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Executive Summary
The United States Army Corps of Engineers (USACE) released 1,000 individual golden loosestrife beetles
(Galerucella pusilla) at 15 sites within the Columbia River Estuary (the Estuary) in 2005 in an effort to control
the invasive plant purple loosestrife (Lythrum salicaria). Earth Design Consultants, Inc. has been monitoring
the 15 release sites to ascertain whether the biological control program has been an effective means of control
within the study area, a tidal freshwater estuary. Research conducted within this grant aims to understand the
environmental conditions that lead to effective control within this dynamic environment. This year marked the
fourth year of post-release data collection at the 15 release sites, and the third year of study-area wide surveys
for L. salicaria and its biocontrol agents.
Lythrum salicaria can negatively affect the diversity and function of tidal marsh plant communities. Lythrum
salicaria is widespread throughout the Columbia River Estuary and occurs in varying densities (no. stems m-2)
throughout the study area. Preliminary results from classified CASI imagery show that L. salicaria covers
approximately 5.7% of the herbaceous marsh in the study area.
Our monitoring aimed to determine whether and how biological control has affected host-plant fitness. There
was no difference in the means of L. salicaria stem density between years when all sites were pooled. At the
15 release sites, we have observed a decrease in the percentage of L. salicaria infested quadrats containing
flowering stems in July from 2006-2009, but this may be a function of the difference in cumulative growing
degree days during July sampling periods between years. Stem length (cm) is highly variable between
sampling periods and years. The significant relationship between stem length and temperature make interannual
comparisons difficult.
Introduced Galerucella spp. have established populations at 14 of the 15 release sites. Miller Sands
Downstream is the only site with no recoveries of introduced Galerucella spp. adults, eggs, or larvae, however,
we did find G. nymphaea (native) there in August. It is still uncertain whether or not G. pusilla is established
at Fitzpatrick Island: we recovered G. calmariensis adults and introduced Galerucella spp. egg masses at
Fitzpatrick in 2009, and in 2008 we recovered introduced Galerucella egg masses and larvae, but no adults of
either species. There are very low amounts of plant feeding damage at Fitzpatrick Island.
This year, most sites experienced a decrease in the density (no. individuals m-2) of adult and larval G. pusilla,
but an increase in egg mass density (no. egg masses m-2). There was an increase in the frequency of encounter
at a majority of the sites this year (frequency of encounter is less sensitive than density estimates to differences
in beetle phenology between sampling periods). For G. pusilla adults, the average beetle density was higher in
2009 at quadrats within 10 m of the release stake than in past years, but this pattern did not hold for quadrats
further away from the release stakes. For introduced Galerucella larvae and egg masses, we observed higher
densities at most distances in 2009 than in past years.
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Although beetle populations are established at most
sites, we have not seen the widespread feeding
damage necessary for effective control. We found
that the average amount of L. salicaria damaged
by Galerucella for all regions of the plant (lower,
middle, and upper) was lower than 2% of the leaf area.
However, there were several areas where L. salicaria
exhibited a high degree of feeding damage: Dry Dock,
Devil’s Elbow, and near Eureka Bar Downstream.
Finally, high densities of the native Galerucella and
high levels of feeding damage were observed at an
area across the channel from the Svensen Island
release site. This suggests that effective biocontrol
may be possible in some areas.
A study focusing on the phenology of the biocontrol
agents (G. pusilla) at two sites revealed patterns in
beetle development. Two distinct generations were
produced at Dry Dock and Svensen Island. At Dry
Dock, adult populations remained stable well after
September and adults entered diapause in late October;
this was a full month later then recorded at Morgan
Lake, Oregon in 1996. The low density of the second
generation at Svensen Island may have been affected
by heavy grazing of vegetation by cows.
Biocontrol agents are dispersing throughout the
Estuary. As we observed previously, there seems to be
a difference between sites upstream from Tenasillahe
Island from those downstream. In the upstream
section (Volcanics Current Reversal Reach) of the
study area 67% of the sites with L. salicaria had cooccurring biocontrol agents, while in the downstream
section (Coastal Uplands Salinity Gradient Reach)
only 16% of the sites with loosestrife had co-occurring
biocontrol agents. There is not an apparent difference
in the number of biocontrol agent releases between the
two reaches. There must be some constraints that are
inhibiting agent establishment of available loosestrife
habitat within the downstream reach. We have
initiated several studies which investigate potential
constraints on biocontrol agent population dispersal
and growth.
Release sites vary in the degree to which they are
inundated by tide water. Release sites experienced
a range of tidal inundation durations from 0-71%
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during the period from Nov 2008-Nov 2009. Tidal
inundation duration, frequency, and magnitude at
a site depend, to a large extent, on elevation and
morphometry of the site.
Grid surveys (fine spatial scale) revealed that beetle
presence was positively correlated with plant height
plus ground elevations when the combination of the
two heights exceeded MHHW. This relationship was
evident at Dry Dock and Southern Tenasillahe Island,
but not at Eureka Bar Downstream. We believe that
we didn’t see this at Eureka Bar Downstream because
the LiDAR data for Eureka Bar was acquired during
periods of high water and may not accurately reflect
site elevation.
We recovered significantly greater numbers of
overwintering adults from areas of higher elevations
(those with less tidal inundation) than from lower
elevations. This leads us to believe that beetles
attempting to overwinter in areas of lower elevation
may be lost from the site, or that beetles are
preferentially selecting areas of higher elevation to
commence winter diapause.
We found that Galerucella can survive relatively
long periods of submersion. All individuals tested
from both introduced Galerucella species survived
being submerged for periods of time greater than 24
hrs. We found that Galerucella are easily swept off
of host plants by tidal water movement. In the field
experiments, all larvae (n=10) and adults (n=4) were
swept off of host plants by incoming tidal water. In
the lab, 48 larvae remained on the plant and 4 were
dislodged while 20 adults remained on the plant and
16 were swept off. The vertical water velocity used
in the lab experiments was higher than the average
flood vertical water velocity experienced at the release
sites. Therefore, we think wave (and wind) action
increases the likelihood that beetles will be swept off
of host plants. However, contrary to our expectations,
no biocontrol agents were recovered during drift net
surveying of tidal outflow from several sites. We think
this may be due to the timing of the surveys in relation
to beetle phenology.
We determined the elevation ranges and 75% and
Earth Design Consultants, Inc.
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90% quantiles for L. salicaria, and all life stages of
the BCAs using data from all of the quadrats sampled
during 2006-2009 using the transect method (n=6815).
The upper extant of the 75% quantiles are similar for
L. salicaria and all life stages of G. pusilla, but the
lower elevation extents between L. salicaria and G.
pusilla adults, larvae, and egg masses differ by 0.45
m, 0.24 m, and 0.41 m, respectively. So, despite the
availability of host plants at low elevations, we don’t
regularly find many beetles there which suggests
that biocontrol may not be effective at these lower
elevations.
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Chapter I: General Introduction and Overview
This report details findings from the fourth year of field surveys for a project monitoring and assessing
biocontrol agent populations and their impact on the invasive weed Lythrum salicaria (purple loosestrife)
in a 52km segment of the Columbia River Estuary (CRE). This report is divided into five Chapters. This
chapter provides an introduction to and overview of the study. Chapter II pertains to the growth, distribution,
and abundance of L. salicaria throughout the study area and at the 15 Galerucella pusilla (golden loosestrife
beetles) release sites. The focus of Chapter III is the distribution and abundance of the biological control
agents at the study-area and site scales. In Chapter IV, we present our investigations on the impact of the
physical environment, particularly tidal inundation
regimes, on biocontrol agent populations and their
success at controlling L. salicaria. In Chapter V we
provide a synthesis and recommendations.
In 2005, the U.S. Army Corps of Engineers
(USACE) released 1,000 G. pusilla at each of 15 sites
within the CRE study area in an effort to control L.
salicaria. Each year, we collect data on L. salicaria
abundance, distribution, and growth; biocontrol agent
abundance and distribution; tidal inundation; and plant
community composition using a transect method at
all of the release sites. Earlier reports can be found at
www.earthdesign.com.
There is a fairly extensive body of literature describing
Galerucella life histories and biology (Malecki et al.
1993; Blossey 1995; Blossey and Schat 1997; Sebolt
and Landis 2002; Piper et al. 2004). In the field G.
pusilla and G. calmariensis have similar life histories
(Blossey 1995). Both species overwinter in the leaf
Photo 1-1. Purple loosestrife (Lythrum salicaria)
flower.
litter and emerge in early spring (March to mid-April);
synchronized with L. salicaria emergence. Mating
occurs soon after emergence and females begin laying
eggs within one week (Schooler 1998). Females lay
eggs mid-May through mid-July on stems or leaves,
usually in clusters of 1-15 eggs. Larvae emerge in approximately 10 days. First instar larvae feed concealed
within flower buds or new leaves, while larger larvae feed openly on leaves and stems. After three instars,
larvae will pupate in the leaf litter or, if the plants are in standing water, they will burrow into the aerenchyma
tissue. Adults emerge five weeks later and either are the final generation of the season or produce a second
Earth Design Consultants, Inc.
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generation, which will pupate in August, with adults
emerging in mid-September. In addition to our surveys
of the 15 release sites, we completed detailed surveys
at two sites during the summer of 2009, Dry Dock and
Svensen Island, to better understand the spatial and
temporal distribution of the different life stages of the
biological control agents, and to determine the number
of generations per year in the study area.
In 2008, we determined that introduced Galerucella
spp. populations had become established at 13 of the
15 release sites (Garono et al. 2009). Establishment is
defined as recovery of the agents three or more years
after release (Coombs 2004). However, we had not
witnessed significant host plant damage nor did we
find increases in population densities of the biocontrol
agents at any of the USACE sites in 2008. Previous
research has determined that it may take 3-5 years
post-release before biocontrol agents reach densities
critical to inflict significant damage on the host plant
(Schooler 1998, Landis et al. 2003). We did observe
relatively large areas of damage in the study area at
sites other than known release sites, suggesting that
the potential for effective control exists within the
CRE.
This year, we continued our investigations on the
roles that tidal inundation may play in limiting the
effectiveness Galerucella spp. in controlling L.
salicaria populations in the CRE. Denoth and Myers
(2005) found that beetle larvae survival in tidal
areas was influenced by host plant height, and they
hypothesized that this is because tidewaters swept the
larvae off of shorter plants. Although they reported
that establishment of biocontrol agent populations
may not be feasible in tidally influenced areas, we
found that establishment is possible in a freshwater
tidal marsh, but tidal inundation may prevent agent
populations from reaching the densities necessary for
effective control of L. salicaria in some areas. This
led us to speculate that tidal water movement may be
responsible for dispersal of biocontrol agents from
release sites to other areas suitable for their population
growth (Ferrarese and Garono 2010). Dislodgment
by tidal inundation and subsequent transport by water
of biocontrol agents may have been responsible
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for colonization of areas of observed high feeding
damage. We conducted experiments to investigate
beetle behavioral responses to incoming tides, and
survival rates under a range of submersion times
in order to determine how beetle populations may
respond to tidal disturbance.
In 2009, in addition to conducting transect surveys at
the release sites, we investigated several mechanisms
by which tidal action may limit biocontrol agent
population growth. We conducted surveys in order
to determine if beetles are found in greater numbers
overwintering at higher elevations than at lower
elevations. In this case, our hypothesis was that we
would find greater densities of overwintering beetles
at higher elevations because the individuals that
attempted to overwinter at lower elevations would
have a greater chance of being lost from the site due
to tidal action, predation by fish, or other mechanisms.
We also attempted to characterize the quantity of
invertebrates lost from several sites during outgoing
tides by conducting drift net surveys. Drift net studies
were carried out at two sites in the summer of 2009.
We chose Eureka Bar Downstream and Dry Dock
because of their accessibility and the prominence of
tidal channels that drain the sites.
During the summer, we conducted detailed grid
surveys at several sites to examine patterns in beetle
distribution during the growing season. These surveys
included collection of plant height data so we could
examine the relationship between plant height, tidal
inundation, and beetle occupancy of host plants on
a 5m X 5m grid. We also conducted lab and field
studies to determine the response of adult and larval
beetles to incoming tidewaters, and lab studies to
establish the survival rates of adult beetles exposed to
differing periods of submersion.
This year, we continued examining patterns in L.
salicaria abundance and distribution, and biocontrol
agent abundance and distribution at the coarse studyarea scale using in-between site surveys and by
classifying hyperspectral imagery collected in 2008.
We have been collecting tidal data at all sites with
Earth Design Consultants, Inc.
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pressure transducers since 2007. These data allow
us to make comparisons between sites as to the
frequency, duration, and magnitude of tidal flooding
(Appendix IV). We can relate the tidal data to the host
plant and beetle data to determine ideal biocontrol
release areas for optimum control of L. salicaria
within the CRE.
All data analyses were performed using JMP v8
statistical software unless otherwise noted. All
Geographic Information Systems work was conducted
in ArcGIS 9.3. GPS data were collected using a submeter accuracy Trimble GeoXH and post-processed
using Pathfinder Office.

Site Descriptions

Detailed site descriptions can be found in Garono
et al. 2007 and sampling quadrat locations from all
years of the study can be found in Appendix 1 of
this report. Information regarding major changes to
release sites is located below.
•

Fitzpatrick Island is located directly adjacent
to the main navigational channel and
experiences strong currents and substantial
wave action due to ship wake. The area
where the release stake was (on the north
side of the island) has been scoured and
approximately 5-10m of the island has
eroded away. This year we moved our
tidal gauge inland to a new location
approximately 18 m southeast of the original
release stake. All of the transect surveys
conducted this year originate from this
location.

•

This year, the Svensen Island site was
actively grazed by cattle.

•

The tidal channels to the north of the release
stake at Devil’s Elbow have become wider
and deeper over the course of this project.
This year, the size of the channels prevented
our field teams from accessing the area of
the site beyond the channels. Therefore, in
2009, we implemented more transects of a
shorter length to effectively sample the site.

Scope of Work 2009

The 2009 Scope of Work consisted of seven grant
Elements.
Element I – Assessment of Biocontrol Populations and
Leaf Damage at 15 release sites
Sub Element A: Transect Surveys
Sub Element B: Overwintering Surveys
Sub Element C: Phenology Study
Element II – Site Characterization
Element III – Digital Imagery
Element IV – Model Optimal Release Sites and
Biocontrol Agent Transport within and between Sites
Sub-Element A --Tidal Inundation Patterns
Sub-Element B -- Detailed Site Surveys at
Selected Sites
Sub-Element C -- Surveys Around and
Between Release Sites
Sub-Element D – Drift Insect Survey
Element V – Tolerance of Galerucella pusilla to
inundation
Sub-Element A: Effects of Water Depth and
Inundation Time on Eggs, Larvae and Adults.
We will revisit results from 2007 and complete
this series of experiments.
Sub-Element B: Effects of Rising Tides on
Behavior of Adults. We will repeat these
experiments in which we observe the behavior
of the beetles as the water rises. In 2008, we
found that most of the time beetles drop from
the host plants when they come into contact
Elements VI and VII - Reports and other Submittals
Earth Design Consultants, Inc.
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Chapter II: Abundance and Distribution of Host Plants
It is important to have a clear understanding of the patterns of distribution of an invasive weed in order
to effectively manage it. Accurate information on invasive weed distributions can be used to detect new
and existing infestations, examine population dynamics and potential range expansions, model areas that
are susceptible to invasion, and determine and evaluate management actions (Pengra et al. 2007, Barnett
et al. 2007). Host plant distribution on the landscape can determine the effectiveness of biological control
programs; for instance, weeds with patchy distributions may be able to persist because some populations
will evade detection and population by biological control agents (Fagan 2002). Host plant density can be
instrumental in determining the abundance, density, and distribution of biological control agents (Coombs
2004).
Understanding patterns of weed distribution requires research at several spatial scales (Pengra et al. 2007).
At the landscape (coarse) scale, the general distribution of the invasive plant species can be mapped, and the
map can be used to determine if observed small-scale patterns are consistent across the landscape (Pengra et
al. 2006). At the site (fine) scale, information on invasive plant growing conditions, community composition,
and other environmental data can be collected to describe species-environment relationships, and determine
the factors driving or limiting the invasion (Barnett et al. 2006 and Pengra et al. 2007). Invasive species
monitoring should employ analysis at multiple scales in order to account for the weaknesses associated with
each scale.
We assessed the abundance and distribution of Lythrum salicaria at two spatial scales: study-area (landscape
scale), study-site (site scale). We utilized several methods of data collection within each scale of analysis
to answer different research questions. To make a study-area wide map of L. salicaria distribution and
abundance, we classified remotely sensed hyperspectral imagery. Training data for the hyperspectral
imagery classification was collected using in-between site surveys (called in-between site surveys because
these surveys were completed between the USACE release sites). In-between site surveys were also used
to examine the relationship between L. salicaria density and plant community composition at the studyarea scale, the association between biocontrol agents and their host plants, and L. salicaria abundance and
distribution by hydrogeomorphic reach. For site-scale analyses, we used transect surveys, grid surveys,
and phenology surveys. Transect surveys were used to examine patterns in L. salicaria abundance and
distribution at the 15 USACE biocontrol release sites. Grid surveys were employed to survey for L. salicaria
along a regular grid and capture the elevation gradient at a subset of sites (transect surveys over-represent the
area surrounding the release stake). We used phenology studies to capture temporal heterogeneity in plant
development and phenology, as well as biocontrol agent abundances.
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Abundance and Distribution of Lythrum
salicaria at the Study-Area Scale
Remote Sensing
A successful invasive species remote sensing mapping
program should be accurate (both in classification
and spatial accuracy), repeatable, and account for
environmental heterogeneity within a system (Hestir
et al. 2008). Estuarine systems are particularly
heterogeneic and dynamic due to regular tidal
disturbance, and salinity gradients which result in
a mosaic of plant species and communities. Thus,
estuaries present unique challenges to mapping and,
for many applications, require high spatial resolution
imagery (Garono et al. 2004, 2008; Becker et al. 2007;
Hestir et al. 2008).

(Appendix I). Three cover classes depicting low,
medium, dense L. salicaria coverage were derived
from the CASI imagery using training site data
collected by field crews during July 2008/09. Using
ERDAS Imagine software, we performed a supervised
classification using the training site data. Multiple
signatures were collected for each flightline (where
purple loosestrife existed) to facilitate the minimum
distance supervised classification. Signatures were not
taken for 15 of the flightlines since purple loosestrife
could not be found within their boundaries (Appendix
I).

The first iteration of the image classification was
not completed until late in the summer of 2009.
Therefore, it was not possible to complete the final
field check of the classified imagery in 2009 because
Imaging spectrometers are used to collect continuous
it was after the peak flowering time of L. salicaria.
data (reflected light) across a wide region of the visible We plan to complete the classification accuracy
and shortwave region to produce an image. Some
assessment during the summer of 2010. Therefore,
sensors, like the Compact Airborne Spectrographic
this classified imagery should be considered
Imagery (CASI), discretely samples many sections
provisional.
(bands) from the electromagnetic spectrum, and can
Table 2-1. The band setting (nm) used in
be used to map invasive species in large estuarine
CASI imagery acquisition in 2008.
environments (Hestir et al. 2008). One of its unique
advantages is that the high spectral resolution (number
of bands) allows for improved isolation of the spectral
signatures of invasive plant species (which are used
Band
nm
to discriminate target species) and the “unmixing”
1
0.423 - 0.450
of pixels (Lawrence et al. 2006, Hestir et al. 2008).
2
0.450 - 0.480
A commonly used hyperspectral remote sensor for
3
0.480 - 0.510
mapping invasive species is the Compact Airborne
4
0.510 - 0.540
Spectrographic Imager (CASI). CASI is an airborne
5
0.540 - 0.570
6
0.570 - 0.600
sensor (see Garono et al. 2000, 2004, 2008) that
7
0.620 - 0.650
allows precise control of image acquisition times,
8
0.650 - 0.690
which is necessary in dynamic tidal environments, and
9
0.690 - 0.710
band sets. We classified 20-band CASI data collected
10
0.710 - 0.730
in 2008 in order to produce a study-area wide map of
11
0.730 - 0.750
L. salicaria distribution and abundance.
12
0.755 - 0.765
Methods
We collected 20-band CASI imagery in August 2008
from the 40,853 ha study area. Band settings are
shown in (Table 2-1). We reviewed the image quality
of 73 flightlines of varying length for processing. In
our review, we considered shadowing, tidal state and
orientation. We used all 73 flightlines for processing
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13
14
15
16
17
18
19
20

0.765 - 0.775
0.775 - 0.795
0.795 - 0.820
0.820 - 0.840
0.840 - 0.870
0.870 - 0.900
0.900 - 0.930
0.930 - 0.971
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train the image processing software used to create
Results
a purple loosestrife distribution map, examine
We defined three cover classes for image classification
the relationship between L. salicaria abundance
from field surveys. The low category had between
and plant community composition, and assess the
1 and 14 stems, medium between 15 and 28 stems,
distribution of biocontrol agents at the study-area
and high had 29 or more stems. We found that most
scale (see Chapter III).
of the flightlines processed were spatially accurate to
within 2-4 m of real-world positions; however, three
flightlines were greater than 10m (and as much as
25m) from real
Methods
world positions
In 2009 the
in higher relief
“in-between
areas. Spatial
site surveys”
accuracy is
were conducted
a function of
during the
the terrain
following
over which
periods: 26-28
the imagery
May, 9 June,
is collected,
and 20-21 July.
the altitude
See Garono
and speed of
et al. 2009
the aircraft
for a detailed
and the GPS
description of
constellation
the sampling
at the time
method (Photo
of image
2-1). Locations
acquisition. In
were selected
general, spatial
Photo 2-1. Inbetween: EDC crew setting up sampling quadrat for inhaphazardly
accuracy was
between site surveys in 2009.
in areas of
higher in the
emergent marsh
low flat areas
vegetation
than in the
visible from
higher elevation areas.
the boat, generally where L. salicaria was visible.
Within each 314m2 circular survey plot, a center
We found large areas of L. salicaria in the Russian
point was established and ten 1m2 quadrats were
and Wallace Island complexes (Map 2-1). In other
randomly selected and sampled. Within each
regions of the study area, L. salicaria was confined to
quadrat, field teams counted the number of L.
low, relatively linear areas along the shoreline. Our
salicaria stems, the number of L. salicaria stems
preliminary classification shows that approximately
exhibiting feeding damage, and the number of
1.0% of the land area in the study area is covered
biocontrol agents by species and life stage. In
with L. salicaria. Considering that L. salicaria
addition, we visually estimated the percent cover
grows in low marshy areas, we can calculate that it
to the nearest five percent, of all species. If the
occupies about 5.7% of the area currently occupied
plant species present occupied less than 5% of the
by herbaceous vegetation classified from the CIR
quadrat, it was assigned a percent cover of 1%.
photography (Garono et al. 2008).
In-between Site Surveys
This year marked the second field season of data
collection to determine the distribution of L. salicaria,
Earth Design Consultants, Inc.
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We used a classification of the Lower Columbia
River by hydrogeomorphic reach (HGMR)
identified by the Lower Columbia River Estuary
Columbia River Estuary Biocontrol Assessment (2009)

7

Map 2-1. Density of L. salicaria within the study area. Maps were developed by classifying hyperspectral CASI imagery acquired in
the summer of 2008 based on training data collected using data from in-between site surveys in 2008 and 2009.
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Partnership (Simenstad et al. 2005) in order to
examine geographic trends in introduced Galerucella
spp. colonization of L. salicaria patches. As reported
by Simenstad et al. (2004, 2005), the HGMR polygons
were recommended for status and trends sampling
of the estuary and were conducted in a GIS based on
the EPA Level IV Ecoregions classification modified
with transitions in large-scale HGMR and tidal-fluvial
forcing. We pooled data from 2008 and 2009 Inbetween Site Surveys for the analysis.
Results
We completed 27 In-between Site Surveys in 2009.
Our results from 2008 and 2009 surveys indicate
that L. salicaria is widespread throughout the Lower
Columbia River Estuary (Map 2-2). In 2009, 26
out of the 27 sites we sampled had L. salicaria
present (however, note that sites with L. salicaria
were selected preferentially). Analysis by elevation
revealed that L. salicaria was found at elevations
between 1.15-3.14m in the study area1.
In 2008, we encountered 65 plant species using this
sampling method, and in 2009 we encountered 49
plant species. This year, the top five genera or species
in order of highest percent cover averaged across all
quadrats were 1) Carex spp.; 2) Phalaris arundinacea;
3) L. salicaria; 4) Myosotis spp.; 5) Eleocharis spp.
(Appendix 2). We calculated species accumulation
curves for the study area by pooling the data from
the in-between survey sites (Figure 2-1). Species
accumulation curves simply plot the number of species
encountered by sampling effort (number of quadrats).
The sampling effort required to obtain a representative
sample is estimated by determining the “break point”
(Barbour et al. 1999). The break point is estimated
according to the 10% rule (i.e. when a 10% increase in
area yields less than a 10% increase in new species).
We determined that the break point for our study area
is around 60 quadrats. Therefore, the in-between
site surveys likely underestimate the species richness
for any given site. Our data are pooled from various
1

We noticed an error in the 2008 dataset that led to a miscalculation
of the average density of L. salicaria stems (no. stems m-2), and subsequently the
percentage of L. salicaria stems with Galerucella damage reported in the 2008
report. The average stem density (no. stems per 1m2) in 2008 was 7.01, while in
2009 it was 6.12. The average percent cover of L. salicaria was 8.84 in 2008 and
5.48 in 2009. The highest average percent cover observed in 2008 was 59.5%,
and in 2009 it was 27.6%.
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community types. We recommend determining the
number of quadrats necessary to adequately sample
different types of herbaceous communities from these
data.
HGMR analysis
A total of 97 sites were surveyed during the 2008
and 2009 field seasons. Of these, 64 were within the
Coastal Uplands Salinity Gradient (CUSG) reach,
while 33 were within the Volcanics Current Reversal
(VCR) reach (Map 2-2). A majority of the sites
visited within both reaches contained L. salicaria
(80% within CUSG, and 85% within VCR). The
average percent cover of L. salicaria for each site
differed significantly between reaches; the average L.
salicaria percent cover in CUSG was 5.57%, while
in VCR it was 12.82% (student’s t-test; p=0.0009,
t-stat=-3.20405, df=95).

Abundance and Distribution at the Site
Scale
Transects
Transect surveys were used to examine sitescale patterns in L. salicaria and biocontrol agent
distribution and abundance, and to attempt to
correlate these patterns with environmental data
collected at each site. We have conducted transect
surveys at each of the 15 USACE release sites every
field season since 2006. A standardized method and
the implementation of an index sampling period (July
from each year) have been utilized in order to make
equitable inter-annual comparisons. In addition, we
have calculated growing degree days to account for
differences due to weather patterns and have now
completed beetle phenology studies to account for
differences in adult/ larval occurrence (see Chapter
III). In addition to surveys conducted during the
index month, we conduct surveys during at least one
other sampling period each year in order to sample
100 1m2 quadrats each year as specified in our
contract. This year, transect surveys were conducted
in July and August. The data from transect surveys
are used to examine trends in L. salicaria abundance
and density, beetle abundance and density by life
stages, damage to L. salicaria, and phenology and
growth of L. salicaria. In this section, we present
Earth Design Consultants, Inc.
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information on the distribution, abundance, phenology,
and growth of L. salicaria. Information on the
biocontrol agents is presented in Chapter III.
Because insects and plants have predictable patterns
of development based on the accumulation of heat,
we selected temperature (cumulative growing degree
days) as a weather parameter. In other words, baseline
threshold temperatures are required for plants and
insects to reach certain stages of development, such
as flowering or egg hatching. Therefore, the calendar
dates of plant and insect development varies from year
to year and between locations. Cumulative growing
degree days are a measure of the accumulation of
heat. Growing degree days are calculated by selecting
a base temperature or lower temperature threshold
at which organism growth or activity is affected and
subtracting that threshold from the average daily
temperature. The base threshold of 10°C was selected
because it is a common lower threshold for crops,
and was selected by Katovich et al. (2003) for a study
examining L. salicaria emergence.
Methods
One hundred 1m2 quadrats at each of the 15 biocontrol
agent release sites were sampled along 50 m transects
during two field trips in 2009 (July 6-10 and August
3-7). We followed the methods described in Garono et
al. 2007, 2008. Transects were selected haphazardly
and radiated from the release stake. This method was
developed to assess the spread of the biocontrol agents
from the release point over time and to minimize
disturbance to the site and the likelihood of sampling
the same plot during multiple sampling events. The
method was altered at Devil’s Elbow this year because
of widening and deepening of tidal channels present
at the site which made 50 m transects difficult to lay
out. In this case, we haphazardly laid out 20-50 m
transects, although in order to sample a wide area,
some radiated from the tree line next to the release
stake and not the release stake itself (see Appendix
III). The only other change made to the field sampling
protocol this year was to estimate the percent cover
of each plant species within every quadrat during
July. As with the in-between site surveys (see above),
percent cover was visually estimated to the nearest
5%; plant species with percent covers less than 5%
Earth Design Consultants, Inc.
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were all given values of 1%. Due to time constraints,
no plant community data were recorded in August.
Photographs of each quadrat were taken during both
sampling periods.
Calculating Growing Degree Days
Growing degree days for the study area as a whole
were calculated using the method outlined in Garono
et al. 2007. This year, we also used the temperature
data for each release site, recorded by the tidal gauges
every 15 minutes, to calculate Growing Degree Days
(base 10° C) (GDDb10). The formula used for GDDb10
is:
GDDb10= (Tempmax + Tempmin) - 10
2
where GDDb10= Growing degree day (base 10° C)
Tempmax = Maximum daily temperature
Tempmin = Minimum daily temperature

Cumulative degree days were calculated for each
calendar day by adding the GDD from that day to
the GDDs from all previous dates in the growing
season. Only positive values were incorporated into
cumulative GDD calculations.
This year, we also calculated GDDs for each site
using temperature data collected by the tidal gauges.
Growing degree days that were calculated using tidal
gauges are influenced by water temperature. This may
more accurately reflect the growing conditions of the
plants at each site because many of them are at least
partially submerged when the gauge is submerged
(and thus recording water temperature instead of air
temperature).
Results
Abundance and density of L. salicaria
Data were collected from 759 1m2 quadrats in July
and 755 in August. Lythrum salicaria was present
at all release sites in 2009 and was present in 54%
of quadrats sampled in July and in 52% of quadrats
sampled in August. This year, L. salicaria density was
measured two ways during July. The first method used
the number of stems m-2 as a measurement of density.
The second method relied on a visual estimate of the
Columbia River Estuary Biocontrol Assessment (2009)
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Map 2-2. Map of the study area showing the presence and absence of L. salicaria from transect surveys and 2008-2009 in-between
site surveys. Hydrogeomorphic reaches classified by Simenstad et al. (2005) are outlined.
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Species Accumulation Curve: Pooled Sites
In-between site survey, 2009
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Figure 2-1. Species accumulation curve developed from 2009 in-between site surveys. The number of cumulative species
encountered is plotted by quadrat.

percent cover of L. salicaria within each quadrat.
Stem Densities
The highest densities of L. salicaria based on mean
number of stems m-2 from the July sampling period
were observed at Miller Sands Downstream (26.04 ±
23.42(sd) stems m-2 ), Eureka Bar Downstream (22.02
± 18.17 stems m-2), Pillar Rock Island Upstream
(19.70 ± 22.57 stems m-2), Miller Sands Upstream
(17.24 ± 21.37 stems m-2), Eureka Bar Upstream
(16.14 ± 15.52 stems m-2). These same five sites had
the highest densities of L. salicaria in 2008. Wallace
Island had the maximum number of L. salicaria stems
(98) observed in a single quadrat. Devil’s Elbow had
the lowest densities of L. salicaria (1.32 ± 4.35 stems
m-2) for the third year in a row. Other sites with low
densities included Fitzpatrick Island (2.16 ± 4.57
stems m-2), Tenasillahe Island (2.43 ± 5.30 stems m-2),
and Dry Dock (2.68 ± 7.22 stems m-2). There was no
difference in the means of the number of L. salicaria
stems m-2 between years when all sites were pooled
(ANOVA, p=0.166, df=3023, F-stat= 1.695: Figure
2-2).
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Percent Cover
Visual estimates of percent cover of L. salicaria
yielded the same five sites as having the highest
densities as the rank produced by stem densities,
although the ranking differed slightly between the two
methods. Eureka Bar Downstream had the highest
percent cover (24.9% ± 22.0%), followed by Pillar
Rock Island Upstream (22.4% ± 23.9%), Eureka Bar
Upstream (17.6% ± 16.0%), Miller Sands Upstream
(17.3% ± 18.7%), Miller Sands Downstream (14.4% ±
12.4%). The sites with the lowest percent covers were
the same as those with the lowest number of stems
m-2: Fitzpatrick Island (1.2% ± 2.9%), Devil’s Elbow
(2.0% ± 6.5%), and Tenasillahe Island (3.7% ± 8.2%).
Relationship between elevation and L. salicaria
distribution
Based on the available LiDAR data, the elevation
range of quadrats sampled during July transects was
0.72-4.41m. Lythrum salicaria occurred between
0.75m and 3.19m. We used all of the transect data
collected from 2006-2009 to examine the elevation
range of L. salicaria. We have sampled 60,112 stems
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of L. salicaria, and we found that 75% of these stems
were found between 1.87 m and 2.84 m; 90% of
them were found between 1.57 m and 3.12 m. See
the section on the relationship between elevation and
biocontrol agent distributions in Chapter III for more
detailed analyses of this relationship.
Flowering
We have observed a decrease in the percentage of L.
salicaria infested quadrats containing flowering stems
in July from 2006-2009 (Table 2-2). In 2006, 85%
of quadrats containing L. salicaria contained flowers;
that percentage was 58% in 2007, 30% in 2008, and
18% in 2009. It is imperative to keep in mind the
relationship between sampling date, growing degree
days, and flowering when interpreting these data.
The GDD for the sampling period were also greatest
in 2006, followed by 2007, 2009, and 2008. So, the
decrease in percentage of flowering stems between
years may be a relict of the difference in GDD during
July sampling between years and not a result of the
biocontrol agents. However, it is important to note
that the percentage of flowering stems still decreased
between 2008 and 2009, despite 2008 having a lower
number of GDD than 2009 during July sampling.
Stem length
Lythrum salicaria grows quickly, and stem length
is highly variable during the year and between
growing seasons. We compared data on L. salicaria
stem height from July of all four years using linear
regression analysis. We found a significant decreasing
linear trend in stem lengths through time (p<0.0001),
but the r2 value was very low (r2=0.036), indicating
that the trend-line was a poor fit to the data. We found
a significant polynomial relationship between average
stem length per sampling period and cumulative
Growing Degree Days (r2= 0.9817) (Figure 2-3).
Stem length is also variable between sites (Table
stems all years). For instance, the average stem
length at Fitzpatrick Island was only 42.5 cm in July,
about 64% smaller than the average from all of the
other sites. Other sites with small plants were Miller
Sands Downstream (mean=78.4 cm), Pillar Island
Downstream (mean=80.6 cm), and Wallace Island
(mean= 95.5 cm). These sites are all characterized
by sandy soils, which are generally nutrient poor. We
Earth Design Consultants, Inc.
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have not directly compared rates of growth or factors
that may limit growth at the release sites.
Grid Surveys
Within each site, L. salicaria distribution and growth
is determined by a myriad of factors including nutrient
availability (Keddy et al. 2000); hydrology (i.e.,
water depth: Frazer and Karnezis 2005); competition
(Gaudet and Keddy 1995; Keddy et al. 2000;
Yakimowski et al. 2005); shade (Ture et al. 2004),
dispersal (Yakimowski et al. 2005); and disturbance.
In order to describe L. salicaria distribution at the
release sites, we conducted detailed Grid Surveys
(called grid surveys because samples were taken at 5m
intervals in a grid) at a subset of sites. We were most
interested in examining the influence of hydrology,
specifically tidal inundation, on plant and biocontrol
agent distribution. The degree of tidal inundation at
a given location, in terms of frequency, duration, and
magnitude, is determined, in large part, by elevation
and site morphometry. We sampled a 5x5 m grid (i.e.
each sampling quadrat was 5m away from the next
quadrat) in order to capture the pattern of L. salicaria
distribution. We then correlated the results of the
surveys with elevation to examine the effects of tidal
inundation on L. salicaria distribution and determine
the ideal elevation range of L. salicaria.
Methods
The methods for establishment of the grids differed
slightly from those described in Garono et al. 2009.
This year, we were most interested in examining
patterns according to elevation gradients and tidal
inundation categories based on those gradients. A
LiDAR layer (see Appendix V) and our knowledge
of the sites were used to select areas to sample. We
used GIS to construct grids with sampling points
spaced 5 m apart. The grid files were then loaded
into a Trimble GPS unit. In the field, the GPS unit
was used to locate each sampling point along the
grid. Grid surveys were performed at Eureka Bar
Downstream and Dry Dock on 22-23 July 2009 and
16-17 September 2009. An additional site at Southern
Tenasillahe Island (at the location of the overwintering
survey; not at the Tenasillahe Island release site) was
added on 17 September 2009. For this site, a 5x5
m sampling grid was constructed in the field using
Columbia River Estuary Biocontrol Assessment (2009)
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a measuring tape, and all points were recorded with
a Trimble GPS unit. At each sampling point, the
following information was recorded from within
1m2 sampling quadrats: number of biocontrol agent
(G. pusilla, G. calmariensis, N. marmoratus, and
H. transversovittitus) adults, number of Galerucella
spp. larvae and egg masses, percent Galerucella spp.
damage, percent Galerucella spp. damage to three
regions of the plant (upper third, middle third, and
lower third), presence of L. salicaria meristem tissue
damage (primary and secondary), presence of other
herbivore damage, number of live stems, and the
length of the tallest stem.

used: Output cell size=5m; Power=2 (default); Search
radius= variable, 12 points (default); Max distance=
12 points. The interpolated surface was then classified
according to >MHHW or <MHHW (MHHW=2.76
m). Beetle and L. salicaria presence and absence data
were then overlaid on the classified surface.

To determine which tidal category a quadrat was
in, we reclassified a LiDAR DEM based on tidal
datum elevations from NOAA’s Knappa Slough tidal
gauge. The elevations were grouped into three major
categories; two of the categories had wide ranges so
they were further subdivided to create a total of five
elevation categories. Categories we used are listed in
order from highest elevation to lowest:

In September, at Dry Dock, 31% of quadrats sampled
contained L. salicaria, at Eureka Bar Downstream
82% of quadrats sampled contained L. salicaria,
while at Southern Tenasillahe Island, 44% of quadrats
contained L. salicaria. At Dry Dock, L. salicaria was
found in the mid-range of tidal elevation categories
during both sampling periods. At Eureka Bar
Downstream, L. salicaria was found in the highest
three elevation categories (these were the only
categories sampled) during both sampling periods
(Figure 2-4). Lythrum salicaria was found within
the lowest three tidal elevation categories at Southern
Tenasillahe Island (these were the only categories
sampled) (Figure 2-4).

•
•
•
•
•

greater than mean higher high water
(>MHHW) (>2.76 m);
mean high water to mean higher high water
(MHW-MHHW) (2.55-2.76 m);
mean sea level(a) to mean high water
(MSL(A)-MHW) (2.15-2.55 m);
mean sea level to mean sea level(a) (MSLMSL(A)) (1.55-2.15 m);
mean sea level(b) to mean sea level (MSL(B)MSL) (0.88-1.55 m)

This classification was based on ground elevation.
We also examined tidal influence using plant height
data. A surface was created in a GIS to examine the
relationship between plant length, elevation, tidal
inundation and beetle distribution. The length of the
tallest L. salicaria stem was added to the elevation
of the sampling quadrat. This field was then used
to interpolate a surface using the inverse distance
weighted method in ArcGIS. This method estimates
a value for each grid cell by averaging the values of
data in the vicinity of each cell. Surrounding grid
cells that are closer have a greater influence on the
estimated cell value. The following parameters were
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Results
Lythrum salicaria distributions at Eureka Bar and
Southern Tenasillahe Island are clumped, while at Dry
Dock the distribution is more uniform (Maps 2-3-1 to
2-3-5).

Phenology Study
The invasion of non-indigenous plants can have
negative impacts on the integrity and functions of an
ecosystem (Blossey, Skinner, and Taylor 2001). The
greater the overlaps of life history traits between host
plant and potential biocontrol agents, the higher the
potential success rate of the biocontrol agent’s ability
to suppress L. salicaria (Blossey et al. 1994). In order
to understand the potential impact of biocontrol agents
on established L. salicaria populations within our
study area, a study investigating both plant and agent
phenology in this region was conducted.
Methods
We monitored biocontrol agents and host plant stem
heights in 1m2 quadrats arranged along permanent
transects at two sites. These permanent transects
were established through relatively homogenous L.
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Average L. salicaria stem density by year
July transects data pooled from all sites

Average L. salicaria stem density (number of stems/ 1m2)
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Figure 2-2. Average L. salicaria stem density (no. stems per
biocontrol agent release. Data are from July transect
surveys of each year, and averages are pooled from all sites. Error bars represent standard error of the mean.
2
Years
1m
) bypost-release
years post

salicaria vegetation at sites with established beetle
populations: Dry Dock and Svensen Island. The
starting point of each transect was located near the
release stake and sampling occurred every two meters,
resulting in eight permanent quadrats at Dry Dock
and seven at Svensen Island. Each quadrat location
was labeled with flagging and a GPS reading was
taken with a Trimble Geo XH. We searched plants
thoroughly within each quadrat and recorded the
number of egg masses, larvae, and adults of each
biological control agent species or genera (species
of the egg masses and larvae of the two Galerucella
cogeners are impossible to differentiate in the field).
The number of L. salicaria stems and the heights
of the five tallest stems were recorded. We sampled
the same quadrats every two weeks throughout the
growing season (May through mid-November).
Results
Dry Dock also had denser (no. stems m-2) and larger
L. salicaria plants (stem length) than Svensen Island
(Figures 2-5 and 2-6). Growing degree-days (GDD)
Earth Design Consultants, Inc.
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were used as an estimate of daily temperature to
determine plant emergence and growth rates based
on temperature patterns. In this study we observed
L. salicaria stems started growing in early May
(<25.3 GDD) with rapid growth occurring through
early June (256.5 GDD), and peaking in late August
(619.2 GGD) (Figure 2-7-1 and 2-7-2). We looked
at the relationship between stem height and elevation
and found no correlation at either site (Dry Dock
(r2=.0005), and Svensen Island (r2=.0001)).

Discussion
Study-area scale trends in L. salicaria distribution and
abundance
Our study-area wide sampling efforts have revealed
that L. salicaria is widespread throughout the
Columbia River Estuary. We have found L. salicaria
growing in a range of growing conditions and habitats.
We find it colonizing the lower edge of sand and
mud flats, interspersed with Phalaris arundinacea at
heavily invaded sites, under willow canopies, and in
Columbia River Estuary Biocontrol Assessment (2009)
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Devil's Elbow
Dry Dock
Eureka Bar Downstream
Eureka Bar Upstream
Fitzpatrick Island
Karlson Island
Marsh Island
Miller Sands Downstream
Miller Sands Upstream
Mott Island
Pillar Island Downstream
Piller Island Upstream
Svensen Island
Tenasillahe Island
Wallace Island
average

Site

2006
n
flowering %flowering
11
5
45.45
18
16
88.89
46
37
80.43
44
43
97.73
38
33
86.84
20
13
65.00
16
14
87.50
38
29
76.32
29
28
96.55
24
22
91.67
40
34
85.00
43
42
97.67
28
22
78.57
18
14
77.78
20
15
75.00
29
24

2007
2008
n
flowering % flowering n flowering % flowering
7
3
42.86
7
1
14.29
8
1
12.50
17
0
0.00
50
41
82.00
48
8
16.67
37
35
94.59
47
19
40.43
24
9
37.50
31
5
16.13
17
7
41.18
16
5
31.25
9
6
66.67
16
8
50.00
25
12
48.00
36
4
11.11
21
10
47.62
34
15
44.12
15
6
40.00
18
13
72.22
31
14
45.16
30
8
26.67
45
39
86.67
46
22
47.83
20
4
20.00
20
6
30.00
20
15
75.00
21
7
33.33
31
5
16.13
22
1
4.55
24
14
27
8

2009
n
flowering % flowering
9
0
0.00
12
0
0.00
46
3
6.52
40
21
52.50
14
1
7.14
24
6
25.00
28
4
14.29
44
2
4.55
37
4
10.81
19
6
31.58
24
5
20.83
37
8
21.62
26
7
26.92
15
1
6.67
26
3
11.54
27
5

Table 2-2. The number of L. salicaria infested quadrats (n) and the number of quadrats containing flowering stems (flowering) from July visits at each site. The
average from all sites for each year are presented at the bottom of the table.

Average Stem Length by Growing Degree Days (base 10 C)
Transect data 2006-2009
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Figure 2-3. Average L. salicaria stem length by cumulative growing degree days (base 10° C) for each sampling period. Average stem
lengths are based on five stems chosen haphazardly by surveyors for each sampled quadrat. Data are from transect surveys from
2006-2009. Error bars represent standard error of the mean.

relatively undisturbed areas of the lower Estuary. We
found that L. salicaria densities were greater in the
Volcanics Current Reversal (upstream) reach than in
the Coastal Uplands Salinity Gradient (downstream)
reach.
Map 2-1 shows large areas of the channel islands
are infested with L. salicaria. These islands, many
within the National Wildlife Refuge system, are
important fish and wildlife habitat. The impact of L.
salicaria on the organisms that inhabit these islands
is largely unknown. Remotely sensed data provide a
synoptic view of the spatial extent of the L. salicaria
population in the study area. Repeating this study at
a later time will help natural resource managers to
determiine the status of L. salicaria populations and if
biocontrol agents have been effective.
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Site-scale trends in L. salicaria distribution and
abundance
Galerucella spp. damage can result in decreased
stem lengths, decreased stem density, and decreased
flowering over time post-release. Because we have
not seen significant Galerucella feeding damage at
most of the release sites (see Chapter III), there is
little evidence that biocontrol agents are impacting
stem lengths or flowering at the study area scale at
this time. The observed inverse linear relationship
between stem length and year is most likely due to the
timing of sampling between years and the effect of
GDD on L. salicaria length, not due to the effects of
biocontrol agent damage. The relationship between
GDD and stem length should be taken into account
when interpreting any results produced using stem
length data, especially when comparisons are being
made between sampling periods. Galerucella damage
can impact the flowering success of L. salicaria.
Columbia River Estuary Biocontrol Assessment (2009)
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The observed decrease in the proportion of Lythrum
salicaria in flower at the time of sampling is also
likely a result of the GDD at the time of sampling. An
increasing trend in L. salicaria density through time
also suggests that Galerucella populations are not yet
impacting Lythrum populations at the release sites.
Trend in decreasing stem lengths through time
The observed inverse linear relationships between
stem length and year are most likely due to the
timing of sampling between years and the effect of
GDD on L. salicaria length, not due to the effects of
biocontrol agent damage. We used regression analysis
to determine the relationship between growing degree
days (GDD) and stem length. For input data, we used
average stem lengths across all sites for each sampling
event. We calculated GDD for each sampling event
using the methods described in Garono et al. 2007.
We then fitted a second degree polynomial curve
through the data points, and observed a strong degree
of fit. This relationship should be taken into account
when interpreting any results produced using stem
height data, especially when comparisons are being
made between sampling periods.
Relationship between elevation and L. salicaria
This year we sampled a total of 2264 1m2 quadrats, in
which we counted L. salicaria stems and biocontrol
agents. Using these data and the available LiDAR
data, we found that L. salicaria occupied the range
from 0.74 m-3.34 m. Last year we sampled more
quadrats (>2300), and found L. salicaria occupying
the lowest and highest elevations surveyed (0.27
m-4.92 m). The wider elevation range observed last
year is most likely due to the higher number of inbetween site surveys completed last year. This year
most of the quadrats sampled were at USACE release
sites (transects and grid surveys, n=1994) so the data
mostly reflect the elevations at these sites.
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Maps 2-3-1 to 2-3-5. Percent of L. salicaria leaf area exhibiting Galerucella feeding damage and L. salicaria stem density (no.
stems per 1m2). Data are from grid surveys completed in July and September 2009 at Dry Dock and Eureka Bar Downstream, and
in September 2009 at Southern Tenasillahe Island.
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Average elevation of quadrats sampled and average Lythrum salicaria stem length
avg. stem length (m) from July 2009
avg. elevation (m) of quadrats sampled in July 2009

4.5
4.0

Elevation (m) NAVD88

3.5
3.0

MHHW

2.5
2.0
MSL

1.5
1.0
0.5

D
ow
ns
tre
am
Ba
rU
ps
tre
Fi
am
tz
pa
tri
ck
Is
la
nd
Ka
rls
on
Is
la
nd
M
M
ille
ar
sh
rS
Is
an
la
ds
nd
D
o
M
w
ille
ns
tre
rS
am
an
ds
U
ps
tre
am
M
Pi
ot
lla
tI
rR
sl
an
oc
d
kI
sl
an
Pi
dD
lla
rR
ow
oc
n
kI
sl
an
dU
ps
Sv
t
en
se
n
Is
Te
la
na
nd
si
lla
he
Is
la
nd
W
al
la
ce
Is
la
nd
Eu
re
ka

D
ry
do
ck

Eu
re
ka

Ba
r

D
ev
ils

El
bo
w

0.0

Site

Figure 2-4. The average elevation of quadrats sampled plus average L. salicaria stem length for each site, showing tidal
datums from NOAA’s Knappa Slough tidal gauging station. Data are from quadrats sampled in July 2009.
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Dry Dock and Svensen Island
Average L. salicaria stem height
Phenology study, 2009
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Figure 2-5. The average L. salicaria stem length measured in two-week intervals at Dry Dock and Svensen
Island. Data are from the phenology study and error bars represent the standard error of the mean.
Dry Dock and Svensen Island
Average L. salicaria stem density
Phenology study, 2009
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Figure 2-6. The average L. salicaria stem density (no. of stems per 1m2) measured in two-week intervals at Dry
Dock and Svensen Island. Data are from the phenology study and error bars represent the standard error of
the mean.
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Dry Dock
Average L. salicaria stem height by cumulative growing degree days
Phenology study, 2009
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Figure 2-7-1. Dry Dock Growing Degree Days: Average L. salicaria stem height by cumulative growing
degree days for Dry Dock and Svensen Island. Growing degree days were calculated from temperature
data logged by the tidal gauges at each site. L. salicaria stems were measured in two-week intervals using
phenology survey protocols.

Svensen Island
Average L. salicaria stem height by cumulative growing degree days
Phenology study, 2009
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Figure 2-7-2. Svensen Island stem heights vs Growing Degree Days: Average L. salicaria stem height
by cumulative growing degree days for Dry Dock and Svensen Island. Growing degree days were
calculated from temperature data logged by the tidal gauges at each site. L. salicaria stems were
measured in two-week intervals using phenology survey protocols.
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Chapter III: Abundance and Distribution of Biocontrol Agents
It is important to monitor biocontrol agent populations in order to determine if the agents have become
established, and if their populations are increasing. Biocontrol agent populations are considered established
when they have been recovered from release sites for three or more consecutive years post-release (Harris
1991, Coombs 2004). Even if an agent establishes at a site, “ecological failure” can occur when agent
populations drop to low densities or when they have “negligible” impacts on the host plants (Coombs 2004).
Therefore, we monitor agent abundance and impact on the target weed at all of the release sites.
Successful biological control is also dependent on the relationship between the dispersion of the target weed
(see Chapter II) and the dispersal and subsequent dispersion in the landscape of the biological control agents
(Fagan et al. 2002; Kareiva 1990; Jonsen et al. 2007). Examining geographic patterns in biocontrol agent
distribution and abundance will allow us to determine which environmental factors may be limiting their
range within the study area, or hampering their ability to effectively control L. salicaria populations. This
understanding will allow us to recommend target areas for future releases where biological control will be the
most effective.
As with L. salicaria, we examined the distribution and abundance of biological control agents at two scales;
coarse (study-area), and fine (study-site).

Abundance and Distribution of Biocontrol Agents: Study-area scale

We collected information on biocontrol agent densities and feeding damage at the in-between survey sites. We
then used this information and corresponding vegetation community and elevation data to determine largescale patterns of beetle dispersion and to identify which environmental factors may limit the effectiveness of
biocontrol agent populations in controlling L. salicaria populations.
Methods
See Chapter II for a complete description of the in-between site survey methods. Recall, that within each 1m2
quadrat, field teams counted the number of L. salicaria stems exhibiting feeding damage, and the number of
biocontrol agents by species and life stage. We sampled 10-1m2 quadrats at each site.
Results
We conducted 27 in-between site surveys in 2009 and 72 in 2008. In 2009, of the 26 sites at which L.
salicaria was present, only five (19%) also had introduced Galerucella spp. within any of the 10 sampled
quadrats. Analysis by site elevation revealed that Galerucella spp. were only observed between 2.06-2.98 m,
while L. salicaria was found at elevations between 1.15-3.14 m.
We found Nanophyes marmoratus at 8% of sites sampled in 2008, and 22% of sites sampled in 2009 (Map
3-1). G. nymphaea adults were found at 5% of sites sampled in 2008, and at 4% of sites in 2009; G. nymphaea
eggs and/or larvae were found at 3% of sites in 2008 and 0% of sites in 2009.
Earth Design Consultants, Inc.
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HGMR analysis
Recall that 97 sites were surveyed during the 2008
and 2009 field seasons. Of these, 64 were within the
Coastal Uplands Salinity Gradient (CUSG) reach,
while 33 were within the Volcanics Current Reversal
(VCR) reach. We found that the percentage of L.
salicaria infested sites with introduced Galerucella
spp. differed dramatically between the HGMR.
For CUSG, only 16% of L. salicaria infested sites
contained Galerucella spp., while in the VCR reach,
68% of infested sites visited had Galerucella spp.
present (Map3-2).

Abundance and Distribution of Biocontrol
Agents: Site Scale

Site-scale research on the abundance and distribution
of biocontrol agents was conducted using the
previously described (see Chapter II) protocols for
transect surveys, grid surveys, and phenology surveys.
The transect surveys quadrats radiate outward from
the release stake. They were set up this way in order
to sample movement of the biocontrol agents from the
point of release over time (Appendix III).
Transects
Methods
See Chapter II for more detail on the transect survey
methods. One hundred quadrats at each of the 15
biocontrol agent release sites were sampled during
two field trips in 2009 (July 6-10 and August 3-7). We
followed the methods described in Garono et al. 2007,
2008. Recall, transects were located haphazardly and
radiated from the release stake. This method was
selected to assess the spread of the biocontrol agents
from the release point over time and to minimize
the likelihood of sampling the same plot during
multiple sampling events. In 2009, the arrangement
of transects at Devil’s Elbow was altered because of
a pond had formed on the site (see Chapter II and
Appendix III). The extent and position of Galerucella
damage on plants were recorded, and photographs of
each quadrat were taken during both sampling periods.
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We use biocontrol agent density and frequency of
encounter to monitor the benchmark of increase of
agent population. Density is measured at each site
as the average number of introduced Galerucella
m-2; we calculate and present density separately for
each life stage. We use July as the index month
for comparisons between years. Density trends
were analyzed using linear regression in JMP
8.1. Frequency of encounter is the percentage of
quadrats containing Lythrum that have evidence of
introduced Galerucella. Presence of any of the life
stages of Galerucella is considered evidence. A
tendency for increasing population size was analyzed
using repeated measures analysis of variance on
the proportion of quadrats with Lythrum that were
occupied by Galerucella beetles. P-values were
adjusted using the Greenhouse-Geisser correction.
Frequency of encounter analysis was conducted using
SPSS.
Results
Establishment, abundance,
density, and dispersal of biological control agents  
Establishment
In 2009, we observed at least one life stage of
introduced Galerucella spp. at each of the release
sites, except for Miller Sands Downstream (Table
3-1). This is an increase over the number of sites with
Galerucella present in 2008; in 2008 no agents were
found at Miller Sands Downstream or Marsh Island.
Density
This year, most sites experienced a slight decrease
in adult G. pusilla density (number of adults m-2)
(p=0.02, r2=0.002) (Table 3-2-1). We have seen
a steady increase in the density of introduced
Galerucella larvae at sites in July of each year
(p<0.0001; r2=0.019). Overall, we have seen a slight
increase in G. pusilla egg mass density (no. m-2 ) since
2006 (p=0.0068, r2=0.002) (Tables 3-2-2 and 3-2-3).
Frequency of encounter
We examined the relationship between the probability
of encountering Galerucella on L. salicaria plants
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and year by performing a contingency analysis. We
found a steady increase in the percentage of Lythrum
infested quadrats occupied by Galerucella over the 4
year study period. The mean percentage of occupied
quadrats per site increased from 20.87 +/- 6.08 in
2006 to 37.8 +/- 8.42 in 2009 (Figure 3-1). Repeated
measures analysis indicated that this was a significant
trend (Greenhouse-Geisser corrected p=0.006). On a
site by site basis, Dry Dock, Eureka Bar Downstream,
Eureka Bar Upstream, Karlson Island, Marsh Island,
Miller Sands Upstream, Pillar Island Downstream,
Tenasillahe Island, and Wallace Island all had
increasing trends. Frequency of encounter is less
sensitive than density estimates to differences in beetle
phenology between sampling periods.
Expansion of biocontrol agent
populations from point of release
To determine the extent of the beetles’ movement
away from the release stake, we examined the
distribution of introduced Galerucella in concentric
circles (buffers) radiating from the release stakes at
each site (see Garono et al. 2008). As we saw in
years past, the percentage of L. salicaria infested
quadrats with evidence of introduced Galerucella is
variable between sites and between buffers within
any given site. It is evident that biocontrol agents
have spread to 25-50 m beyond the release stake at all
sites except for Miller Sands Downstream and Pillar
Island Downstream. However, at some of the sites
where BCAs were found within this buffer in 2008,
we failed to detect any this year. The only site where
we observed biocontrol agents beyond the 50 m buffer
this July was at Svensen Island, although we only
sampled beyond the 50 m buffer at four sites this year.
The biocontrol agents have occupied this distance
away from the release stakes at most sites since 2006,
so we were unable to document movement of the
population from the release point. We are able to use
the buffers to examine changes in biocontrol agent
density at varying distances from the release stake
over time.

However, they weren’t the same 11 sites between
the two years.
This year we also looked at the average number of
introduced Galerucella by distance from release
stake at 10 m increments. For G. pusilla adults,
the average beetle density was higher in 2009 at
quadrats within 10 m of the release stake than in
past years, but this pattern did not hold for quadrats
further away from the release stakes (Figure 3-21). However, for introduced Galerucella larvae and
egg masses, we observed higher densities at most
distances in 2009 than in past years (Figures 3-22 and 3-2-3). We found that in 2009, the highest
densities of G. pusilla adults and Galerucella
spp. egg masses were within 10 meters of the
release stake, but we found the highest densities of
Galerucella spp. larvae between 20 and 30 meters
away from the release stake. We also investigated
whether or not the pattern of higher densities closer
to the release stake was due to higher host plant
densities closer to the release stake by plotting
density of agents per stem by distance from release
stake. We observed similar spatial patterns in agent
density when examined per 1m2 and per stem.
Relationship between elevation and biocontrol
agent distribution
We used data from all of the quadrats surveyed
using the transect method from 2006-2009 (n=6815)
to analyze the relationship between elevation and
biocontrol agent abundance and density. The
elevation range of all quadrats sampled was 0.315.34 m NAVD88. All life stages of introduced
Galerucella spp. were found between 0.74-3.67 m
(Figure 3-3).
The 75% and 90% quantiles of the elevation ranges
of L. salicaria, G. pusilla adults, Galerucella spp.
larvae, and Galerucella spp. egg mass distributions
are presented in Table 3-4.

The number of sites at which we encountered BCAs in
the 25-50m buffer in July increased from 6 in 2006, to
9 in 2007, to 11 in 2008, and remained at 11 in 2009.
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Map 3-1. Presence and absence of L. salicaria and N. marmoratus as observed during 2007-2009 in-between site surveys.
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Map 3-2. Presence and absence of L. salicaria and Galerucella spp. by HGMR reach. Data are from 2008 and 2009 in-between site
surveys and 2009 transect surveys.
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Table 3-1. Presence and absence of all L. salicaria biological control agents for all release sites during 2009 transect field visits.
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Table 3-2-1. Average number of G. pusilla (no. of adults per
1m2). Data are from July of each year.
Site
Devil's Elbow
Dry Dock
Eureka Bar Downstream
Eureka Bar Upstream
Fitzpatrick Island
Karlson Island
Marsh Island
Miller Sands Downstream
Miller Sands Upstream
Mott Island
Pillar Island Downstream
Pillar Island Upstream
Svensen Island
Tenasillahe Island
Wallace Island
All sites

2006
0.08
0.34
0.00
0.00
0.00
0.04
0.02
0.00
0.02
0.00
0.00
0.02
0.28
0.02
0.09
0.06

2007
0.02
0.22
0.10
0.68
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.10
0.62
0.22
0.60
0.17

2008
0.00
0.08
0.06
0.10
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.02
0.10
0.10
0.00
0.03

2009
0.10
0.14
0.02
0.02
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.04
0.02
0.07
0.03

Table 3-2-2. Average number of introduced Galerucella spp.
larvae (no. of larvae per 1m2). Data are from July of each year.
Site
Devil's Elbow
Dry Dock
Eureka Bar Downstream
Eureka Bar Upstream
Fitzpatrick Island
Karlson Island
Marsh Island
Miller Sands Downstream
Miller Sands Upstream
Mott Island
Pillar Island Downstream
Pillar Island Upstream
Svensen Island
Tenasillahe Island
Wallace Island
All sites

2006
0.10
1.60
0.00
0.00
0.02
0.00
0.28
0.00
0.12
0.00
0.00
0.50
3.54
0.32
0.41
0.46

2007
0.06
0.36
0.10
0.34
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.04
0.48
0.26
0.46
0.14

2008
0.12
0.90
0.28
0.57
0.18
0.38
0.00
0.00
0.04
0.00
0.08
0.16
1.42
0.84
0.23
0.35

2009
2.10
2.20
0.35
1.71
0.00
1.08
0.29
0.00
0.10
0.06
0.00
0.38
1.90
0.44
0.60
0.75

Table 3-2-3. Average number of introduced Galerucella spp. egg
masses (no. of egg masses per 1m2). Data are from July of each
year.
Site
Devil's Elbow
Dry Dock
Eureka Bar Downstream
Eureka Bar Upstream
Fitzpatrick Island
Karlson Island
Marsh Island
Miller Sands Downstream
Miller Sands Upstream
Mott Island
Pillar Island Downstream
Pillar Island Upstream
Svensen Island
Tenasillahe Island
Wallace Island
All sites
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2006
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.02
0.00
0.00
0.00

2007
0.00
0.48
0.04
0.28
0.00
0.06
0.00
0.00
0.00
0.00
0.00
0.00
1.34
0.06
0.06
0.15

2008
0.67
1.34
1.36
0.86
0.04
0.40
0.00
0.00
0.00
0.08
0.02
0.27
2.02
1.82
0.67
0.64

2009
2.06
0.90
1.12
1.57
0.00
0.86
0.41
0.00
0.25
1.55
0.00
0.26
1.62
0.42
0.53
0.78
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Frequency of encounter of Galerucella in L. salicaria occupied quadrats

Percentage of L. salicaria occupied quadrats containing
Galerucella

40
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30

25

20

15
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5

0
2006
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2008

2009

Year

Figure 3-1. Frequency of encounter: The percentage of L. salicaria quadrats containing Galerucella is graphed by year. There is a clear
increasing trend in the frequency of encounter of biocontrol agents through time.
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All Sites

Wallace Island

Tenasillahe Island

Svensen Island

Pillar Island Upstream

Pillar Island Downstream

Mott Island

Miller Sands Upstream

Miller Sands Downstream

Marsh Island

Karlson Island

Fitzpatrick Island

Eureka Bar Upstream

Eureka Bar Downstream

Dry Dock

Devil's Elbow

Site

June
70
10
20
20
4
45
13
47
0
34
26
19
13
15
0
24
3
40
5
20
0
30
23
40
58
24
18
28
22
32
15
428

2006
July
27
11
67
18
0
46
0
44
3
38
10
20
44
16
0
38
7
29
0
24
0
40
14
42
57
28
39
18
45
20
15
432

April
44
9
47
15
2
45
2
46
0
25
6
17
0
7
0
37
13
30
0
19
0
29
7
41
50
22
50
22
36
22
13
386

29
7
88
8
12
50
41
37
0
24
12
17
11
9
0
25
0
21
0
15
0
31
11
45
65
20
50
20
42
31
21
360

2007
July
56
9
92
13
29
38
38
39
10
21
8
24
0
12
0
31
0
30
0
24
0
31
7
44
75
20
67
9
85
20
24
365

August

April
0
5
0
5
0
39
0
32
0
3
0
7
0
9
0
25
0
30
0
22
0
17
0
37
0
10
5
19
11
9
1
269

2008
July
71
7
65
17
46
48
45
47
13
31
38
16
0
16
0
36
6
34
17
18
3
30
11
46
80
20
81
21
45
22
30
409

July
78
9
67
12
35
46
48
40
0
14
38
24
41
27
0
43
11
36
21
19
0
24
14
36
69
26
86
14
54
26
32
396

2009
August
50
8
94
16
13
39
49
35
13
24
50
10
11
18
0
51
11
27
0
21
14
22
25
40
78
36
78
9
76
33
33
389

Table 3-3. Percentage of Lythrum infested quadrats with introduced Galerucella (presence of egg masses, larvae, and/or adults). The top (white) row for each site
contains the percentage of Lythrum infested quadrats with Galerucella, the bottom (gray) row contains the number (n) of Lythrum infested quadrats sampled.

Average density of adult Galerucella pusilla
by distance from release stake

2006
2008

2007
2009

1

Average density of adult Galerucella pusilla
(number of adults/ 1m2)
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0.001
Distance from release stake (m)

Figure 3-2-1. The average density of adult G. pusilla (no. of G. pusilla adults per 1m2) by distance from release stake
for each sampling year. Any quadrats within 10 m were grouped at the 10 m mark, those between 10 and 20 m
were grouped at the 20 m mark, etc. Note the logarithmic scale.

Average density of introduced Galerucella spp. egg masses by distance from release stake
(pooled sites)
12
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8
2

(number of egg masses/ 1m )

Average density of Galerucella spp. egg mass
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Figure 3-2-2. The average density of introduced Galerucella spp. egg masses (no. of eggs per m2.) Any quadrats
within 10 m were grouped at the 10 m mark, those between 10 and 20 m were grouped at the 20 m mark, etc.
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Average density of introduced Galerucella spp. larvae by distance from release stake (pooled
sites)
0.9
2006
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2008

2009

0.8

Average density of Galerucella spp. larvae
(number of larvae/ 1m2)
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Figure 3-2-3. The average density of introduced Galerucella spp. (no. of larvae per 1m2) by distance from release stake
for each sampling year. Any quadrats within 10 m were grouped at the 10 m mark, those between 10 and 20 m were
grouped at the 20 m mark, etc.
L. salicaria stem density and Galerucella spp. presence by elevation
Transect data, 2006-2009

140
L. salicaria without Galerucella spp. presence
L. salicaria with Galerucella spp. presence

L. salicaria density
(number of stems/ 1m 2)
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Figure 3-3. L. salicaria stem density (no. of stems per 1m2), and Galerucella spp. presence by elevation in meters
NAVD88. Purple dots represent L. salicaria plants without Galerucella spp., while orange dots represent L. salicaria
plants with Galerucella spp. presence.
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Table 3-4. Presented are the 75% and 90% quantiles for L.
salicaria, G. pusilla adults, Galerucella spp. larvae, and
Galerucella spp. egg masses by elevation. For example, 75% of
all G. pusilla adults were found between 2.32-2.82 m. Data are
from all quadrats surveyed using the transect method from 20062009. Elevations were sampled from LiDAR data.

Species and life stage
L. salicaria
G. pusilla adults
Galerucella spp. larvae
Galerucella spp. egg masses

Elevation range (m)
N
75% quantile 90% quantile
60112
1.87-2.84
1.57-3.12
575
2.32-2.82
2.19-3.16
1640
2.11-2.74
1.82-2.82
6306
2.28-2.69
2.01-2.78

Galerucella feeding damage
We calculated the average percentage of total L.
salicaria leaf area damaged by Galerucella for
quadrats containing L. salicaria in July for each
site (Figure 3-4). On an individual site basis, using
linear regression, we found significant increasing
trends through time in percent of leaf area damaged
by Galerucella spp. at Devil’s Elbow (p=0.0015,
r2=0.275), Eureka Bar Downstream (p=0.0085,
r2=0.036), Eureka Bar Upstream (p=0.0035, r2=0.050),
Fitzpatrick Island (p=0.0350, r2=0.040), Karlson
Island (p=0.0195, r2=0.070), and Wallace Island
(p=0.0138, r2=0.048). It should be noted, that for all
of these sites, average percent of leaf area damaged
is below 2%, except for Devil’s Elbow, which is still
less than 10%, and the regression lines are poor fits to
the data (probably because there are only four point
along the x-axis (years)). Galerucella feeding damage
was observed at all sites except for Pillar Island
Downstream in July 2009. However, it is possible that
some of the damage we have classified as Galerucella
damage was actually caused by N. marmoratus adults,
which also produce small holes on the leaves before
the flower buds begin to form.
Since 2007, we have recorded the percentage of L.
salicaria leaf area damaged by Galerucella on three
regions of the plant: lower, middle, and upper. We
calculated the average amount of leaf area damaged
by region for July sampling periods of 2007-2009.
This year, we performed the calculations differently
than in years past. In past years, we only incorporated
plants exhibiting Galerucella damage. This year, we
included data from all quadrats containing L. salicaria,
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thus zeros were included in the calculations, and the
values are lower. We found that the average percents
of L. salicaria damaged for all regions were lower
than 2% (Figure 3-5).
We found significant positive linear relationships
between the density of all beetle life stages and
the percent of L. salicaria leaf area exhibiting
Galerucella damage when we pooled data from July
of all years, but the r2 values were all very low (all
were <0.120), indicating that the lines were a modest
fit to the data.
This year, the Svensen Island site was actively grazed
by cattle. Many of the L. salicaria plants examined
at this site exhibited cattle damage.
Primary and Secondary Tip Damage
Using data pooled from all July sampling events
(2006-2009), we performed logistic regression
analysis and found that primary tip damage can be
predicted by the number of G. pusilla adults m-2
(p<0.0001; df=1; Chi-square=86.20); the number
of introduced Galerucella eggs m-2 (p<0.0001;
df=1; Chi-square=179.36); and the number of
introduced Galerucella larvae m-2 (p<0.0001;
df=1; Chi-square=391.06). Logistic regression
also revealed that secondary tip damage can be
predicted by the number of G. pusilla adults m-2
(p<0.0001; df=1; Chi-square=101.57); the number
of introduced Galerucella eggs m-2 (p<0.0001; df=1;
Chi-square=309.15); and the number of introduced
Galerucella larvae m-2 (p<0.0001; df=1; Chisquare=312.31).
Grid Surveys
Biological control agents respond to a variety of
physical and biological environmental variables.
While it is difficult to isolate which variables are
having an effect on biocontrol agent habitat selection
within a site using observational studies, patterns in
the distribution of these organisms can help frame
hypothesis to be tested. For example available
habitat (patches of L. salicaria) within a site may
exhibit a relatively widespread spatial pattern, yet
biocontrol agent occupancy of that available habitat
may show clumped distributions. This may indicate
Earth Design Consultants, Inc.
www.earthdesign.com

that the agents are favoring some areas of available
habitat over others. Factors that potentially influence
micro-habitat selection by introduced Galerucella
spp. within a site are: degree of tidal disturbance
(frequency, duration, and magnitude), exposure to
wind, protection from predators, and presence of
conspecifics (because males emit an aggregating
pheromone). In order to first recognize, and then
evaluate patterns in L. salicaria and biocontrol agent
distributions and beetle feeding damage within a
subset of sites, we performed detailed grid surveys.
We were most interested in examining patterns
according to elevation gradients and tidal inundation
categories (please see Chapter IV for the results
pertaining to tidal inundation and Appendix IV).
Moore (2009) investigated the success of purple
loosestrife biocontrol in tidal environments (Columbia
River) using a binomial regression model to predict
biocontrol presence or absence based on stem density.
Her analysis was the first part of a two-component
conditional model for zero-inflated data (Welsh et
al. 1996; Cunningham and Lindenmayer 2005): the
first component models presence and absence with a
binomial distribution; the second component models
abundance at the quadrats with agent presence using
a truncated Poisson or negative binomial distribution.
The results suggested that stem density was good
predictor of agent presence. Furthermore, Moore’s
model indicated that at stem densities of at least 32
m-2, Galerucella were present 100% of the time.
Methods
Please refer to Chapter II for an account of grid survey
methods. In addition to the methods we described
there, we followed Moore’s analysis using 2009
grid survey data. We plotted Galerucella presence
and absence (G. pusilla adults and all life stages of
Galerucella) by stem density using 2009 grid survey
data. We plotted the second component (biocontrol
density (no. m-2) by L. salicaria density (no. m-2).
Results
Distribution and density of BCAs
Dry Dock had higher densities of G. pusilla and N.
marmoratus adults, and introduced Galerucella spp.
Earth Design Consultants, Inc.
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egg masses and larvae than Eureka Bar Downstream in
July (Maps 3-3-1 to 3-3-2). Eureka Bar Downstream
had a higher density of G. calmariensis adults in
July. Last year, Eureka Bar Downstream had higher
densities of all life stages of all biological control
agents during both sampling periods. In September,
we found the highest densities of G. pusilla adults
and introduced Galerucella spp. larvae at Eureka Bar
Downstream, the highest densities of N. marmoratus
adults at Dry Dock, and the highest densities of
introduced Galerucella spp. at Southern Tenasillahe
Island (Maps 3-3-3 to 3-3-5).
Relationship between stem density and BCA density
We did not observe the relationships reported by
Moore in our datasets. We plotted Galerucella
presence and absence (G. pusilla adults and
Galerucella spp. larvae and eggs) by stem density
using 2009 grid survey data and there was no obvious
relationship. We plotted the second component
(biocontrol density (no. m-2) by L. salicaria density
(no. m-2) and found no relationships for the following
scenarios: 1) All stages of Galerucella (July 2009
Grids); 2) All stages of Galerucella (September 2009
Grids); 3) All stages of Galerucella by site (July 2009
Grids); 4) All stages of Galerucella by site (September
2009); G. pusilla adults all sites (July 2009 Grids); G.
pusilla adults all sites (September 2009).
Phenology Study
Regional variations in biocontrol agent phenology
can play a significant role in the successful control
of L. salicaria. Two generations of Galerucella spp.
have been observed during some years in Oregon at
Horseshoe Lake (person observation Gary Brown
USDA), and in western Oregon at Morgan Lake
(Schooler 1998). Only one generation has been
recorded in the shorter growing seasons of the
Midwest and Eastern states. This study examines
the phenology and abundances of life stages through
time of G. pusilla and G. calmariensis in the CRE.
This information will be used to better coordinate our
future sampling efforts, capture peak abundances, and
improve population estimates for the study area.
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Average amount of L. salicaria leaf area damaged by introduced Galerucella spp.

Average percent of leaf area damaged by Galerucella feeding
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y = 0.1216x - 243.1
R2 = 0.8937
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Figure 3-4. The average amount of L. salicaria leaf area damaged by introduced Galerucella spp. in July sampling
0
of 2005
each year. Error bars2006
represent standard error
of the mean.
2007
2008
2009
2010
Year

Position of Galerucella spp. feeding damage on L. salicaria plants
Transect data, 2007, 2008, and 2009

1.8
July 2007
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July 2009
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Figure 3-5. The average percent of L. salicaria leaf area damaged by region of plant (lower third, middle third, and
upper third), by sampling year. This type of data was not recorded in 2006. Error bars represent the standard
error of the mean.
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Map 3-3-1. Density of introduced Galerucella spp. egg masses and larvae, and adults (no. of individuals per 1m2) observed during the
July 2009 grid survey at Dry Dock.
Map 3-3-2. Density of introduced Galerucella spp. egg masses and larvae, and adults (no. of individuals per 1m2) observed during the
July 2009 grid survey at Eureka Bar Downstream.
Map 3-3-3. Density of introduced Galerucella spp. egg masses and larvae, and adults (no. of individuals per 1m2) observed during the
September 2009 grid survey at Eureka Bar Downstream.
Map 3-3-4. Density of introduced Galerucella spp. egg masses and larvae, and adults (no. of individuals per 1m2) observed during the
September 2009 grid survey at Dry Dock.
Map 3-3-5. Density of introduced Galerucella spp. egg masses and larvae, and adults (no. of individuals per 1m2) observed during the
September 2009 grid survey at Southern Tenasillahe Island.
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Methods
We monitored biocontrol agents and L. salicaria stem
heights in 1m2 quadrats arranged along permanent
transects at two sites: Dry Dock and Svensen Island.
These permanent transects were established through
relatively homogenous L. salicaria vegetation at sites
with established beetle populations. The starting point
of each transect was located near the release stake
and sampling occurred every two meters, resulting
in eight permanent quadrats at Dry Dock (transect
extended to the west of the release stake) and seven
at Svensen Island (transect extended to the north of
the release stake). Each quadrat location was labeled
with flagging and a GPS reading was taken with a
Trimble Geo XH. We searched plants thoroughly
within each quadrat and recorded the number of egg
masses, larvae, and adults of each biological control
agent species or genera (although the larvae of the
native Galerucella is easily distinguished from the
introduced species (Photo 3-1), the egg masses and
larvae of the two introduced Galerucella congeners
are impossible to differentiate in the field). The
number of L. salicaria stems and the heights of the
five tallest stems were recorded. We sampled the same
quadrats every two weeks throughout the growing
season (May through mid-November).

site. Cumulative growing degree days also varied
between these two sites, Dry Dock peaked at 1168
(GDD), and Svensen Island 1268 (GDD). (Figures
3-7-1 and 3-7-2).

Results

The timing of the occurrence of G. pusilla life stages
varied slightly by site. At Dry Dock, eggs were
present from early May through mid-October, larvae
were present early June through mid-September, and
adults were present from early May though midOctober (Table 3-5-1). At Svensen Island eggs were
present from early May through mid-October, larvae
were observed in late May through mid-August, and
adults were observed sporadically throughout the field
sampling season (mid-May through early June, midJuly through mid-August, and mid-September through
mid-October: Table 3-5-2). It should be noted that
all life stages have been seen as early as April 26, (in
2007 (GDD=13.6)) in the study area. This suggests
that emergence occurs early in the season.

General Site Comparisons
Dry Dock had the highest overall population size
of G. pusilla (eggs, larvae, and adults), and had the
highest number of G. calmariensis and Nanophyes
marmoratus. N. marmoratus was present throughout
the field sampling season but remained at relatively
low numbers at both sites (Figure 3-6).
We did not find a relationship between biocontrol
abundance and elevation or distance from the release
stake at either site (linear regression analysis).
The duration of inundation (November 2008 to
November 200) varied between these two sites. Dry
Dock was inundated at the release stake 42% of the
time, while Svensen Island was inundated 63% of the
time. Temperature data logged by the tidal gauges
were used to calculate growing degree days for each
Earth Design Consultants, Inc.
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Phenology
Initial surveys at both sites showed adults were
already present on the plants, indicating emergence
had already occurred before mid-May. At Svensen
oviposition peaked in late May followed by a peak of
larvae four weeks later, with adult populations peaking
in early August. There was an additional oviposition
peak and larvae peak again in early August, however
adult population remained at low levels (Figure 3-8-1).
Dry Dock had a very different phenology profile than
Svensen Island. Egg production had three peaks in
June, August, and September. The largest of these was
in August which was five times higher then either of
the other peaks. Larva numbers peaked in early June
and again in late August. Adult populations peaked
in early August and again in mid-September (Figure
3-8-2). Adult populations remained stable from midSeptember through mid-October. During the last
two surveys conducted in late October and early
November, no individuals from any of the life stages
were found.

Growing degree-days (GDD) have historically been
used to determine when plants will bloom or when
insects will emerge. For this project, we can use
Columbia River Estuary Biocontrol Assessment (2009)
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our phenology data collected from these two sites
along with GDDs as a tool to predict peak insect
abundances in future years. For example, at Dry Dock
G. pusilla adults peaked at 462.3 and 721.5 GDD.
Larvae populations peaked at 117.1 and 619.2 GDD.
Galerucella spp. eggs peaked at 117.1, 462.3, and
721.5 GDD (Figures 3-7-1 and 3-7-2). Svensen Island
population peaks occurred earlier in the growing
season. The adult population peaked at 451.5 GDD,
eggs peaked at 49.0 and 451.5 GDD, and larvae
peaked at 192.4 GDD. The second generation of eggs
peaked at 451.5 GDD however; no viable larvae or
adults were produced (Figure 3-7-1). Based on this
information we recommend sampling effort would
best capture peak populations of biocontrol agents
when conducted during mid-June and again in earlyAugust, or when growing degree days have reached
117 and 462 respectively (figure SI and DD phenology
vs. GDD). We also recommend that the phenology
study be repeated in 2010 and that consideration be
given to setting up a third site near Clatskanie to
capture climatic differences.

Discussion

Establishment of biocontrol agents
This year, we found that introduced Galerucella
spp. were established at 14 of the 15 release sites
(Table 3-1). It is currently unclear as to whether
G. pusilla is established at Fitzpatrick, because we
have only recovered introduced Galerucella spp.
egg masses and/or larvae during the past two field
seasons, which are impossible to distinguish from
those of G. calmariensis in the field. Adult G. pusilla
have been recovered at all other release sites three
and/or four years post-release except for Miller
Sands Downstream. Establishment of biological
control populations is subject to chance as well as
predictable factors at any given site. The Miller Sands
Downstream population may have been wiped out
during the first year post-introduction by some chance
event, such as wave action. There are no obvious
dissimilarities with the other sites that would lead us to
believe that agent populations can not establish there.
Our findings from the study-area scale analysis
indicated that a higher percentage of L. salicaria
infested sites are occupied by Galerucella spp. within
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the Volcanics Salinity Gradient HGMR reach (68%)
than within the Coastal Uplands Salinity Gradient
HGMR (16%). The delineation of the HGMR was
based on transitions in large-scale hydrogeomorphic
and tidal-fluvial forcing factors. Physical factors
(such as salinity intrusion, turbidity/siltation, current
reversals, and transitions in the maximum flood tidal
levels) may be impacting the environment in such a
way as to hamper biocontrol agent establishment in
the lower portion of our study area.
Increase in agent populations
We observed an increase in the average number of G.
pusilla egg mass and larva densities, and a decrease
in the density of G. pusilla adults this year. However,
we have found an increase in frequency of encounter
at a majority of sites, and for all sites when data were
pooled. This leads us to believe that biocontrol agent
populations are slowly increasing at most of the sites.
These results are difficult to interpret because they are
at least partially an artifact of the timing of sampling
and the cumulative growing degree days for the
sampling period as that relates to the phenology of the
beetles. Also, because densities are low, the increases
and decreases we are witnessing are small in scale,
and may not be biologically significant.
Expansion of biocontrol agent populations from the
point of release
The number of sites at which we encountered
biocontrol agents within the 25-50 m buffer has
steadily increased from year to year. Biocontrol agent
larvae and egg densities were higher at most distances
from the release stake in 2009 than in years past, while
adult densities were higher within 10 m of the release
stake.
Relationship between elevation and biocontrol agent
distribution
The compiled elevation data (derived from the LiDAR
data) for all transect surveys completed from 20062009 is interesting because while the upper extant of
the 75% quantiles are similar for L. salicaria and all
life stages of G. pusilla, the lower elevation extents
between L. salicaria and G. pusilla adults, larvae,
and egg masses differ by 0.45 m, 0.24 m, and 0.41 m,
respectively. Differences in elevation such as these
Earth Design Consultants, Inc.
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can lead to profound differences in the tidal inundation
frequency and duration experienced by the beetles
(see Appendix IV). We have evidence which suggests
that beetles are swept off of host plants by even slow
moving tidal action (see Chapter IV). This may
explain why, despite the availability of host plants at
low elevations, we don’t find many beetles there.

Two distinct generations were produced at Dry Dock
and Svensen Island. The phenology pattern at Dry
Dock paralleled some of the results seen at Morgan
Lake in Western Oregon in 1996 (Schooler 1998).
However the seasonal activity of the biocontrol agents
was extended much later in the season at Dry Dock
than at Morgan Lake. At Dry Dock, egg mass, larva,
and adult population peaks were within two weeks
The elevation range at which we found Galerucella
of population peaks observed at the Morgan Lake.
spp. restricted to within the in-between site surveys
However, at Dry Dock, adult populations remained
(2.06-2.98 m) was not observed in a similar analysis
stable well after September and adults entered
using transect data. There are several possible
diapause in late October; this was a full month later
explanations for this. The area sampled (sampling
than recorded at Morgan Lake, Oregon in 1996. We
effort) was smaller for the in-between site surveys than were unable to obtain GDD data from 1996 for this
it was for the transect data. It is not known when, or
area, so our interpretations are limited. It is possible
through what means, populations sampled during most that it was colder at Morgan Lake in September
of the in-between surveys were founded. Transect
and October of 1996 than it was in the CRE during
surveys are conducted at known G. pusilla release
the same months in 2009, so the Morgan lake
sites, at which a sufficient number of individuals were beetles entered diapause earlier in the calendar year.
released to counteract founder effects (such as Allee
Differences in latitude between the two sites are not
effects and other issues associated with small founding that great, so photoperiod probably does not account
populations).
for the differences in calendar dates.
Populations at in-between sites may have been
founded prior to the USACE releases in 2005, in
which case, the beetles may have been restricted to
optimum elevations for survival by many years of tidal
disturbance. On the other hand, if the populations
recovered during in-between site surveys were
founded after the USACE releases, or with smaller
populations, it is possible that they haven’t yet
expanded into all areas available for colonization at
sites.
Galerucella spp. feeding damage to L. salicaria
The average amount of leaf area damaged by the
beetles is below 2% at most sites. Most L. salicaria
plants that we examine in the field are apparently
healthy and growing vigorously. There are a few
exceptions at Dry Dock, Devil’s Elbow, and Eureka
Bar Downstream. Biocontrol agents are not yet
having widespread detrimental impacts on L. salicaria
in the study area. We found that the presence of each
life stage of Galerucella spp. is a good predictor of
the presence of primary and secondary meristem tip
damage.

Although Svensen Island had a second generation, the
biocontrol agent populations were not as large as those
observed at Dry Dock. This may be explained by the
heavy herbivore damage inflicted by cows at this site.
Initial cow damage was seen early in the season and
then periodically throughout the field sampling period.
We believe this damage may have suppressed the L.
salicaria population, and acted as a predatory effect
on the egg and larvae stage of the biocontrol agents.
Direct predation of G. pusilla larvae and adults was
also observed at Dry Dock on several occasions by
ladybug larva and predatory shield bugs (Photos 3-2
and Photo 3-3). If the phenology studies are repeated
in 2010, we recommend consideration of an exclosure
to limit cow access to the transect.

Phenology
Earth Design Consultants, Inc.
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Photo 3-1. G. nymphaea larvae feeding on a L.
salicaria leaf. The native larva is darker than the
introduced Galerucella spp. larvae.

Photo 3-2. A predatory shield bug nymph (family
Pentatomidae) preying upon an adult G. pusilla
on a L. salicaria plant. These bugs were observed
preying on adult Galerucella spp. on several
occasions.

Photo 3-3. A ladybug larva preying upon an
introduced Galerucella spp. larva on a L. salicaria
plant. Ladybug larvae are commonly seen on L.
salicaria plants throughout the study area.
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Table 3-5-1. Presence of life stages found at Dry Dock throughout the field sampling season

Biocontrol Agent

Sampling Date
5/11/2009

5/25/2009

6/8/2009

6/22/2009

7/7/2009

7/23/2009

8/7/2009

8/17/2009

8/31/2009

9/16/2009

9/28/2009 10/12/2009 10/27/2009

Galerucella spp. eggs
Galerucella spp. larvae
Galerucella pusilla adults

N. marmoratus

Table 3-5-2. Presence of life stages found at Svensen Island throughout the field sampling season
Biocontrol Agent

Sampling Date
5/11/2009

5/25/2009

6/8/2009

6/22/2009

7/9/2009

7/21/2009

8/5/2009

8/17/2009

8/31/2009

9/16/2009

9/28/2009

Galerucella spp. eggs
Galerucella spp. larvae
Galerucella pusilla adults

N. marmoratus

Dry Dock and Svensen Island
Nanophyes marmoratus density
Phenology study, 2009
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Figure 3-6. Average density of N. marmoratus (no. of individuals per plant), measured bi-weekly at Dry Dock and Svensen during 2009
phenology sampling.
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Svensen Island
biocontrol agents and growing degree days
phenology study 2009
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Figure 3-7-1. Average density of biological control agents (no. of individuals per plant) by species and life stage at each biweekly
phenology sampling event and growing degree days for Svensen Island during the 2009 growing season. Error bars represent
standard error of the mean.
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Figure 3-7-2. Average density of biological control agents (no. of individuals per plant) by species and life stage at each biweekly
phenology sampling event and growing degree days for Dry Drock during the 2009 growing season. Error bars represent standard
error of the mean.
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Phenology study, 2009
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Figure 3-8-1. verage density of biological control agents (no. of individuals per plant) by species and life stage at
each biweekly phenology sampling event at Dry Dock during the 2009 growing season. Error bars represent
standard error of the mean.
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Figure 3-8-2. Average density of biological control agents (no. of individuals per plant) by species and life stage at
each biweekly phenology sampling event at Svensen Island during the 2009 growing season. Error bars represent
standard error of the mean.
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Chapter IV: Factors that may Control and Regulate the Distribution and
Abundance of Biocontrol Agents in the Columbia River Estuary
A number of environmental factors can affect the abundance and distribution of both the host plant (L.
salicaria) and the biocontrol agents (Galerucella spp.). Factors affecting the populations of biocontrol agents
are particularly important because if populations become extinct or are kept below the density necessary to
impart effective control, management actions will be ineffective. Understanding where biocontrol agent
populations will grow unfettered is necessary to effectively manage L. salicaria in the CRE.
Like those of any organism, Galerucella spp. populations are affected by birth, death, emigration and
immigration (Figure 4-1). For example, food and habitat quality, mate availability, and overwintering survival
can affect birth rates and fecundity. In turn, rates of mortality are affected by predation, food availability, and
death due to drowning. Beetles may be added to (immigration) or removed from (emigration) populations
both passively (by water and wind) and through their own actions (actively) as they search for host plants or
mates. These factors may affect each life stage differently. For example, the egg stage is apparently the most
vulnerable to continuous submersion (Garono et al. 2008).
It is currently unclear whether or not Galerucella
Natality & Fecundity
Immigration
populations can reach high enough densities to
Habitat quality
Active Dispersal
availability
Passive Dispersal
significantly reduce L. salicaria populations within Mate
Tidal action mediated
Overwintering survival
Wind mediated
freshwater tidal systems (Denoth and Meyers 2005;
Garono et al. 2009, Ferrarese and Garono 2010).
gain
Although we have observed a few relatively large
patches of controlled L. salicaria in the study
Galerucella
area (Garono et al. 2009), we have not observed
populations
significant L. salicaria mortality at any of the 15
USACE release during the past four years (2006loss
2008). Previous studies, however, have reported that
Death
Emigration
effective control may not occur for at least five years Predation
Active Dispersal
Competition/Habitat availability induced
following biocontrol agent release (Schooler 1998; Starvation
Habitat quality/availability
Passive Dispersal
Tidal action (drowning)
Landis et al. 2003).
Tidal action mediated (knocked off plant)
Wind mediated

We investigated the impacts of tidal inundation on Figure 4-1. Introduced Galerucella spp. populations are affected by
biocontrol agent populations, survival, distribution,
natality and fecundity, immigration, emigration, and death. The
Columbia River Estuary is a dynamic environment that influences
and behavior. The effects of tidal inundation on
these factors.
biocontrol agent populations and distributions were
investigated using overwintering surveys and grid
Earth Design Consultants, Inc.
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surveys. The impact of tidal inundation on agent
survival was investigated experimentally using
submersion studies, and behavior was investigated via
flee experiments carried out in the lab and in the field.

Tidal Inundation

Tidal inundation is probably one of the most important
physical disturbances experienced by the biocontrol
agents within the study area. Each site is exposed
to a unique pattern of tidal inundation in terms of
frequency, duration, and magnitude (See Appendix
IV). Tidal inundation patterns directly influence
physical, chemical, and biological processes of
marshes. For instance, tidal water movement directly
affects organisms due
to the velocity of the
water movement, and it
creates dynamic areas
of sediment scour and
deposition, and the
cycles of drying and
wetting of the marsh
surfaces influences
nutrient dynamics
which in turn influence
productivity, metabolic
rates, and plant and
animal community
dynamics.
In order to gain an
understanding of
how and where tidal
inundation is affecting
the biological control
of purple loosestrife
at the release sites,
we measure the water
surface elevation at
each release stake with
an array of tidal gages.

As we reported last year
(see Garono et al. 2008),
it is important to note that
gages are positioned at the
ground surface, so they
only detect water surface
elevations at or above
ground level. Unless
otherwise noted, gages are
at release stakes, which
may not be representative
of the overall site in
terms of elevation and
inundation.
The Pillar Island
Downstream site was
eroded at the release stake
and the tidal gage was
exposed when the data
was retrieved on July 17,
2009. The tidal gage was placed 9-15cm lower making
it flush with the new ground surface height. This
change in tidal gage height was not taken into account

Photo 4-1. Pressure transducers which collect tidal data
every 15 minutes are buried next to each release stake.
Data are downloaded using a data shuttle approximately
every 4 months.

Methods
We deployed ventless HOBO U20 tidal gages at each
release stake since 2007 (see Garono et al. 2008 for
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a detailed description of gage placement). The tidal
gages collect pressure and temperature readings every
15 minutes (Photo 4-1). All tidal gage data were
processed as described in Garono et al. 2008 and
2009. The tidal gauge software program (Hoboware
Pro) automatically calculates water depths from
barometrically corrected pressure measurements.
In 2009, tidal gages were moved at several sites: at
Fitzpatrick it was moved because the island has eroded
and the gauge was found hanging from a tree root over
the water in December 2008 (Photo 4-2). The new
location is about 18m south of the original release
stake; and at Eureka Bar Upstream, the tidal gage
was found exposed and was moved a meter or so, to
beneath a nearby tree. Subsequently, comparisons
of tidal inundation
patterns between years at
Fitzpatrick, in particular,
are extremely limited
due to changes in the
elevation of the gage.
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time (Figure 4-2). The sites experiencing the
highest frequencies of inundation were Tenasillahe,
Svensen Island, Devil’s Elbow, and Mott Island; all
of these sites were inundated greater than 50% of
the time (Appendix IV).

Photo 4-2. The area around the tidal gauges at several
sites (Eureka Bar Upstream and Fitzpatrick Island) was
eroded, leaving the gauges exposed to the air. Gages at
these two sites were relocated.

during the calculation of water surface elevation for
this site.
We ran a linear regression on the frequency of
encounter (proportion of L. salicaria infested quadrats
with Galerucella present) by the frequency of
inundation (proportion of time a site was inundated)
for each site. After viewing the results from that
regression analysis, we ran stepwise regression of
frequency of encounter by frequency of inundation,
stem height, stem density, Shannon diversity index,
species richness, and topographic index (the standard
deviation of the slope of the area within 50m of
the release stake). The results of the stepwise
regression were used to build a multiple regression
model for frequency of encounter that incorporated
environmental variables.
Results
From November 2008 through November 2009, the
15 sites were inundated for between 0 to 71% of the
Earth Design Consultants, Inc.
www.earthdesign.com

The percent of time that any given site is inundated
varies. For example the percent of time that a site
was inundated during November 2009 ranged from
0% at Miller Upstream to 100% at Svensen Island.
Additionally, the percent of inundation at the same
site can vary significantly month-to-month. For
instance, Dry Dock was inundated 2% of the time
in October and 66% of the time in November 2009.
Miller Upstream had the least amount of inundation
(0%) during 2009, and also had the least amount
of inundation across years. When comparing the
amount of time a site was inundated between
2007 and 2008, we noticed that 2008 values were
considerably higher. However when we included
the 2009 data, it appears as though values from
2008 were within the normal range of temporal
variability.
There was a significant positive linear relationship
between the frequency of inundation and the
frequency of encounter (p=0.01; r2=0.415).
Results from the stepwise regression indicated
that frequency of encounter was best predicted by
inundation frequency (p=0.01), average species
richness (p=0.05), average July stem height
(p=0.01), and average stem density (p=0.03). These
factors were used in a multiple linear regression
analysis that proved to be a good model for
frequency of encounter (p=0.02, r2=0.64). All of
the factors had a positive linear relationship with
frequency of encounter except for average stem
density, which had a negative linear relationship
with frequency of encounter.
The result that frequency of encounter had a
positive linear relationship with frequency of
inundation was surprising. We would expect
that the more a site was flooded the less likely
we would be to find beetles, but the opposite was
true. Perhaps the flood waters act as a refuge from
Columbia River Estuary Biocontrol Assessment (2009)
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Percentage of time site was inundated
from November 2008 - November 2009
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Figure 4-2. The percentage of time each site was inundated from November
2008-November 2009. Sites are arranged from lowest to
highest elevation.

predation for the biocontrol agents, or the flood waters
wash the insects back into the site (although we would
expect that this effect would be at least partially
negated by flood waters washing them out of the
site as well). The results of regression of frequency
of encounter by plant height in July are related to
disturbance because tall plants in July provide beetles
with a refuge from tidewaters. A possible explanation
for why we see an inverse relationship between
stem density and frequency of encounter lies in our
sampling technique. A quadrat containing dense L.
salicaria increases the likelihood that we will knock
biocontrol agents off of the plants, or that we will
miss biocontrol agents when counting because there
is so much more leaf material to examine. To explain
our finding that as plant species richness increases
frequency of encounter increases, we assert that at
sites with high numbers of species, biocontrol agents
will be clustered at the interspersed L. salicaria plants
whereas at sites that are mostly monotypic stands of
L. salicaria the beetles will be more evenly dispersed
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across the landscape.

Galerucella pusilla Tolerance
to Submersion

Tidal inundation may be one of the most important
factors effecting biocontrol agent distribution and
abundance in the CRE ecosystem. Semidiurnal
tides may flood an area as often as twice a day,
negatively affecting the biocontrol agents’ ability
to populate low lying areas containing Lythrum
salicaria. Biocontrol agents will have a better
chance of maintaining populations at a site if they
can withstand the periods of submersion that they are
exposed to and can hold their position on host plants.
Furthermore, biocontrol agents most likely disperse
between island sites within the CRE via passive
water dispersal after becoming entrained in the water
by tidal action (Ferrarese and Garono 2010). Their
successful dispersal between sites may hinge on their
ability to tolerate submersion. We tested the effects
Earth Design Consultants, Inc.
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of various submersion times on adult Galerucella
spp. survival in a laboratory experiment. The adult
stage was chosen for testing because adults are easily
knocked off of host plants by tidal action (see section
on Flee Response and Garono et al. 2009).
Methods
To test the tolerance of biocontrol agents to tidal
inundation, we submerged adult beetles for different
lengths of time under water. We collected G. pusilla
and G. calmariensis adults on 14 September 2009
from a site at Horseshoe Lake near St. Paul, Oregon.
Two weeks later on October 1st we randomly assigned
three adult individuals to each of the following
submergence time treatments: 0 h (control), 2 h, 4
h, 8 h, 16 h, or 32 h. Beetles were placed in a 40 mL
vial caped with No-See-Um® netting. Each vial was
securely placed in a rack, topped off with water, and
placed in a water bath maintained at 14.5º -15.0º C
(room temperature). Vials were tapped to dislodge any
residual air bubbles, and allowed to rest undisturbed in
the water bath for the duration of the treatment time.
At the termination of each treatment time we lifted
the vial from the water bath. We drained the vial and
placed the individuals on filter paper in a pre-labeled
8oz. polypropylene container where they were allowed
to dry at room temperature. Adults showing movement
were transferred to a separate L. salicaria plant. The
remaining individuals were left on the filter paper and
a small circle was drawn around each insect. They
were allowed to sit undisturbed for up to 24 hours.
Those adults that moved out of the circle were counted
as survivors, those that did not as failing to survive. It
is important to note that because of the limited number
of G. pusilla available only one adult of this species
was tested during each time point during the first trail
run; G. calmariensis were used exclusively for the
remainder of the experimental runs.
Results
All individuals tested from both Galerucella species
survived all submersion treatments (Table 4-1).
These results varied from the adult field submersion
experiment conducted during the summer of 2007,
in which G. pusilla survivorship decreased after 18
Earth Design Consultants, Inc.
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Table 4-1. Results from the tolerance to submersion experiment.
Galerucella pusilla survivorship by treatment (time submerged).

Treatment (time submerged)
Control 0hr
2h
4h
8h
16h
32h

Total (N) Survived (n) % Survived
6
6
100%
6
6
100%
6
6
100%
6
6
100%
6
6
100%
6
6
100%

hours of submersion. It is important to note that in our
experiment G. calmariensis was used 84% of the time,
thus the difference in survivorship could possibly be
attributed to differences in the species.

Galerucella species Flee Response

In an effort to elucidate a potential mechanism
explaining why beetle populations may not establish
or reach the critical densities necessary to control
loosestrife in tidal areas, we conducted a study
investigating the flee responses of G. pusilla adults
and larvae to increasing water levels in lab trials
and in field trials in the Columbia River. We were
interested in how easily adults and larvae are swept
off of host plants when they are subjected to incoming
tidal water velocities that are typical of our study sites.
Methods
Lab trials
To examine the flee response of G. pusilla larva and
adult beetles to rising water a series of laboratory
experiments was conducted. We attempted to simulate
conditions G. pusilla experience during semi-diurnal
flood tides in the Columbia River. This project was
informed by a pilot study we conducted in 2008. We
selected a range of vertical water velocities based
on tidal data we collected in 2007 (see Garono et
al. 2009). In the 2008 pilot study, flee response
experiments were conducted on G. pusilla in which
three flow rates were tested: 5 cm min-1, 2 cm min1
, and 0.5 cm min-1 (see Garono et al. 2008)1. Our
1
the average maximum velocity across all of the 15 US
COE release sites for November 2008 through November 2009
was 1.76 cm min-1, and the average minimum velocity was 0.18
cm min-1
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preliminary 2008 study revealed no statistically
significant differences in the vertical distance
traveled by beetles under the different flow
conditions, or in the length of time beetles were
submerged after they came into contact with water.
Based on these results, the flow rate of 5 cm min-1
was selected to test the flee response of G. pusilla
larvae and adults in 2009. Experimental runs were
conducted in one of two 10 gallon aquaria oriented
on its side into which we pumped de-chlorinated
water with an electric pump (Beckett submersible
fountain pump) (Photo 4-3). The second aquarium
held 3cm of standing water which was used as the
control.
We calibrated the fill rate of the tanks by recording
the amount of time it took to increase the water
level by a fixed increment, and adjusting a clamp
on a pump hose to fine-tune the flow rate. For
example, at the 0.5 cm min-1 rate, it takes 2 minutes
to increase the water level by 1 cm. Once the
clamps were properly adjusted we ran several
blank trials to ensure that the rate was constant.
We placed a single stem (35 cm in length) of L.
salicaria into each tank. The stem was weighted and
placed in the center of the tank. The glass on the
front of the tank was marked off into one centimeter
increments to measure the distance of larva or adult
movement and water height.
For each run, one G. pusilla larva or adult was placed
on the L. salicaria stem at the 27 cm mark in both
the treatment aquarium and the control aquarium and
allowed to acclimate for 10 minutes prior to starting
the pump. Orientation on the leaf and movement
during acclimation period was noted. We then
pumped 15° C water from a 53.9 L reservoir into the
experimental aquarium at the 5 cm min-1 flow rate.
The timer was started when the water level reached
3 cm in the treatment aquarium. Once the timer was
started, we recorded the position of G. pusilla on the
plant and whether or not the individual was submerged
at 30 second intervals. We also recorded the time
at which the individual came in contact with the
water. We considered an experimental run to be over
when the G. pusilla was dislodged from the plant, or
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Photo 4-3. In laboratory flee experiments, beetles were placed
on L. salicaria shoots and the tanks were inundated with water
at a controlled rate. Beetle behavior and vertical position were
recorded every 30 seconds.

when the plant was completely submerged. Once the
experimental runs were complete, G. pusilla were
placed in a separate enclosure to ensure that they
were only used once. L. salicaria stems were used
in multiple runs but were replaced if they began to
wilt. Water from the reservoir was not replaced during
the experiment in order to minimize the effects of
chlorine.
Field trials
Adult G. pusilla were collected from the
overwintering study, these individuals were allowed to
reproduce and larvae and adults were generated from
this population in the lab. Adults and larvae were kept
cool and supplied with purple loosestrife plants during
transport to the field. We set up our experiment at low
slack tide. Two milk jugs were filled with sediment
and a brick for stability. A yard stick and a L. salicaria
stem were attached to the jug and each other. The
jugs were then placed at a depth of 0.30 - 0.61 m in
water. One adult and one larva were placed on each
plant 1.27-2.54 cm above the water line. We recorded
the position of the beetle on the stem, movement up
or down the stem, contact with water, submersion,
and/or dislodgment of the G. pusilla for each stem
as described above. As G. pusilla became dislodged
Earth Design Consultants, Inc.
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they were picked up and placed in a separate container
and provided with purple loosestrife stems. Another
individual was immediately placed 1.27-2.54 cm
above the water line on that plant, and the next trial
commenced (Photos 4-4-1 to 4-4-3).
Results
Lab trials
We tested G. pusilla adult and Galerucella spp. larvae
behavioral response to a vertical water velocity of
5.0 cm min-1 to simulate the rising water of tidal
inundation. This experiment was designed to test
three factors: 1) how long Galerucella would stay on
the plant; 2) vertical distance traveled on the plant
(cumulative and from start to end of experimental
run); and 3) determine the likelihood of the
Galerucella being dislodged by the rising water.
We found that beetles remained on the plant for an
average of 6.29 min and larvae 6.78 min. Cumulative
distance traveled by adult beetles was significantly
higher in the treatment group then in the control
group (ANOVA F ratio= 9.2760, p= 0.0033),
while cumulative distance larvae traveled was not
significantly different between treatment group and
control group. Vertical distance traveled (values
were calculated at the height at which the beetle was
located at the end of the experiment minus the height
at which the beetle was located at the beginning of the
experiment) was significantly higher in the treatment
group then in the control group for adult beetles
(ANOVA F= 9.3905, p= 0.003), while vertical distance
traveled by larvae was not significantly different
between treatment group and control group. More
work is needed to determine whether Galerucella
are more active in no water at all. We recommend
continuing to study the relationship between rising
water levels and Galerucella behavior.
We found that there was a 25% probability that an
adult beetle would be dislodged by the treatment
(Contingency analysis, Pearson χ2 =10.286, and p=
0.001), and a zero percent chance that an adult would
be dislodged in the control group. However we found
that there was only a 9% probability that larvae would
be dislodged by the treatment (Pearson χ 2 = 5.225,
and p= 0.022), and a zero percent chance that a larva
Earth Design Consultants, Inc.
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would be dislodged in the control group. It was also
observed that when Galerucella were on top of the
leaves they were much more susceptible to being
dislodged by the surface tension of the water.
Field trials
One hundred percent of the G. pusilla adults and
larvae were dislodged from the stems during the
experiment. Each trial lasted between 5 and 90 min.
The mean amount of time an individual stayed on
the stem was 23.93 min (SE=7.13 min.) Only one
larva became submerged and remained so for 10
min before being dislodged. All other individuals
became dislodged immediately upon contact with
the water. Wave and wind activity increased during
the experiment. We recommend re-running this
experiment at a more protected location to minimize
the effects of non-tidal physical disturbances,
increasing the number of individuals tested, and
adding a control.

Grid Surveys

Grid surveys were used to examine spatial patterns
in biocontrol agent densities. The study area was
classified by elevation because tidal inundation
regimes are determined, to a high degree, by elevation.
Because we have a fine-scale LiDAR digital elevation
model, we were able to associate each point in space
where we sampled for beetles with an elevation.
We inferred the degree of tidal inundation at each
sampling location using the elevation data, and looked
for patterns in beetle occupation of the site based on
inundation.
Methods
See Chapter II for a detailed description of sampling
and analysis methods.
Results
BCA populations by tidal classification category
When comparing across tidal elevation categories it is
important to keep in mind that the grid surveys were
not randomly stratified by these categories. In July
at Dry Dock, we found the highest average densities
(no. of individuals m-2) of introduced Galerucella
egg masses, larvae, and G. pusilla adults within the
Columbia River Estuary Biocontrol Assessment (2009)
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Photos 4-4-1 to 4-4-3. Galerucella pusilla
response to incoming tidal water was investigated
in the field. Beetles were placed on plants and
their position and responses to increasing water
level were recorded.
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MSL(A)-MHW category (2.16-2.55 m) (Figure 4-3-1).
No Galerucella spp. were recovered in the lowest or
highest categories. In July at Eureka Bar Downstream,
we found the most egg masses within the MSLMSL(A) category and the most G. pusilla adults and
introduced Galerucella larvae within the MHWMHHW category (Figure 4-3-2).
In September at Dry Dock, we found the highest
densities of introduced Galerucella egg masses and
larvae within the MSL(A)-MHW category, while the
highest densities of G. pusilla adults were found in the
MHW-MHHW category (Figure 4-4-1). We found the
highest average densities of Galerucella egg masses
and larvae within the MHW-MHHW category at
Eureka Bar Downstream in September. The highest
densities of adults were found within the >MHHW
category (Figure 4-4-2). At Southern Tenasillahe
Island, we found the highest densities of G. pusilla
adults and introduced Galerucella egg masses within
the MSL(A)-MHW category, and the highest average
amount of larvae within the MSL-MSL(A) category
(Figure 4-4-3).

plants that are tall enough to remain partially above
water during the highest tides thus retain beetles. We
believe that this relationship may exist at Eureka
Bar Downstream, but the quality of the LiDAR data
at that site is not good enough to detect it. LiDAR
acquisition at that site coincided with a high tide, so
any surface elevations below the water were returned
as water surface elevations.

Overwintering Surveys

Previous research has indicated that the primary
determinant of the status of insect pest populations in
a given year is the survival of overwintering stages
(Bale 1991). Although survival of overwintering
adults may not be the primary determinant of
Galerucella population size, it is a factor that
influences population dynamics. If tidal action acts to
significantly reduce populations of biocontrol agents
in any life stage, the population densities required
for L. salicaria control may not be attainable in tidal
environments.

We investigated the effect of tidal inundation on the
distribution of overwintering adult Galerucella spp.
At Eureka Bar Downstream, no quadrats were
by surveying for the beetles within areas of differing
sampled within the lowest two categories: MSLtidal influence. Previous research has shown that
MSL(A) or MSL(B)-MSL. This is most likely due
Galerucella spp. (in non-tidal systems) spend the
to inaccuracies in the LiDAR dataset used to sample
winter in the leaf litter or hummocks near the base of
elevations. Because the LiDAR for this area of the
L. salicaria plants or in arenchyma tissue (Hight et
river was flown during a high tide, elevations below
the level of the water at the time of the data acquisition al. 1995; Blossey and Hunt 1999; Piper et al. 2004).
They have also been observed inside hollow stems
were not recorded (see Appendix V). It is apparent
when walking the site at Eureka Bar Downstream that of dead L. salicaria and reed canary grass (personal
much of the site is actually below the level depicted in communication, Peter McEvoy).
the LiDAR data. In September, we did not sample any
Our hypothesis was that the number of surviving
quadrats within the >MHHW and the MHW-MHHW
overwintered Galerucella spp. will be lower in areas
categories at Southern Tenasillahe Island.
that are more frequently inundated by tides than
in areas that are not frequently inundated. Adult
Galerucella spp. can withstand long periods of
BCA distribution by plant height plus elevation and
being submerged, they exhibited 90% survivability
tidal influence
after 32 h of submersion (Garono et al. 2008), so we
Beetle presence in a quadrat correlated with plant
hypothesized that regular tidal inundation (5-7 hours
plus ground elevations greater than MHHW (Maps
2x per day) probably does not directly kill them, but
4-1-1 to 4-1-3). This relationship was very evident
may be responsible for transport within or from a site.
at Dry Dock and Southern Tenasillahe Island, but
not at Eureka Bar Downstream. We hypothesize that
the mechanism responsible for this relationship is
tidal action knocking beetles off of host plants. The
Earth Design Consultants, Inc.
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Methods
We selected Dry Dock and southern Tenasillahe
Island for this study because these sites fit the
following criteria: 1) there were at least four
tidal elevation (inundation) categories in areas
dominated by herbaceous vegetation; and, 2)
biocontrol agents were observed in relatively
high densities the previous growing season. We
used a GIS to randomly select sample locations
meeting these criteria. We focused our site
selection process at sites with known high beetle
populations, but avoided areas that were within 50
m to 70 m of our summer transect sampling.
Tidal elevation categories were assigned to each
quadrat as described in the Grid Survey section.

We brought the litter samples back to the lab and put
them in separate containers (0.55m x 0.4m x 0.12m)
covered with No-See-Um screening and brought
them to room temperature (~20°C) (Photo 4-6). The
litter was allowed to dry and warm up to encourage
the adult beetles to emerge from the substrate. We
counted and collected adult Galerucella spp. and N.
marmoratus every few hours daily for 4 days from
each sample. The insects were then refrigerated for
use in lab experiments.
Samples from Dry Dock were processed in two
batches due to available lab space. The first batch
was processed on March 16, 2009 and the second was
processed on March 19, 2009. Samples from southern

Next, we used the GIS to situate 125 m X 50 m
transects which crossed at least four elevation
categories. We overlaid tidal classifications and
landcover within the transect. We randomly
selected 10 points per tidal class for each site (Dry
Dock and Tenasillahe Island). We sequenced
random sample points to avoid trampling. We
navigated to samples points in the field using a
Trimble Geo XH GPS unit (sub-meter accuracy).
At each site, we collected all of the above ground
stems and leaf litter from 0.25 m2 (0.5 m x 0.5
m) quadrats (Photo 4-5). For each quadrat,
we recorded the number of Lythrum stems,
the presence of Phalaris, and the presence of
Galerucella spp. We counted the number of L.
salicaria stems. We visited Dry Dock on March
12, 2009 and Tenasillahe Island on April 16,
2009. We placed litter samples in plastic bags for
transport back to the lab. Bags were kept cool.
We attempted to take the same number of samples
from each elevation category; however, the higher
elevation category plots at Dry Dock did not
contain herbaceous vegetation habitat. Similarly,
there were no areas of herbaceous vegetation at the
lowest elevation category at southern Tenasillahe
Island. We sampled some of the high elevation
Dry Dock sites anyways, but had to approximate
our location because the GPS was not picking up a
signal in the dense shrub-scrub vegetation
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Photo 4-5. Overwintering sampling included
removing all aboveground vegetation from
randomly selected 0.25m2 quadrats and bringing the
samples back to the lab for processing.

Tenasillahe Island were all processed on April 17,
2009.
All data analyses were performed using JMP software
(v. 8.1).
Results
We sampled a total of 90 plots from five tidal
inundation categories (Table 4-2). A spatial
distribution of biocontrol agent recoveries is provided
Earth Design Consultants, Inc.
www.earthdesign.com

Dry Dock
Introduced Galerucella and host plant densities by tidal elevation category
Grid surveys, July 2009
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Figure 4-3-1. Introduced Galerucella spp. density (no. of individuals per 1m2) and L. salicaria density (no.
of stems per 1m2) by tidal elevation category. Tidal elevation categories were assigned to each quadrat
sampled in a GIS using a classified LiDAR digital elevation model. Data are from July 2009 grid surveys
at Dry Dock.

Eureka Bar Downstream
Introduced Galerucella and host plant density by tidal elevation category
Grid surveys, July 2009
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Figure 4-3-2. Introduced Galerucella spp. density (no. of individuals per 1m2) and L. salicaria density (no.
of stems per 1m2) by tidal elevation category. Tidal elevation categories were assigned to each quadrat
sampled in a GIS using a classified LiDAR digital elevation model. Data are from July 2009 grid surveys
at Eureka Bar Downstream. Error bars represented standard error from the mean.
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Dry Dock
Introduced Galerucella and host plant density by tidal elevation category
Grid surveys, September 2009
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Figure 4-4-1. Introduced Galerucella spp. density (no. of individuals per 1m2) and L. salicaria density (no.
of stems per 1m2) by tidal elevation category. Tidal elevation categories were assigned to each quadrat
sampled in a GIS using a classified LiDAR digital elevation model. Data are from September 2009 grid
surveys at Dry Dock.

Eureka Bar Downstream
Introduced Galerucella and host plant density by tidal elevation category
Grid surveys, September 2009
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Figure 4-4-2. Introduced Galerucella spp. density (no. of individuals per 1m2) and L. salicaria density (no.
of stems per 1m2) by tidal elevation category. Tidal elevation categories were assigned to each quadrat
sampled in a GIS using a classified LiDAR digital elevation model. Data are from September 2009 grid
surveys at Eureka Bar Downstream.
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Southern Tenasillahe Island
Introduced Galerucella and host plant densities by tidal elevation category
Grid survey, September 2009
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Figure 4-4-3. Introduced Galerucella spp. density (no. of individuals per 1m2) and L. salicaria density (no.
of stems per 1m2) by tidal elevation category. Tidal elevation categories were assigned to each quadrat
sampled in a GIS using a classified LiDAR digital elevation model. Data are from September 2009 grid
surveys at Southern Tenasillahe Island.
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Map 4-1-1. Results from the 2009 Grid Surveys at Dry Dock. Maximum L. salicaria length was added to the ground surface
elevation at each quadrat and a grid surface was interpolated (see text for details). The grid surface was then classified into
areas where L. salicaria length plus ground elevation was above mean higher high water (>MHHW=blue) and below MHHW
(green). We found that this grid surface was a good predictor of the presence of biocontrol agents.
Map 4-1-2. Results from the 2009 Grid Surveys at Eureka Bar Downstream. Maximum L. salicaria length was added to the
ground surface elevation at each quadrat and a grid surface was interpolated (see text for details). The grid surface was then
classified into areas where L. salicaria length plus ground elevation was above mean higher high water (>MHHW=blue) and
below MHHW (green). We found that this grid surface was a good predictor of the presence of biocontrol agents.
Map 4-1-3. Results from the 2009 Grid Surveys at Southern Tenasillahe Island. Maximum L. salicaria length was added to the
ground surface elevation at each quadrat and a grid surface was interpolated (see text for details). The grid surface was then
classified into areas where L. salicaria length plus ground elevation was above mean higher high water (>MHHW=blue) and
below MHHW (green). We found that this grid surface was a good predictor of the presence of biocontrol agents.
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in (Maps 4-2-1 and 4-2-2).
We conducted our analyses individually by site and
then together. We compared the mean number of G.

4-5-1). At the Dry Dock site there were significantly
more G. pusilla. recovered in the MHW-MHHW
category than in any of the other categories (>MHHW
p=0.0050; MSL(B)-MSL p=.0004; MSL-MSL(A)
p=0.0006) (Figure 4-5-2). At the southern Tenasillahe
Island site there were significantly more Galerucella
spp. in the >MHHW category than in the MSL(A)MHW category (p=0.0260) and the MSL-MSL(A)
category (p=0.0361) (Figure 4-5-3). We found no
significant differences in the mean number of L.
salicaria stems or Nanophyes adults between tidal
inundation categories at either site or pooled (Figures
4-5-1 to 4-5-3).
We analyzed the difference in G. pusilla quantities
between plots with and without Phalaris using the
Student’s t test and found no statistically significant
difference between the means at the 0.05 alpha level.

Drift Net Surveys

Photo 4-6. All vegetation was removed from
each overwintering sampling quadrat in the
field and brought back to the lab. Each sample
was placed in a plastic tub, covered with mesh,
and checked for emerging biocontrol agents.
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During 2008 In-between site surveys, we encountered
BCAs at remote island sites within the CRE. Previous
estimates of Galerucella dispersal flight distances
(Grevstad and Herzig 1997) were not high enough to
facilitate the distances required for colonization from
the closest known release sites (Ferrarese and Garono
2010). Results from our flee and submersion studies
showed 1) adult Galerucella pusilla are easily swept
off of host plants by water velocities experienced
within the study area during incoming tides; and
2) larvae and adults can survive long periods of
submersion. Furthermore, another study (Denoth
and Myers 2005) showed that Galerucella larvae
survival (defined as next day recovery) in tidal areas
was related to host plant height, with significantly
more larvae recovered from tall plants than from
short plants. Therefore, we suspect that passive water

pusilla recovered and the number of L. salicaria stems
observed in each tidal inundation category using the
non-parametric Kruskal-Wallis rank test and post hoc
Tukey-Kramer HSD method (alpha=0.05). We used
the Kruskal-Wallis test because of unequal variances
around the means. When we pooled the sites, we
found that the number of G. pusilla recovered within
the >MHHW category was Table 4-2. Overwintering Galerucella survey sampling effort. Presented are the number of plots
within each tidal inundation category sampled at each site (in order from least to most frequently
significantly greater than
inundated).
the number found in the
MSL(A)-MHW (p=0.0323)
Tidal inundation category
Site
>MHHW MHW-MHHW MSL(A)-MHW MSL-MSL(A) MSL(B)-MSL
Total
and MSL-MSL(A)
Dry Dock
9
10
10
10
11
50
(p=0.0323) categories, but
Southern
not significantly greater
Tenasillahe
Island
than the number found in
10
10
10
10
0
40
Total
19
20
20
20
11
90
the MSL(B)-MSL or MHWMHHW categories (Figure
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Map 4-2-1. Map of overwintering survey results at the Dry Dock release site. Area was classified by elevation into tidal elevation categories. Sampling locations were randomly selected and stratified by elevation category. Locations where we recovered overwintering adult biocontrol agents are indicated by green and yellow circles.
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Map 4-2-2. Map of overwintering survey results at the Southern Tenasillahe Island survey site. Area was classified by elevation into
tidal elevation categories. Sampling locations were randomly selected and stratified by elevation category. Locations where we
recovered overwintering adult biocontrol agents are indicated by green and yellow circles.
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Overwintering survey results
2009

7

L. salicaria
G. pusilla adults
N. marmoratus adults

6

5
Average density
2
(average number/ 0.25m )

Figure 4-5-1. Introduced Galerucella spp.
density (no. of individuals per 1m2) and L.
salicaria density (no. of stems per 1m2) by tidal
elevation category from 2009 overwintering
data (pooled sites). Error bars represented
standard error from the mean.

4

3

2

1

0
>MHHW

MHW-MHHW

MSL(A)-MHW

MSL-MSL(A)

MSL(B)-MSL

Tidal inundation category

Dry Dock
Overwintering survey results
March 2009

7
6
5
Average density
(average number/ 0.25m2)

Figure 4-5-2. Introduced Galerucella spp.
density (no. of individuals per 1m2) and L.
salicaria density (no. of stems per 1m2) by
tidal elevation category from March 2009
overwintering surveys at Dry Dock. Error bars
represented standard error from the mean.

L. salicaria
G. pusilla adults
N. marmoratus adults

4
3
2
1
0
>MHHW

MHW-MHHW

MSL(A)-MHW

MSL-MSL(A)

MSL(B)-MSL

-1
Tidal inundation category

Southern Tenasillahe Island
Overwintering survey results
April 2009

7
6
Average density
(average number/ 0.25m2)

Figure 4-5-3. Introduced Galerucella spp.
density (no. of individuals per 1m2) and L.
salicaria density (no. of stems per 1m2) by
tidal elevation category from April 2009
overwintering surveys at Southern Tenasillahe
Island. Error bars represented standard error
from the mean.
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transport is a dispersal vector for BCA in tidal systems
(Ferrarese and Garono 2010). Biological control
agents may be lost from sites on an outgoing tide
which can result in both emigration from the release
site, and immigration to a “nascent loci” via passive
water transport. We were interested to see if we could
directly observe Galerucella individuals leaving the
site during ebb tide. We sampled tidal channel export
for biocontrol agents at Eureka Bar Downstream
during two outgoing tides in June and September
using drift nets.

70% EtOH. Samples were brought back to the lab and
examined for the presence of biocontrol agents.
Results
Samples were collected for 3.5 hours on 9 June, 4.75
hours on 10 June, 2.25 hours on 15 September, and for
3 hours on 16 September. The average vertical water
velocity was 3.2x10-5 m s-1 on 9 June, 5.1x10-5 m s-1 on
10 June, 8.5x10-5 m s-1 on 15 September, and 6.7x10-5
m s-1 on 16 September. The average horizontal water
velocity was 0.18 m sec-1 on 9 June, 0.17 m sec-1 on
10 June, 0.01 m sec-1 on 15 September, and 0.30 m
sec-1 on 16 September. At Dry Dock, for most of the
sampling period
(1.25 h), tidal flow
was not restricted
to the channel and
currents were barely
detectable.

Methods
We identified spring tides,
which have the greatest
difference between high
tide and low tide, occurring
during the growing season
in order to maximize the
No biocontrol
flow through tidal channels
agents were
during sampling periods in
recovered from
which beetles are active.
the drift net during
Drift net surveys were
either sampling
completed on the night of
period in June,
June 9 and the morning of
and only one
June 10, 2009, and on the
Galerucella larva
afternoon of September
Photo 4-7. A drift net was placed in the tidal channel
was recovered
16, 2009 at Eureka Bar
at high tide and velocity measurements were recorded
every
15
minutes.
Samples
were
collected
every
30
from Eureka Bar in
Downstream. A driftnet
minutes until low tide.
September.
survey was completed at
Dry Dock on September 15,
2009. We arrived at the site
at high slack tide and waited
Discussion
until flow was constricted to the tidal channel (i.e.
overbank flow had ceased). A drift net (363 um mesh
Tolerance to submersion
12x18 inch drift net Wildco, Buffalo, New York) was
Adult beetles were able to survive all submersion
set up in an unvegetated tidal channel draining the
treatments. Therefore, we still have no estimate of
western portion of Eureka Bar (near the Eureka Bar
the critical amount of submersion time it takes to
Downstream release stake), and at Dry Dock (Photo
result in significant mortality. We recommend that this
4-7). A meter stick was inserted into the sediment
experiment be repeated using at least 20 adults of each
of the tidal channel approximately 5m away from
species per treatment, and increasing the number of
the drift net to record water levels every 15 minutes.
time points (treatments) to include 18 h, 40 h, and 48
Velocity measurements were obtained using a flow
h. Also, we recommend devising experiments to test
probe (FP101 Global Water, Gold River, California)
the long term fitness and survivorship of submerged
from the area directly upstream from the net opening
bugs.
every 15 minutes. Samples were collected from the
drift net every 30 minutes and placed in containers of
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Flee Response
This laboratory experiment provided valuable
insight into how adult and larval Galerucella react
to incoming tides, and how inundation is likely to
effect beetle distributions and populations in tidal
areas. We found that beetles subjected to rising water
moved along the stem more than those subjected to the
control. This may indicate they are trying to escape
the rising water by climbing to the top of the stem.
We found that beetles and larvae that got dislodged
usually floated off the plant and were unable to
reattach them selves. Moreover, in field experiments
all of the adults and larvae tested were dislodged from
the L. salicaria stems. This discrepancy between the
experiments conducted in situ and in the laboratory
may mean other physical factors are affecting the
biocontrol agents’ ability to stay on L. salicaria stems
(i.e. wave action, wind, and rain).
In previous studies we observed beetles could survive
submersion for at least 24 hr (Garono et al. 2007).
This suggests that beetles that are dislodged from
plants by tidal inundation will probably survive in the
water for some time. This could play an important
role in biocontrol agent distribution. For example, if
beetles become dislodged on an incoming tide, beetles
could be dispersed further into the site. Conversely, if
beetles are dislodged on an outgoing tide they could
be washed out of the site and potentially disperse to
another site via passive water diffusion (Ferrarese
and Garono 2010) or be lost from the population
due to mortality. L. salicaria density as well as site
topography may be important factors in mitigating
the effects of tidal transport (Moore 2009). Impacts
associated with tidal action will be most pronounced
early in the growing season, when L. salicaria is
small and submerged frequently or for relatively
long periods of time. We recommend repeating this
experiment in the field to see if adults can reattach to
L. salicaria stems after they have been dislodged.
Grid
While we interpreted the data according to tidal
elevation categories, our sampling was not stratified
according to tidal elevation categories, so the samples
are not random and no causation can be interpreted
with the data. However, we found that at Dry Dock,
Earth Design Consultants, Inc.
www.earthdesign.com

biocontrol agents were found in higher densities
within the MSLA-MHW category than in other
categories, and at Eureka Bar Downstream, biocontrol
agent densities were higher within the MHW-MHHW
category. We didn’t encounter biocontrol agents in
significant densities in any of the lower elevation
categories. It is clear that the patterns we observed in
biocontrol agent density by tidal elevation category are
not the result of there being higher stem densities at
high and mid elevations (Figures 4-3-1 and 4-3-2). Our
interpretation is that biocontrol agents are negatively
impacted by tidal water, and may not be able to persist
in high densities at low elevations within the Estuary.
Overwintering Surveys
Our results supported our hypothesis that more
adult G. pusilla successfully overwinter in areas
with less frequent tidal inundation than in areas with
more frequent tidal inundation. No G. pusilla were
recovered from the lowest tidal inundation category
(MSL(B)-MSL), so it is possible that the result of
“no significant difference” in the means between the
>MHHW and MSL(B)-MSL categories is an artifact
of the lower sample size (n) for the MSL(B)-MSL
category.
There are several mechanisms that could potentially
be responsible for our observation that more beetles
successfully overwinter at higher elevation areas: 1)
G. pusilla that attempt to overwinter at lower elevation
areas are transported by tidal action off of the site or
to higher elevation areas within the site and deposited
with wrack; 2) G. pusilla do not attempt to overwinter
in lower elevation areas so they migrate to higher
elevations prior to entering diapause; 3) G. pusilla
maintain a similar distribution with regard to elevation
throughout the year.
We were able to investigate the third mechanism
quantitatively. We determined whether or not this
pattern of Galerucella distribution (stratified by tidal
inundation category, with more observations at higher
elevations) could be observed in the summer using
data from transects completed at 15 sites during July
2008. ANOVA of the number of Galerucella adults
by inundation category revealed no statistically
significant differences between the means (p=0.2701).
Columbia River Estuary Biocontrol Assessment (2009)
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This observation could potentially be attributable to
an inability to detect existing differences due to low
population densities at our study sites. However, it
could also be that because some host plants grow to
heights great enough to remain exposed during tidal
inundation, they provide a refuge for adult beetles
occupying lower elevation areas during the summer.
Previous studies have provided conflicting evidence
regarding the relationship between overwintering
survival and the number of dead L. salicaria stems
available as overwintering substrate. Hight et al.
(1995) found that differences in overwintering
survival were not attributable to differences in the
number of dead stems, dry stem weight, or dry litter
weight in field cages. One drawback to their field
study was that the sample size was very small; n=8,
of which four samples had overwintered survivors. In
their greenhouse experiment, Blossey and Hunt (1999)
found that overwintering survival rates increased
with increasing number of dry stems offered as
overwintering substrate. We did not find a correlation
between the number of overwintering adults and the
number of dry L. salicaria stems or the presence of P.
arundinacea in our study. Possible explanations for
these results include: 1) that there is no relationship
between the variables; 2) that another factor in our
study area is more influential on overwintering
survival than the quantity of available dry L. salicaria
or P. arundinacea stems.

study indicated that this year densities of adults
peaked in August. The average number of adults
observed on plants during the phenology sampling was
relatively low in June, so our chances of detecting any
adults getting exported via tidal channels during this
time period were slim. We recommend repeating this
experiment at times of peak adult abundance based
on predictions made using the data from this year’s
phenology study.

L. salicaria has been observed throughout a fairly
wide range of elevations within the Columbia River
Estuary (0.3 m-4.9 m: Garono et al. 2009). All of
our biocontrol agent study sites experience at least
some tidal inundation. Our study indicates that tidal
action can potentially influence Galerucella spp.
overwintering success. This may put constraints
on biocontrol agent population growth within tidal
marshes that can ultimately impact L. salicaria
control.
Drift Net
One explanation for why we did not find biocontrol
agents being exported from the sites is that the timing
of our field visits did not coincide with the peak in
adult beetle presence. The results from our phenology
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Chapter V: Synthesis & Recommendations
It is clear from our study-area scale remote sensing and ground surveying efforts that L. salicaria is
widespread throughout the CRE. This infestation presents a challenge to land managers because the
pervasiveness of the weed and the remote and rugged nature of the estuary make manual and chemical
control cost-prohibitive. Biological control was employed as a viable, fairly low–risk, and cost-efficient
means of L. salicaria control within the estuary. Biocontrol agent populations are established at most of the
USACE release sites. Results from the in-between site surveys indicate that biocontrol agents are dispersing
throughout the Estuary.
The recovery of biocontrol agents at many of the remote island sites visited using the in-between site methods
leads us to believe that passive water dispersal can result in colonization of remote island sites within the
Estuary (Ferrarese and Garono 2010).
We observed a pattern in colonization of L. salicaria by biocontrol agents according to HGMR reaches. That
is, most of the sites surveyed within the Volcanics Current Reversal reach were occupied by Galerucella spp.,
while most of the sites surveyed within the Coastal Uplands Salinity Gradient reach did not have biocontrol
agents present. The boundary between the two reaches is located near Tenasillahe Island. We investigated
whether or not there were more biocontrol release sites within the upstream (VCR) reach by plotting all
known releases from 1997-2006, we did not see evidence that there were more releases in the upstream reach.
Other potential factors that may explain this pattern are degrees of tidal influence and differences in plant
communities.
We found an increasing trend in the amount of plant material damaged by Galerucella feeding through time,
and in the frequency of encounter of Galerucella in quadrats occupied by L. salicaria. However, the amount
of damage is still relatively low, and densities of biological control agents at the release sites are apparently
below the threshold needed for effective L. salicaria control. Plant damage is directly proportional to adult
and larval beetle density during the exponential phase of population growth (Schooler and McEvoy 2006). We
have observed several areas with extensive Galerucella spp. feeding damage (near Dry Dock release stake,
north side of Eureka Bar, and southern Tenasillahe Island), but thus far, the areas have been relatively small
compared to the areas currently infested with L. salicaria. This evidence of heavy plant damage and limited
mortality leads us to believe that some degree of control may be attainable within the Estuary. However, it is
currently unclear whether levels of control that are ecologically significant are possible within the CRE and
other freshwater tidal systems. Physical conditions within the CRE are apparently limiting the success of the
biocontrol agents.
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Factors that may influence the success of
Lythrum salicaria biological control
Elevation and tidal influence
The elevation ranges of L. salicaria and Galerucella
overlap, but are not identical. Galerucella have a
more restricted elevation range. Thus, while there
are host plants available for colonization at low
elevations, beetles are generally not found there.
Results from the grid surveys indicated that plants
tended to be occupied by biocontrol agents when plant
heights plus ground elevation exceeded MHHW. This
indicates that tidal water is indeed a factor regulating
the dispersion of biocontrol agents within the study
area.
We examined the overwintering stage of Galerucella
pusilla to determine whether or not this stage of
beetles is negatively affected by tidal inundation. We
found significantly more overwintering beetles in
higher elevation areas. We are not sure if the beetles
were choosing to overwinter in higher elevation areas
at significantly higher rates or whether beetles that
overwinter in lower elevation areas are lost to tidal
inundation at significantly higher rates than higher
areas. If beetles are lost from sites during the winter
diapause stage at unsustainable rates this may present
a population bottleneck that prohibits high densities
from developing at some of the sites.
Results from our grid surveys suggest that beetles are
present in areas where the combined elevation of the
ground plus maximum stem height are higher than the
elevation of mean higher high water. However, results
from our transect surveys indicated that frequency of
encounter had a negative linear relationship with the
amount of time that a site was flooded. More research
is warranted to explain these conflicting results.
The biocontrol agents proved to be capable of
surviving long periods of submergence. Adults and
larvae were capable of hanging on to plants in calm
rising water in a controlled environment but were lost
from plants in the field due to wind and wave action.
Previous research has suggested that areas of high
stem density may act as a refuge from wind and wave
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exposure for biocontrol agents (Moore 2009). We ran
the same analysis used in Moore’s study on our 2009
grid survey data and did not observe this relationship.
More research is warranted regarding the effects of
wind and wave exposure on biological control of
purple loosestrife.

Recommendations
•

•

•

•

•

Overwintering surveys should be repeated at
Dry Dock and Southern Tenasillahe Island in
order to determine if the patterns observed
in 2009 are repeated in 2010. Consideration
should be given to other sites as well.
Phenology study should be repeated within
the study area (at Dry Dock and Svensen)
to conclusively determine the relationship
between growing degree days, photoperiod,
and beetle development. Consideration should
be given to adding a site near Clatskanie, OR
to examine climatic factors associated with
beetle development across the study area, if
there are any.
Transect surveys should be repeated
in July of 2010 to examine loosestrife
density, abundance, and condition; beetle
establishment, density, and abundance and
plant community composition. Previous
research has shown that beetle populations take
3-5 years to reach the densities necessary for
control; 2010 marks the fifth year post-release.
Phenology study data can be used to estimate
timing of peak beetle abundances to set survey
dates.
In 2009, CASI data collected in 2008 was
classified according to L. salicaria density.
These data now need to be validated and
assessed for accuracy using field surveys.
In-between site surveys should be used to
examine patterns of loosestrife establishment
and colonization by biocontrol agents within
the study area. These surveys also can be
used to determine how plant community
composition is affected by L. salicaria density.
Earth Design Consultants, Inc.
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•

•

•

•

•

Sites for in-between surveys can now be
randomly selected using the classified CASI
imagery.
Continue collecting data on tidal inundation
with pressure transducers. This information
can be linked with patterns observed in
biocontrol agent establishment and the control
of L. salicaria.
We have observed biocontrol agents being
predated upon by ladybug larvae and
Pentatomidae (shield bug) nymphs. Ladybug
larvae are widespread throughout the Estuary.
Predation may be a significant densitydependent factor limiting biocontrol agent
populations. More study is warranted on
the role predation plays in biocontrol agent
population dynamics.
Galerucella pusilla individuals within the
study area appear to be smaller than those
from other areas in U.S.A. (F. Grevstad,
personal observation). If this observation
is substantiated, it may indicate that beetles
within the study area may be physiologically
stressed. We recommend conducting a
study on biocontrol agent physiology (fat
reserves, physiological state, etc.) and making
comparisons between sites within the study
area, and with other metapopulations.
We recommend sampling L. salicaria biomass.
How are biocontrol agents affecting plant
abundance? Is stem density an appropriate
measure of abundance? Relationship between
stem density and biomass? Relationship
between height and biomass?
We have noticed that at some sites within the
study area, the L. salicaria plants are covered
with a layer of silt. This may reduce herbivory
by biocontrol agents. We recommend
conducting a study to determine if a covering
of silt on plant surfaces prevents or reduces
herbivory by biocontrol agents.
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Appendix I: 2008 CASI Flightlines
Appendix I: CASI flightline information: Shown are flightlines with ground truth data, ones with photographs taken during in-between surveys, ones with signatures extracted, purple loosestrife classes derived,
start and stop time of image acquisition (GMT), tidal height, direction, F-stop, and aircraft speed.
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Appendix II: Plant Communities
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Appendix III: 2009 Transects at 15 US ACE Release Sites

Locations of all 1m2 quadrats surveyed using the transect method from 2006 through 2009. Transects radiate
from the point of release.
Maps of Galerucella presence and absence for each 1m2 quadrat sampled at each release site in July and August 2009 using the transect method.
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Appendix IV Monthly Inundation Summaries for 15 US ACE Release Sites (2007,
2008 and 2009).
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Appendix V: Evaluation of Existing LiDAR Data
Assessing the suitability of an existing Light Detection and Ranging (LiDAR) Digital Elevation Model
(DEM) for estuarine ecology applications in the Columbia River Estuary (LCRE) using tidal gauge data
and a Real Time Kinematic (RTK) Global Positioning System (GPS)
Elise Ferrarese, Jacob Hendrickson, and Ralph J. Garono
Earth Design Consultants, Inc.
March 2009
Introduction
Some features in estuarine environments are difficult to map because they are complex and may be dynamic
over many spatial and temporal scales. For example, estuarine vegetation may be stratified along elevation, tidal
inundation frequency and duration, salinity, substrate, and water velocity gradients (Odum 1988). Topographic
heterogeneity directly influences plant community composition in freshwater and salt marshes and occurs at
landscape, macrotopographic (tens of meters), and microtopographic scales (tens of centimeters) (Mahall and
Roderic 1976; Snow and Vince 1984; Armstrong et al. 1985; Sanderson et al. 2000; Morzaria-Luna et al. 2004).
Some plant communities in tidal marshes fluctuate over decadal time scales while other communities in more
dynamic environments change from month to month or year to year (Walters and Holling 1990; Ehrenfeld 1991).
Mapping efforts may also be hampered by tidal flooding: many features in Pacific Northwest (PNW) estuaries
may be inundated by water once or twice a day.
One of our project objectives is to determine how abiotic factors, especially those related to elevation, affect the
distribution of the invasive plant purple loosestrife (Lythrum salicaria), and the distribution, dispersal, and success
of loosestrife biological control agents (Galerucella pusilla, G. calmariensis, and Nanophyes marmoratus), in the
lower Columbia River Estuary (LCRE) (see Garono et al. 2007; 2008; 2009; Ferrarese and Garono, in prep). The
organisms (Lythrum and biocontrol agents) and the factors we are examining are potentially influenced by both
fine-scale and coarse-scale topographic heterogeneity. Therefore, accurate information on the distribution of the
organisms and site elevation is needed.
Technological advances in remote sensing and surveying equipment have made accurate and precise measurements
feasible and cost effective to collect over large spatial extents. In addition, advances have brought better spatial
resolution, broader spectral resolution and the ability to control temporal resolution. Light Detection and Ranging
(LiDAR) is a remote sensing technology used to collect topographic data from an airborne sensor. LiDAR data
can be used to create Digital Elevation Models (DEM) that have a very fine spatial resolution (<2m) and can
be collected over large landscapes. Currently the majority LiDAR instruments being operated rely on a nearinfrared laser light pulse to collect accurate distance and direction measurements. Onboard electronics and Global
Positioning Systems (GPS) record the measurements to produce a series of points across a three dimensional
surface (X-Y-Z coordinates).
In many environments LiDAR can been used to produce datasets that are highly accurate and precise. LiDAR has
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been used for many estuarine applications; however, the active near-infrared light pulse used for measurement
collection is absorbed and scattered by water and wet surfaces, which can be problematic in tidal systems.
The constantly fluctuating elevation of the water surface and the inability of the LiDAR laser to penetrate
water make estuarine topography difficult to measure. For instance, if the LiDAR data acquisition occurred at
times when estuarine features were submerged due to tidal inundation, those features would not be accurately
mapped. This would be true for features which occur at low elevations, such as mud and sand flats, tidal
channels, and low marshes. For LiDAR measurements to be accurate, LiDAR data acquisition must occur
during or very near low tide.
In addition to problems presented by tidal inundation, the complex and dynamic nature of the Lower
Columbia River Estuary (LCRE) makes accurate and precise measurements difficult to obtain and interpret.
For example, sediment erosion and accretion make these environments subject to frequent topographical
transformation. Therefore, once accurate digital elevation models may no longer be representative of actual
conditions as time progresses.
Because we are examining estuarine features arranged along an elevation gradient, and slight changes
in elevation can result in significant changes in plant community composition, we need highly accurate
topographical data for our study area. This LiDAR dataset is also used in restoration design and implementation
projects within the LCRE, so verification of the data quality is critical to the overall management of the
ecosystem. In this study, we assessed the accuracy of an available LiDAR Digital Elevation Model (DEM)
for our study area.
Study Area
The Lower Columbia River is the second largest
river, by annual discharge, in the United States, with
seasonal variations ranging from about 2,000 m3/s
during the dry season to over 10,000m3/s during the
spring freshet (Chawla et al. 2008). It drains an area
of approximately 690,000 km2. The LCRE is defined
as the area of the Columbia River from river kilometer
234 downstream to the Pacific Ocean. Our study area
is located in the LCRE between river kilometer 84 near
the town of Clatskanie, Oregon and river kilometer 29
near the town of Astoria, Oregon (Figure 1). Tidal
currents within the LCRE have diurnal, semidiurnal
and overtide components. The diurnal tidal constituent
occurs in areas where there is one high tide and one
low tide per day, the semidiurnal constituent consists of
two high tides and low tides per day, and the overtide Figure 1. Study area location with our study sites indicated
constituent occurs when the tidal range is significant as stars (U.S. Army Corps of Engineers biocontrol agent
release sites).
compared to the depth of the water. Tidal fluctuations
are experienced as far as 234 km from the mouth of the
river, and the lower estuary experiences tidal amplitude
fluctuations of 2 m during neap tides to 3.6 m during spring tides (Chawla et al. 2008). Substantial wave
action from the main navigational channel and storm surges are common. Annual water temperatures vary
between 15 ºC and 20ºC. Astoria receives an average of 178 cm of rain per year, with average monthly
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www.earthdesign.com

Columbia River Estuary Biocontrol Assessment (2009)

VAS

maximum temperatures ranging from around 8ºC to 19ºC and average monthly minimum temperatures ranging
from around 2ºC to 12ºC.
Methods and Materials
Determining tidal stage during data acquisition periods
The DEM used for this study was derived from LiDAR data collected in 2005 and distributed by the Puget
Sound LiDAR Consortium (PSLC). The data were collected by Terrapoint between 10 January 2005 and 20
February 2005 during 30 flights (Terrapoint 2005). They used a 40 kHz Terrapoint Airborne Laser Terrain
Mapping System (ALTMS) with a 36 degree full angle laser, The system was mounted on a Navajo twin
aircraft and utilized a Trimble 4700 GPS receiver, and a Honeywell H764 IMU unit. Flightline spacing
was 1070 feet. All processing was completed with Terrapoint’s proprietary laser processing software suite
Terrascan (see Terrapoint 2005 for details). Relative accuracies were up to 15 cm depending on the ground
surface composition and topography. Data was delivered to PSLC in the form of an ArcInfo grid file format
with 6 foot grid spacing, and an ASCII xyz file format containing the following fields: GPS week, GPS time,
easting, northing, intensity, elevation, number of returns in pulse, pulse return number, scanning angle, and
classification code. An aircraft trajectory file with time stamps was provided in the form of an ArcInfo shape
file. We obtained the aircraft trajectory file from PSLC and used it to determine the tidal stage during data
acquisition periods.
The location of the LiDAR instrument during data collection was recorded with a GPS unit in one second
intervals with GPS time and week. In order to determine the level of inundation at the time of data collection,
we first converted GPS time and week to Greenwich Mean Time (GMT) and Pacific Standard Time (PST) then
referenced those time periods to National Oceanic and Atmospheric Administration (NOAA) tidal gauges at
Tongue Point and Knappa Slough. GPS time was first implemented on January 5th 1980 at midnight. GPS
time is based on the count of seconds starting at midnight on Sunday and counting every second until the
following Sunday at midnight. GPS week is a count of the number of weeks since GPS time began. There
was a rollover in the GPS week count in August 1999.
We used Nobeltec™ Tides & Currents software to produce summary tables of the water surface elevation in 15
minute intervals for the periods corresponding with LiDAR data acquisition for the Tongue Point and Knappa
Slough gauging stations. Tides & Currents uses NOAA’s harmonic constants and published secondary station
correction values to compute tidal stages and current velocities for NOAA harmonic and secondary stations.
We converted the Tides & Currents output data from NGVD29 to NAVD88 using the vertical datum shift value
for the gauging station given by USGS VERTCON software (1.026m for Tongue Point, 1.031m for Knappa
Slough). We then obtained the tidal datums for Tongue Point and Knappa Slough from NOAA’s Center for
Operational Oceanographic Products and Services (COOPS) website. The tidal datums were referenced to
Mean Lower Low Water (MLLW) at each station, so we converted them to NAVD88 using the value given by
COOPS. We then assigned each 15 minute interval of LiDAR data collection to a tidal inundation category
based on the projected water surface elevation from the Tides & Currents software and the tidal datums for
the gauging station closest to the flight line. The tidal inundation categories are as follows: >mean higher
high water (MHHW); between mean sea level (MSL) and MHHW; between mean lower low water (MLLW)
and MSL; <MLLW. If the water elevation changed between to elevation categories within a single flightline,
we designated the interval for the change as to be at 7 min. 30 sec, the halfway point between the 15 minute
tidal data intervals. The water surface elevation and tidal inundation category data were then joined to the
flightline shapefiles using ArcGIS 9.3 to produce a map depicting the water surface elevation (by tidal datum
classification) at the time of data acquisition for the flight lines (Figure 2).
Determining the accuracy of the LiDAR DEM using RTK GPS
In order to assess the accuracy of the LiDAR dataset at each of our sites, we compared the LiDAR DEM

VAT

Columbia River Estuary Biocontrol Assessment (2009)

Earth Design Consultants, Inc.
www.earthdesign.com

with differential carrier phase GPS data, which provides highly accurate orthometric heights. We contracted with
Watershed Sciences Inc. (Corvallis, OR) to use a Real Time Kinematic (RTK) Global Positioning System (GPS)
(Thales Navigation Z-Max Surveying System) to collect digital elevation data for the area surrounding all of the
release stakes (study sites) during the summer of 2006. The RTK device is comprised of a base station over a
National Geodetic Survey monument with verified and corrected published coordinates, and a mobile receiver
used to collect points. The base station processed GPS data from satellites and relayed the corrections to the
mobile receiver unit via radio signal. We collected between 150-300 points at each biocontrol agent release site
and Watershed Sciences, Inc. performed an ellipsoid to geoid adjustment for the collected data and then created
shapefiles using the geoid-adjusted elevation points with ESRI 3-D Analyst® and used the Raster Tool in ESRI 3-D
Analyst® to create Triangulated Irregular Networks (TINS) from the shapefiles for each site. We overlaid the RTK
point files on the LiDAR DEM and calculated the height differences between the RTK points and the corresponding
point on the LiDAR surface using the “Extract Values to Points” tool in ArcGIS 9.3. We then ran a linear regression
analysis on the points for each site.

Figure 2. Map depicting surface water elevation classification during LiDAR acquisition time. The three classifications were
based on water surface elevations predicted by Nobeltec Tides & Currents Software. They are: >MHHW (greater than Mean
Higher High Water); MSL-MHHW (Between Mean Sea Level and Mean Higher High Water); and MLLW-MSL (between Mean
Lower Low Water and Mean Sea Level). Our study sites are represented as stars.
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Results
Tidal Stage During Data Acquisition
LiDAR data were collected at 42,380 points arranged along nine separate flight lines associated with the study
area. The tidal stage of the river greatly varied during and between the LiDAR data collection flight times
(Figures 3 and 4). Most of the data points were acquired during the MSL-MHHW category (52.9%), followed
by the >MHHW category (24.4%), and MLLW-MSL (22.8%) (see Figure 2).
Tidal level during LiDAR acquisition flight times
February 18, 2005

Tidal level during LiDAR aquisition flight times
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Figure 3. Graphs of tidal level during LiDAR acquisition flight times on February 9, 2005 (L), and February 18, 2005 (R).
Data for LiDAR flight times were generated using Nobeltec Tides and Currents software and are referenced to the Knappa
Slough NOAA tidal gauge.

Figure 4. Water surface elevation at the Astoria, Oregon NOAA tidal gauge during flight times for different
flight lines. Flight times are indicated by the yellow boxes.
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We analyzed 3,308 points collected by RTK GPS to determine the accuracy of the LiDAR DEM (Figure
3). The average difference between the RTK data and the LiDAR data was 0.2483 m (±0.0057m) (Table
1). LiDAR point elevations were greater (higher) than RTK values at most sites. The sites with the best
fit from a linear regression analysis (r2 values) between the two datasets were Miller Sands Downstream,
Pillar Rock Island, Tenasillahe Island, and Miller Sands Upstream (Appendix I). The sites with the least
fit were Eureka Bar Upstream, Eureka Bar Downstream, Fitzpatrick Island, and Wallace Island. This can
be explained by the LiDAR measuring the elevation of the water surface instead of the ground surface of
low points during periods of tidal inundation. The five sites with the lowest r2 values also had the highest
maximum water levels at the time of data acquisition.
9
LiDAR = 0.887RTK + 0.3709
2
R = 0.8413
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Figure 3. Linear Regression of LiDAR DEM values with RTK GPS values for our study sites in the Lower Columbia River
Estuary. Over 3,300 points were used in this analysis.

Discussion and Conclusions
The accuracy of the LiDAR data for tidally influenced areas is dependent on the tidal stage during data
acquisition. Because the near-infrared portion of the spectrum used in LiDAR measurements do not
penetrate water, data acquisition during high tide most likely resulted in a failure to capture low elevation
points. This failure would explain our general observation of an over-prediction of surface elevations
for the DEM, which were created by interpolating from the collected point data. This explanation also
fits the results of our RTK versus LiDAR value linear regression. The suitability of the LiDAR DEM
for examining estuarine ecological communities at a given site depends on the tidal stage during the data
acquisition period, the elevation and inundation dynamics of the site, and the scale of ecological analysis.
The map of tidal inundation categories at the time LiDAR acquisition (Figure 2) can be used as a tool
for determining the relative quality of the LiDAR DEM for tidally influenced areas within the LCRE.
Decisions regarding the utility of this LiDAR DEM for ecological applications will have to be made on a
case by case basis. There are areas of the DEM that are of high quality and can be used for many ecological
applications and there are areas in the DEM that are of low quality and will have limited applicability.
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Table 1. Average difference between RTK points and LiDAR raster values for the same point, in meters, average of the absolute
value of the difference between RTK points and LiDAR raster values; r2 value from regression analysis, and tidal elevation
category during LiDAR acquisition for our study sites. Positive values in the average difference column indicate that RTK values
were higher than LiDAR values; negative values indicate that LiDAR values were higher than the RTK values.

Site
Devil’s Elbow
Drydock
Eureka Bar Downstream
Eureka Bar Upstream
Fitzpatrick
Karlson
Marsh Island
Miller Sands Downstream
Miller Sands Upstream
Mott Island
Pillar Rock Island
Svensen Island
Tenasillahe Island
Wallace Island
All Sites

Average difference
between RTK
points and LiDAR
raster values (m)

Average of absolute
value of difference
between RTK
points and LiDAR
raster values (m)

R2 value
(RTK v.
LiDAR

Tidal
elevation
category
during
LiDAR
acquisition

0.087
-0.031
-0.529
-0.269
-0.285
-0.304
-0.067
-0.008
0.113
-0.079
-0.043
0.035
-0.028
-0.173
-0.098

0.231
0.089
0.323
0.151
0.224
0.162
0.224
0.337
0.209
0.157
0.130
0.577
0.617
0.068
0.248

0.6824
0.8622
0.008
0.0036
0.0428
0.7329
0.8675
0.9727
0.9438
0.8512
0.9663
0.8658
0.9518
0.632
0.8413

MSL-MHHW
MLLW-MSL
MSL-MHHW
MSL-MHHW
>MHHW
MSL-MHHW
MLLW-MSL
MLLW-MSL
MSL-MHHW
MSL-MHHW
MLLW-MSL
MSL-MHHW
MSL-MHHW
MSL-MHHW
n/a

Other sources of LiDAR errror
As we discussed above, the presence of water provides a source of error in LiDAR measurements in
wetland environments, however, there are a number of other potential sources of error in LiDAR data.
The host of electronic equipment, calibration, and post processing of measurements introduces systematic,
random, and human errors in the end products. LiDAR data collection relies on collecting accurate
X-Y-Z values. The Electronic equipment aboard the aircraft is the primary source of positional error (XY): the GPS Equipment onboard the Aircraft, the internal navigation unit (INU) for estimating positions
between GPS fixes, and the internal measurement unit for monitoring the pointing direction of the laser
(Hodgson and Bresnahan 2004). Errors in Z value ranges have been primarily attributed to land cover.
Dense vegetation such as shrub/scrub can produce much greater error than bare or sparse vegetation cover.
Post-processing of the data “requires quite extensive manual editing which is not always carefully carried
out” and introduces blunders or human error into the end products (Gomes and Wicherson 1999). The
processing of LiDAR data edits out false returns, and points are classified as representing either terrain or
vegetation (Cobby et al. 2001). The terrain points are used to generate a Digital Terrain Model (DTM) and
the vegetation points are used to generate a Digital Surface Model (DSM). The Difference in the DTM and
DSM are used to generate a vegetation height. The DTM is then interpolated to produce a DEM. Error
can be introduced during all of these processes.
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