per unit of area or tretime in weeksD is the diffusion coefficienty
andy are spatial coordinates. The spatial coordineaesbe transformed to radial distance using the

expressiom = /x> + y2

The diffusion coefficient determines the rate atolitthe beetles move, which may change with thection
of movement, the distribution of saltcedar tredsstacles in the path of movement, and environmental
variables like wind direction and speed, and oggoh to the sun angle.



The dispersal of the saltcedar beetle will be stidising the solution of equation [1].

on r’
n(r,t) =—2-exd - —— [2]
47Dt 4Dt

Whered is a coefficient for the appearance-disappearahbeetlesn, is the original number of beetles at
release time, or an estimate of the beetle populati the beginning of a growing season.

The diffusion and appearance-disappearance cagftictan be estimated using the distribution ofibee
abundance through several distances from the eefezint during a number of weeks. Equation [Zjtied,
nf(r), using least squares for each week. Smith, ef2@01) counted the number of insects at ninewdists

in each of the eight weeks.

Another way to estimate the diffusion coefficientidhe advance distance were suggested by Karaeiva
(1983):

r_2
D=2 3
o [3]

e =244Dt  [4]

wherer,is the average distance of displacement of thddsefetr a week, andgg is the radius reached by
98% of the original beetle population.

Rearranging equation [3] the average distancesplaiement by the beetles can be estimated forveeck:

r, =~/ 7Dt [5]

Smith, et.al. (2001) also used another approaestimate number of
insects at a given distance using the followingatiqu:

n 877. -1/2 d:)?: -1/4 r
0=V e )

wheren(r) is the total abundance across time at a distaris.equation depends only on distance, and the
diffusion and appearance-disappearance coeffice@mde estimated from the distribution of abundaatca
number of distances; Smith, et. al. (2001) used distances.



B. Kovalev's IPW Model

Kovalev and Vechernin (1986) developed an IPW mualstudy the spread of the ragweed beetle
Zygogramma suturalib. (Chrysomelidae) during the control of ragwéenbrosia artemisiifolid.. in the
field infested by this weed in Russia. The moddbrmulated as a diffusion equation as follows:

an
ot

==l + f(n), [7]

where n(r,t) is the insect density, number of its@er n at a given place r at a particular timd {r,t) is
the vector of insect flux; f(n) is the insect birdlte minus insect death rate per unit time perane@; and

[0 = gradient=9/0r .

Equation [7] indicates that the change in the nurobb@sects at a given place is equal to the difiiee
between the insects that have migrated to a phatipaint and the number of insects that havetteftsame
point including the difference in the number ofthérand deaths at the same place.

The vectol of insect flux is equal to:
| =-D0n+ Blp, [8]

where D is the coefficient of diffusion which isgpiortional to the gradient of insect density ansctbes
the movement of insects from high to low densitie second term shows B, the coefficient of foatde
efficiency proportional to the gradient of planhdiy, the insects move from places of low plantsiky to
places of high density. Plant density at a givieker and a time t is designated as p(r,t).

The change of plant material available under tfeénce of insect feeding is given by the equation:

0

9P - _an, 9]

ot
where A is the amount of biomass eaten by one tipgraunit time. The amount of biomass eaten by th
insects in a day in an area unit is equal to tbenbBs eaten by an insect multiplied by the numbersects
in that area unit.

Assuming that the coefficient of diffusion is camst, and replacing equation [8] in [7], the IPW rabfir
the dispersal of the saltcedar beetle can be esguldsy the following system of differential equato

(" on
r = DAn-[(BOp) + f(n) [10]
@ =-An, az az
ot whereA =—+— is the Laplace operator.
ox< ay

\

The solution of the equations in [10] yields theexp of the wave in equation [11], the shape ofPhé
wave in equation [12], the damage caused to satdedthe beetle population in equation [14], drel t
width of the insect wave in equation [15].



vV =JAB [11]

The speed of the wave depends only on A, the anailribmass eaten by an individual insect in a day
B a coefficient of food search efficiency.

3n,
1 [E ’
ZCOSh{Z\/;(x— X, —Vt)}

wheren, is a critical insect density at which the birtkerés equal to the death rate, it is the point whbe
following quadratic polynomial intercepts the nsaxiAlso, one characteristic of the IPW is that the
maximum insect density, at the top of the wavapigroximately equal torg/2

n(x,t) =

[12]

f(n) =—En+nEn2 [13]

0

The coefficient E is the slope of the linear congrarin equation 13 — % is the distance between the initial
position of the wavey,and any point in the path of the wavkjs the speed of the wave at time t, and cosh is
the hyperbolic cosine.

The damage caused to saltcedar by the beetlesifeediit is given by

P(x,t)% = %{1— tan }{% \/% (X=X —Vt}}.loo, [14]

where tanh is the hyperbolic tangent.



The width of the wave is represented by equati&@h [1

L :4\/Eln(\/§ +1), [15]

1000 - 100
=
T 80 - 80
m ~
2 S
q_) N
3 600 60 o
g g
5 5
S 400 ~40 2
3 c
g o
S 200 - 20
%)
£

0 0

0 51015 20 25 30354045 50 55 60

Distance (m)

Figure 1. Insect population and plant biomass ffiehd
experimental data and IPW model application. (Addgrom
Kovalev and Vechernin (1986) in a studyZyfgogramma
suturalisdispersal to control ragweed in Russia.)

Figure 1 shows the experimental data collectedcanee calculation of Kovalev and Vechernin (1988) f
July 9, 1985, for the beetle population (squarad)@ant biomass (circles), and the curves caledlfom
equations [12] and [14] for the waves of beetlem{inuous line) and plant biomass (dotted line)
respectively.

Kovalev and Vechernin (1986) used this figure tineste L from the experimental data, then usingagiqn
15 the ratio E/D can be calculated to be used iragans [12] and [14]. The other paramatém equations
[12] and [14] can be estimated by plotting severatkly periods and calculating the average distance
between peaks of beetle population. An analysoaltion of equation [11] was not attempted by Keva
and Vechernin (1986) for a theoretical wave velogiten the difficulties to estimate the coeffidierf food
search efficiency B.

C. Spatial Regression Model

The spatial regression model used to study theedigpofDiorhabdais based in the methodology known as
LOESS, which is short for Local Regression. It waginally proposed by Cleveland (1979) and furthe
developed by Cleveland and Devlin (1988). Modé¢lhis type were used by Steege, et. al. (2008)udy
spatial variability and density of trees in the Amoa. Honek, et. al., (2006) employed spatial LOESS
regression to study growth patterns of aphids reale. Nilsson, et. al. (1997) made ecologicalis&iin



riparian areas using the same spatial regressitimoaiglogy. Renofalt, et. al. (2005) used LOESS
regression to study plant invasiveness in a ripas@ridor, using this regression methodology tiveye
able to establish spatial patterns of several manmtmunity characteristics against distance toex rnouth.

The method is a non-parametric technique also kremumeighborhood weighted polynomial regressioh. A
each neighborhood in the data set a first or sedegdcee polynomial is fit to a subset of data with
explanatory variable values near the point whospaese is being estimated. The polynomial is fitgis
weighted least squares, giving more weight to ganetar the point whose response is being estinaaigd
less weight to points further away. The value efibgression function for the point is then obtdibg
evaluating the local polynomial using the explanai@riable values for that data point. One orenor
explanatory variables can be used. In spatialyaisahpplications distance with respect to a refeeeoint

is the most commonly used explanatory variableheDtariables such as environmental factors,
characteristics of vegetation, or time may be idetlias explanatory variables.

The subsets of data used for each weighted leaatesyfit in LOESS are determined by a neareshbeiy
algorithm. A user-specified input to the procedeaited the "bandwidth" or "smoothing parameter"
determines how much of the data is used to fit éaedl polynomial. The smoothing parametgris a
number betwee(d+1)/n andl, with d denoting the degree of the local polynomial. Thiig ofq is the
proportion of data used in each fit. The subsetatd used in each weighted least squares fit ipdeed of
theng (rounded to the next largest integer) points whexg#anatory variables values are closest to tlim po
at which the response is being estimatgds called the smoothing parameter because it alsrtine

flexibility of the LOESS regression function. Largaelues ofg produce the smoothest functions that wiggle
the least in response to fluctuations in the detta. smallelq is, the closer the regression function will
conform to the data. Using too small a value ofsmothing parameter is not desirable, howevecgesiine
regression function will eventually start to capttine random error in the data. Useful values ®f th
smoothing parameter typically lie in the range G@8.5 for most LOESS applications.

The local polynomials fit to each subset of theadéitst or second degree) is, either locally lin@ga the
straight line sense) or locally quadratic. Usingeeo degree polynomial turns LOESS into a weighted
moving average. Such a simple local model mighkweell for some situations, but may not always
approximate the underlying function well enough HES is based on the ideas that any function caveble
approximated in a small neighborhood by a low-omt#@ynomial and that simple models can be fit ttada
easily.

As mentioned above, the weight function gives tighést weight to the data points nearest the fdint
estimation and the least weight to the data pdivatsare furthest away. The use of the weightaiget on
the idea that points near each other in the exfdansariable space are more likely to be relatedéach
other in a simple way than points that are furtigart. Following this logic, points that are liketyfollow
the local model best influence the local model peater estimates the most. Points that are ledy li&e
actually conform to the local model have less iafice on the local model parameter estimates.

The traditional weight function used for LOESS is

(L= zP)? for |z| <1
w(z) = { 0 for |z > 1

However, any other weight function that satisfies properties suggested by Cleveland (1979) carsée.
The weight for a specific point in any localizedsat of data is obtained by evaluating the weightfion
at the distance between that point and the poiastifation, after scaling the distance so thatiagimum
absolute distance over all of the points in thesetibf data is exactly one.
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The smooth parameter is the most important compgaféacting the quality of the prediction, one wafy
identifying the appropriate value of the smoothapagter is to examine the residual distributionitior
symmetry with respect to zero and homogeneity dbumae after using systematically smoothing values
between 0.1 and 0.5. Values too low tend to oviréi data, and values too high tend to overruialdity
contained in the data.

D. Data Collection for the Models

The sampling scheme for counting larvae and adiilise saltcedar beetle, and for measuring varsathlat
may affect its dispersion change according withtiwbiethe insect is just being released or it has lveell
established in the site for at least one seasonew sites the dispersion can go in any direcgorfour
radial transects were traced to cover the stuelg as is shown in Figure 10. Another special Bitnas
where the distribution of saltcedar forms narrow bomg bands along a stream, like along Beals Coegk
one transect following the direction of the creedswised for sampling. In areas where the insachéean
well established for some seasons, the transelttisavie the orientation of the dispersion frontgngth of
transects and number of sampling points on theséta will be set according with the particular
characteristics of the site. Distance betweersgeinsampling points at the beginning of the estson
were 10 meters and later were increased due tofgagpef saltcedar. Sampling was carried weeklaah
transect point during the growing season. Wherbéedle dispersion reaches regional levels, like in
Lovelock, NV estimates of insect population, theesity of defoliation, and other model input vailieth
need to be estimated by remote sensing and GlSondwtyies.

1. The sample unitat every sampling point in the transects was aa af 4 m by 4 m called quadrat. The
distance between the edges of sample units waseidrsrinitially, and increased to 20, 50 and 108snthe
beetles spread outward. Later, that distance easssult of the distance between trees acrossvgpsut
saltcedar.

2. Insect countingwill be done in subsample units that are branctiass 1 m long.
Length of branches per quadrat and number of besnplr quadrat were estimated to be used for later
extrapolations.

3. Saltcedar defoliationwas done through visual estimation of the foliagecpntage witlDiorhabda
damage.

4. Sampling of environmental variables. Hobo temperature sensors, with data loggers iocated, were
located at approximately 3 m high every other saggdoint along the transects in the Beal Creektsit
collect air temperature and relative humidity untther canopy. A weather station was used to meadure
temperature, solar radiation, relative humiditynavivelocity, wind direction, and precipitation fiee entire
sampling area. An infrared thermometer was empldgeneasure canopy temperature at the beginning of
the 2005 season.

Sampling along Beals Creek

The above sampling methodology was applied foirteect counts from transects in 2005 and 2006thét
end of the 2006 growing season the beetles startexhch Beals Creek and the sampling became foarse
the transect along the creek during the 2007 af8 géowing seasons. THamarixcommunity along the
creek is continuously distributed for long distasycemetimes longer than one kilometer. After gdpgew
meters the tree community continues uniformly forg distances. The high number of trees made
impractical to continue using the 16 gquadrat as the sampling unit, and the 9 brangteguadrat as the
subsampling units. In the transect along the ctieelnsect count continued making timed 1-m branch
counts on individualamarixtrees spaced about every 25 m. CounBBiofhabdaegg masses, three larval
instars, and adults were made on at least fourbtamches (on four sides of the tree) for at least t
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minutes. counting additional 1-m branches if forarizthes can be counted in around one minute. Time
spent counting on a branch was recorded. Counggweral of the 4x4 m quadrats using both couting
methods was used to develop conversion factotsatosform the timed counts in individual trees tonber
of beetles per 16 fof saltcedar. Saltcedar foliage condition ratinilsbe made for the overall tree
sampled.

RESULTS

The environmental variables measured along thediads: canopy temperature, under canopy temperature
and relative humidity, as well as weather variabtessured at the weather station for the full senggrea:
wind velocity, wind direction, solar radiation, &&mperature, and precipitation did not show agwificant
correlation with the different forms @fiorhabdapopulation counted during 2005. There was special
interest in exploring a possible connection of ganand under canopy temperatures, as well as wind
velocity and direction with the orientation of thispersal population waves. The canopy temperatuule
the temperature under it may affect the volatiitylant substances that attract the insects, ed/ind
velocity and direction could affect the physicalvament of adults from tree to tree, but the datiandit
show evidences of such relationships. In the alesefithe mentioned relationships, and observir an
measuring the behavior of the beetles along tmséets we can say that the dominant factors céinggahe
direction ofDiorhabdadispersal inTamarixcommunities are the availability of green biomasd the
spatial distribution of the trees.

The environmental variables above were consideree tused as predictor variables in the spatiaessgon
model to study dispersion; since there was noetation between those variables and the beetlelgiiqmus,
the only variables used as predictors in the spatigession model were time and distance fronralease

point. Time and distance were used in separatesis.od

Differences about the implementation of the threelels (Okudo, Kovelev, and Spatial Regression) to
study the dispersal @iorhabdaon Tamarixcommunities became evident very soon after catigahe first
sets of data in 2005.

First, was the impossibility of representing ingegpulation waves along the transect distance ukimg
Okudo model. The experimental estimation of theeapance-disappearance parameter of the model was
impossible under the open field conditions withesing unmarked insects and without having a clue of
numerical value for the starting insect populafiothe 2005 season. The mathematical estimattém=of
mentioned parameter, using population values filmardata and solving the equation for the unknown
parameter, were unsatisfactory. The Okudo modslwmable to resemble population waves of the kind
suggested by the counts on the transects. Theenedurther attempts to use this model.

Second, Kovalev’'s model parameterization and usesfiresenting insect population waves work wetlisu
restricted to selected pieces of data that follmedlized” population waves. Since the model impietely
deterministic, it does not have any flexibilityadapt to the high variability of the beetle popiolas that
result from the interaction of innumerable biotiwlaabiotic factors. The symmetric waves that tefsom
the cosine hyperbolic component of the model arédan the unpredictable population shapes thatioizt
the field. The model performs well representingydation changes through space in seldom particular
sampling dates or sections of a transect that magmpgield well bell shaped changes of populatigviaves
fit to monthly averages can be used to estimajgedisl speed and relative proportion of area covizoen
month to month.

Third, the spatial regression model is able to tgvpopulation waves to predict magnitude of insect
populations and how far they reach during a grovgiegson using all the data collected. Counts &lbm
branches surveyed per quadrat (2005 and 2006 argee(2007 and 2008) were used for the prediction
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This way, the prediction is done accounting fortladl random variability that is characteristic méect
populations in natural environments.

Description of the uses of spatial regression nmedetl Kovalev's model for the studyDiorhabda
dispersal in the initial stages of establishmert geographical area follows.

2005 Growing Season

The large larvae population (addition 8f and 3" instars) in 2005 came from 4 generation®infrhabdaas
suggested by the LOESS regression model predidtioRgure 2. Every figure from LOESS regression
prediction is composed of two graphs A and B. Avahall the data range with the prediction linehat t
bottom going through the data sector of highessitdgrand B shows a zoom of A with the predictiorel
and the 95% confidence interval of the predictiuet ire dwarfed by the very wide range of the datsere
was a first well differentiated generation that wieam 25 June to approximately July 23. Theretane
generations overlapped between 30 July and 27 Autnestwo peaks on 13 August and 27 August indicat
that there were two generations in the mentionege Then a fourth generation took place betwén
August and 17 September. The highest populati@ppfoximately 1800 large larvae per 16ahsaltcedar
occurred in the second generation around tffeof2ugust. The highest population was betweerDl5
2200 large larvae per 16°mof saltcedar with a 95% confidence.

In the process of dispersing from the release pthistlarge larvae population described 6 majoresass it
is shown in the predictions done by the spatialesgjon model in Figure 3 for Transects 1 to 4 daeth
The first wave peaked close to 22 m, the secod@ at, the third at around 52 m where there was the
highest number of large larvae for the growing seasAt 52 m from the release point there was a
population mean of 2800 large larvae per f6ma population that was between 2200 and 35@@ larvae
per 16 mwith a 95% confidence. After reaching this maximtna number of large larvae started to
decline, made two additional waves and stopped mgoat a distance around 130 m from the releasd.poin
The six population waves can be also interpretei@somponents of a large wave that peaked at 5@m
the release point.

Predictions of adult population dispersal by thatisph regression model are in Figure 4, for Tratsé&do 4
combined. Across the 130 m distance that was sahtplring 2005 the adults also described 6 waves.
population peaked at a mean value of 1400 adultéet of salcedar. The mean at the maximum of the
adult population varied between 1100 and 1700 aghelt 16 mof saltcedar with a 95% confidence. The
peak of adult population took place at 60 m frommélease point, 10 m or a quadrat ahead of tge lar
larvae population which always lags behind the tadul

Data of total number of larval density in Trans2etas used to model dispersal with Kovalev’'s model.
Field data for different sampling periods and peédns for the mean populations of July and AuQ@§5
are shown in Figure 5. Height difference betwdentévo monthly waves indicate higher density ofdar
population in July than a month later in 2005, thhet more extended wave of August suggests thatin t
month the larval population was covering more salée area than the previous month. Distance bettteen
larval density peak in July and in August indicatest theDiorhabdapopulation was dispersing in the
Tamarixcommunity at an approximate speed of 40 metersnpeith.

2006 Growing Season

LOESS regression applied to the large larvae ptipnlaf 2006 was able to differentiate three getiena

of beetles in Figure 6. Apparently a first generathat grew between the end of May and the béginof
June was missed by the model; a little adjustmetiteosmoothing parameter may be enough for theeiod
to detect that first generation. The four generstj included the undetected one, have a cleaeteydo
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have one month duration. The highest populatidargk larvae, with a mean of 1100 larvae per 1&fm
saltcedar, took place in the second generatidier #e second generation the population mean does
to reach a mean close to 700 large larvae per®id saltcedar in the fourth generation.

Dispersal of large larvae in 2006 is modeled witPESS regression combining Transects 1 to 4 in Eigur
The dispersal pattern in this year had considerdiffierences with respect to the previous one2066 the
first wave is formed by a population mean of aroi860 large larvae per 16°mf saltcedar, then the
average population mean at the peak of the follgwiaves decrease considerably but the extensitheof
waves cover more saltcedar area than the firstlptipn wave. The first high and narrow wave is ithsult
of a large number of larvae originated at the dntfi@last expansion wave in 2006. That high patoh
consumed the foliage available from a small arezsatitedar relatively fast. It is apparent frorgufe 6 that
the starting beetle population run into food lirtidas and for that reason the large larvae numihecseased
and each wave covered more saltcedar area. $tattd?0 m from the release point there is a ste@pase
of larvae population after a 130 m gap free ofcgalar trees, such increase may be due to a sabektle
population that started growing in a patch of salar trees at 500 m.

The dispersal pattern of adults in 2006, Figuris 8imilar to the pattern followed by large larvaghe same
year. Explanations for the first sharp and narwave and for the wave that starts at the end oflistance
sampled are the same as for the large larvae.

Two dispersal waves of larval density means from $ampling periods were estimated with Kovalev’s
model, Figure 9. The two population peaks fortthe waves occurred at 140 and 240 m from the releas
point. The spatial LOESS regression (Figure 7@cted waves for the large larvae population astme
distances. The second wave estimated by Kovaig@ssociated with less number of days than tke fir
wave but has a larger larval density and coverermaltcedar area than the first wave. Accordirth wi
Kovalev's estimations, the population shows evidsnaf increase and expansion to more area from the
middle of June to the middle of August. LOESS veiveFigure 7 were showing decrease of populatidn b
expansion to more area. We put higher confidem¢led LOESS estimates due to the establishment of
spatial patterns based in the full data set froengfowing season. Using the distance between peaks in
Figure 9 we can say that the approximate dispesgierd was of 50 m per month. There is a reasgnabl
agreement between mean larval density and dispespi@ed in the 2005 and 2006 growing seasons.

The longitudinal prediction of population dispersaiploying the regression LOESS model and Kovalev’'s
model are represented in area terms in Figurerb@. defoliation of a saltcedar area of 2 acrebyrew
to an area of 17 acres in 2006.

2007 Growing Season

The large larvae population growth through the gngvseason was modeled with LOESS regression as
shown in Figure 11. Every peak is supposed tesbecated with a generation, but separating theosac
time was difficult. Between 2 June and 30 Junectiea generation, then between 30 June and 4sAugu
there are 4 overlapped generations, and after HlLigtuappear to be 2 overlapping generations. gt
number of large larvae, 1600 large larvae per 16frsaltcedar happened in 7 July.

The generation separation@forhabdain 2007 was better defined by the temporal digtiiin of the adult
population modeled with LOESS regression in FidiBe There was a first generation that occurrediden

2 June and 30 June, two overlapped generatiomeiperiod between 30 June and 28 July, another
generation between 28 July and 25 August, andyistration between 1 September and October 13. The
different generation peaks did not show large diffiees, 150 adults per 16 of saltcedar was the
approximate maximum in all generations.
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The spatial distribution of the large larvae pofiaolamodeled with LOESS regression is shown in FadLp.
The highest population waves occurred 500 m westeobrigin and 500 m east of the origin. Theiarig
identified as point 0 in Figure 17 is the interg@tpoint between the projection of Transect 4 Badls
Creek. The peak population 500 m east of poirt ners close to 1000 large larvae per Féofrsaltcedar,
and close to 920 large larvae per 1%afhsaltcedar at 500 m west of point zero. Them decreasing
population of large larvae as the sampling poietsfarther from the transect origin in either dire@e. The
distance range from -2000 m (east) to 2000 m (West)an abundant presence of large larvae thagiespl
the heavy defoliation depicted on the same tramsacfe on Figure 17. The spatial distribution nhede
with LOESS regression for adults in Figure 14 atsxiches the sectors of heavy defoliation in Fidite
Both the prediction of large larvae and adults (Fég 12 and 14 respectively) present other two et
may be due to satellite populations at 2700 m @@ % west. Figure 17 shows sample points with
defoliations between 25 and 75% at around 2706806 m west and 1800 and 2640 east.

2008 Growing Season

Resource limitations in this growing season didailmw sampling with spatial continuity along theds
Creek transect. The distance intervals showing gepulation of large larvae in Figure 15 were not
sampled. LOESS modeling in Figure 15 shows a péakproximately 100 large larvae per 16ah
saltcedar at 1500 m east of the transect origithtan other peaks of 1700 and 800 large larvad perf of
saltcedar at 1000 and 2500 m west of the transigiho

Residual distribution along distance is a critetiojudge the quality of the dispersal modelingelby the
spatial LOESS modeling. Figure 16 shows the regidistribution for large larvae population estigsat
done in 2007 and 2008. The large cluster of redidats between -2000 and 2000 m are symmetri¢hl wi
respect to zero, and the cloud of dots has a reAt®homogeneous variance across the distances \ifdu
can say that LOESS estimates are of good quali®p@Y. From the two conditions that the residérals
2008 should meet, the symmetry with respect to iegood, but the homogeneity of variance is hatdjo
indicating that quality of estimates are highlyeated by location, which is a result of the limiszinpling
performed during 2008.

CONCLUSIONS

Environmental factors such as micrometeorologicatiér canopy) conditions or weather factors do not
affect the dispersion @iorhabdain Tamarixcommunities during the initial stages of estalsfisht, where
the dominant movement of the beetles is from oee tiv another in the proximity, as long as the
environmental factors remain within ranges thahdbinfluence th®iorhabdapopulation. Dispersal of
Diorhabdain the initial stages of colonization of an arediiven largely by the availability dfamarix
green foliage and by the spatial distributionrafmarixtrees.

Weather factors such as air temperature, wind titme@nd wind velocity are expected to be mayotdiesc
in later stages of dispersal in large areas. Téi@ may of dispersal in this case is through theldishment
of satellite populations in distant areas frompgbant of original release. Satellite populations mitiated
by large groups of adults that probably move whiga wind and convective air masses.

The spatial LOESS regression modeling allowed ¢otfidy the temporal and spatial patterns of the
Diorhabdacolonization in a new area using the bulk of taeactollected. Those patterns were discussed for
the four growing seasons of the study.

Modeling ofDiorhabdadispersal with the Kovalev's model was especiadigful to estimate dispersal
speed.
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Population Through Growing Season. 2005
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Figure 2. Large larvae, 2005- populationdensities observed and predicted through the
growing season (mean0:95 confidence intervals, Transects 1-4 combirdd)ESS
RegressionHiggins Ranch A. All data. B. Detail close to prediction dis.
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Figure 3. Large Larvae, 2005- populationdispersa observed and predicted through the
growing season (mean0:95 confidence intervals, Transects 1-4 combirdd)ESS
regression Higgins Ranch A. All data, B. Detail close to prediction lines
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Adult Dispersal, Transects 1 to 4 Combined. 2005
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Figure 4. Adults, 2005 -populationdispersalobserved and predicted through the growing se@mean +
0.95 confidence intervals, Transects 1-4 combirddDESS regressionHiggins Ranch
A.. All data. B. Detail close to prediction lines.
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Larvae density along transect 2 in 2005
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Figure 5. Variation inlarval population density from 24 June — 19 Octob260%, along Transect 2 at
Quadrats 1-7Higgins Ranch A) Observed density at each ca. weekly courg (flaean number larvae

per nine 1 m-long branches counted per quadraty)din density per branch observed and predicted at
each quadrat during July or August, by Kevalev Model.
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Figure 6. Large larvae, 2006- populationdensities observed and predicted through the growing
season (mean 8.95 confidence intervals, Transects 1-4 combirdd)ESS RegressionHiggins
Ranch. A. All data. B. Detail close to prediction I



Population Through Distance, transects 1 to 4, 2006
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Figure 7. Large larvae, 2006— populationdispersalobserved and predicted through the
growing season (mean095 confidence intervals, Transects 1-4 combirdd)ESS
RegressionHiggins Ranch A. All data. B. Detail close to prediction Ise



Adult Dispersal, Transects 1 to 4 Combined. 2006
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Larvae density predicted by Kovalev's model in 2006
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Figure 9. Variations inlarge larval population density alongTransect z through the growing season,
2006 Higgins Ranch(mean number per nine 1-m long branches per queduated on each date:
guadrats added as the beetles dispersed outwasbarelearlier quadrats omitted that were defoliated
and with low beetle populations — see Figure 10A, B) Mean number larvae per branch observed on
all 11 quadrats on 17 dates (not all counted odai#s), B) Numbers per branch observed and peetict
during two periods: 16 June — 8 August and 16 Augu) September, using the mean population
density for each count date during the two periotly theKovalev Model.
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Figure 10 . Plot layout of Diorhabda (Crete ecotype) open-field, uncaged, host-plant selection test comparing
test plants of saltcedar, athel (3-ft tall) and Frankenia (8-12 in tall) at each plot or station, monitored weekly
June-September; NC=nursery cage, RT=original release tree (beetles did not remain here), WS=weather
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(June 2004) and Tree #1=first large tree defoliated (September 2004): A) 2005 test (21 September 2005
photo), B) 2006 test (19 September 2006 photo (aerial photos by James Everitt (USDA-ARS, Remote

Sensing Group, Weslaco, TX).



Population through growing season, Creek transect, 2007
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Figure 11. Large larvae, 2007- populationdensity through the growing season (meaf.95
confidence interval predictions)-OESS RegressionBeals Creek 12-km long transect A. Al
data. B. Detail close to prediction lin



Diorhabda Dispersal Along Creek Transect, 2007
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Figure 12. Large larvae, 2007- populationdisperal through the growing season (meafl.95
confidence interval predictions)-OESS RegressionBeals Creek 12-km long transect A. Al
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Population Through Growing Season. Beals Creek Tra  nsect, 2007
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Figure 13. Adults, 2007- populationdensity through the growing season (meaf.95 confidence

interval predictions) £OESS RegressionBeals Creek 12-km long transect A. All data. B.

Detail closito prediction lines
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Adult Dispersal along Beals Creek. 2007
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Figure 14. Adults, 2007- populationdispersa observed and predicted through the growing
season (mean 8.95 confidence interval predictions) ©OESS RegressionBeals Creek 12-km
long transect A. All data. B. Detail close to prediction lge



Dispersal of Population through Creek transect. 20 08
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Dispersal of Population through Creek transect. 20 08
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Figure 15 Large larvae, 2008 populationdispersa through the growing season (mean +
0.95 confidence interval predictions) ©ESS RegressionBeals Creek 12-km long
transect A. All data. B. Detail close to prediction Ise
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Residual from the Large Larvae Population Predictio n, Beals Creek transect 2007
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Figure 16. Large larvae - residual distributions from prediction -LOESS Regressio, Beals
Creek, 12-km long transect A) 2007, B) 2008.
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Sewage Treatment |
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Figure 17 Distances along the Beals Creek transect anadgrte of the defoliation in 2007.



