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ABSTRACT
The Dolores River in Utah and the Virgin River in Nevada are ecosystems under pressure
from increased groundwater withdrawal due to growing human populations, climate change and
introduced species such as Tamarix spp. (tamarisk). Tamarisk is reputed to take excessive water
from its environment. Controlling tamarisk is of concern in the western United States where
plants grow quickly in already fragile and diminishing riparian areas. For this reason, biologic
control beetles Chrysomelidae: Diorhabda carinulata were released to weaken the tamarisk
population, thus reducing its water use.
The studies for this dissertation were conducted between 2010 and 2011. We quantified
tamarisk water use over multiple cycles of annual defoliation using sap flow measurements, leaf
area index (LAI), well data, allometry and satellite imagery from EOS-1 Moderate Resolution
Imaging Spectrometer (MODIS) sensor. Study objectives for the Virgin River were to measure
evapotranspiration (ET) before beetles ever arrived and to examine the effects on tamarisk ET in
the year after beetle arrival. This site showed plant ET from sap flow averaged about 4.3 mm m-²
leaf day-1 in 2010. In 2011, ET from sap flow averaged 6.4 mm m-² leaf area day-1 pre beetle
arrival, but dropped to 3-4 mm m-² leaf area day-1 after beetle arrival. Stand level ET measured
by MODIS was 2.2 mm d-1 in 2010 and approximately 1.5 mm day-1 when beetle arrival was
measured in 2011. Significant visual change was apparent as the trees senesced. Results showed
the first year of beetle arrival resulted in reduced ET but did not result in significant water
savings.
We also compared the reaction of the newly defoliated (in 2011) Virgin River site to the
long-term defoliated (since 2007) Dolores River site to explore if all beetle invasions were
created equal. This paper views the two sites as fairly extreme examples of tamarisk stand
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reaction to the beetle. While no mortality was reported at the Dolores River site, the site is much
older, less photosynthetically active and covers far less ground when compared to the younger
tamarisk monoculture on the Virgin River. Pre-beetle arrival Normalized Difference Vegetation
Index (NDVI) values were higher on the Virgin River than on the Dolores River. Beetle arrival
at each site was captured with Landsat NDVI and a reduced NDVI signal (13% drop in NDVI at
Dolores River, 5% drop at Virgin River) was seen after beetle arrival.
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CHAPTER ONE: INTRODUCTION TO TAMARISK

1.1 Today’s Changing Landscape
Non-native species alter the ecological community composition affecting human use of
ecosystem services, soil nutrient cycling and land management practices (Ehrenfeld, 2003;
Hultine et al., 2010; Pimentel et al., 2005). The non-native shrub or tree tamarisk (hereafter
referred to as a tree) has been called the second most invasive plant in North America behind
Lythrum salicaria (purple loosestrife) (Gaskin and Schaal 2002). Tamarisk was once known to
the ancient Egyptians as the ‘Tree of Life’ because its trunk cradled the god Osiris’s body after
his brother Set killed him and kept him safe there until his sister wife, Isis, found him (Mueller
1918). Tamarisk is a phreatophyte and a halophyte exuder meaning it can grow in saline
conditions and excrete salt from glands in the leaves, a process known as guttation (DeLoach et
al., 1996). Tamarisk (Tamarix spp.) grows in riparian zones which provide critical connections
between the aquatic and terrestrial environment (Marler et al., 2001). Controlling tamarisk is of
political, public and managerial concern in the United States, particularly west of the 100th
meridian where the plants grow quickly in already fragile and diminishing riparian areas situated
in semi-arid zones threatened by development and climate variability (Webb et al., 2007). For
this reason, biological control beetles, Chrysomelidae: Diorhabda carinulata and D. elongata
were released to restrict and weaken the population of tamarisk trees. This chapter contains a
brief background on tamarisk, since understanding its history is relevant to understanding all
aspects of how tamarisk water use affects native plants and the ecology of the desert Southwest.
This chapter also lays out the expectations and goals of the rest of this dissertation.
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The tamarisk genus consists of 90 species native in the steppe, semi-deserts and deserts
of Asia, Europe and northern Africa (Gorschkova and Shinners 1957). Described species are
found in Iran, Turkmenistan, Uzbekistan, Armenia, Azerbaijan, Russia, Turkey, several countries
in Western Europe, Georgia, Mongolia, Israel, Lebanon, Japan, China, Moldova, Ukraine, Tibet,
Greece, Northern Egypt, and Siberia (Gorschkova and Shinners 1957). Economically, tamarisk
was brought over as a ‘valuable import’ (Stromberg et al., 2009) for its beautiful flower as well
as its ability to stabilize soil. Another notable characteristic of Tamarisk is its tolerance for saline
soils, tamarisk can be planted in soils that are otherwise unsuited for other types of vegetation.
Some species contain are also rich in tannins that can be used to color leather. The tree is still
being sold in nurseries in the United States. A Google search revealed T. ramosissima marketed
as ‘Pink Cascade’, in reference to its flowers, at Plant Delights Nursery in South Carolina for
$13.00 a tree (www.plantdelights.com).
Until recently it had been reported that tamarisk (also known as saltcedar) was introduced
to the east coast of the United States in the year 1837 (Baum 1967; Gaskin and Schaal 2002;
Wang et al., 2013). However, records from the National Agricultural Library’s Seed Trade
Catalog Collection, show that at least three species of tamarisk were on the market in nurseries at
Flushing Landing, near New York as early as 1823 (Horton 1964). Tamarisk was introduced by
nurserymen for ornamentation, windbreaks and stream bank stabilization; it was brought into the
landscape of the western United States to control erosion and help control unwanted flooding of
agricultural lands by reducing the water present in riparian areas (Everitt 1998, Cleverly 2013,
Gaskin and Schaal 2002, Owens and Moore 2007). Three species of tamarisk were being sold at
western nurseries as early as 1854 (Di Tomaso 1998). The University of Arizona’s herbarium
has records of tamarisk as early as 1910 (Horton 1964) and the first escapes from cultivation in
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the west were reported in the 1870s (Di Tomaso 1998). Most (upwards of 80% of tested
genetically tested plants) occurrences of tamarisk in the United States are composed of the
hybrid between T. ramosissima and T. chiniensis (Dudley et al., 2012). The Caucasus region
appears to hold all the haplotypes present in the United States (Figure 1-1).
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Figure 1-1. Approximate distribution of T. chinensis and T. ramosissima haplotypes and genotypes common
to Eurasia and the U.S. in their native range (above) and in the United States (below). Locations of
specimens are spread out on map to avoid overlapping (Gaskin and Schaal 2002).
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T. ramosissima is found mixed with T. chiniensis Lour, T. gallica L., and T. parviflora
DC (Dudley et al., 2012). However, without molecular testing, Tamarix ramosissima Ledeb. and
Tamarix chiniensis Lour. can be correctly identified (as genetically separate from each other)
only by viewing the nectary disc (the structure that produces nectar) through a dissection
microscope. Genetic testing is advisable but rare due to high costs and until recently, the lack of
high-resolution markers (to the population level) that only represented a small part of the
genome. The distinction between the two species is relevant because T. ramosissima is a
halophile (halo from the Greek: hals meaning salt) but T. chiniensis is not. (Gaskin and Schaal
2002). T. parviflora is more limited in spatial distribution than T. ramosissima and T. chiniensis
(Dudley et al., 2012).
Today, tamarisk is the third most common woody plant in riparian areas of the western
United States (Dudley and Bean 2011). It is frequently stated that tamarisk spreads at 20 km per
year (Dennison et al., 2009, Di Tomaso 1998, Glenn and Nagler 2005, Hultine et al., 2010) by
seed dispersal. Methods used to determine the current extent and rate of yearly spread of
tamarisk involve field observations, interviews with land managers and remote sensing methods.
A particularly good example is the Tamarisk Cooperative Mapping Initiative (T-Map)
(www.tamariskmap.org), a website with the stated goal of mapping and distributing tamarisk
location data as uploaded by concerned citizens, resource managers and scientists. Figure 1-1 is a
distribution map created before the T-Map efforts began.
Mapping of the location of tamarisk in the United States is important for helping
resource managers understand how much area is covered by the plant. These accurate estimates
are needed to help assess the effectiveness of restoration efforts and the monetary budgets
needed to accomplish them. Important components include the external effects such as fire, non-
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native plant invasions and other disturbances which help managers regulate water yields
(Evangelista et al., 2007). Sher and Quigley (2013) say that in the semi-arid Southwest, mapping
can be “easily accomplished because in semiarid regions of the Southwest where floral
heterogeneity is minimal…tamarisk can be more easily distinguished from other plants”.

1.2 Problem Statement: Tamarisk and water

On some western rivers tamarisk forms a minor component of the riparian landscape,
whereas on others it is the dominant vegetation type (Stromberg et al., 2010). The problem
statement guiding this dissertation is that tamarisk trees are potentially high water users in
already fragile and diminishing riparian areas of the western United States. For this reason and
others, such as tamarisk-related reduction of groundwater and surface water flows, increased fire
severity and high economic costs associated with having it in the landscape, tamarisk is a
formidable invader resource managers want to control. Tamarisk is now undergoing community
change as a result of the release of the herbivorous tamarisk beetle to act as a biological control
agent. The work in this dissertation focuses on the effect of the beetle on the water use of
tamarisk and how that water use is measured at different scales and with different sensors. This
work was conducted on the Virgin River in Nevada and on the Dolores River in Utah (Figure 12).
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Figure 1-2 Map of two study sites on the Virgin River, NV and Dolores River, UT

1.3 Tamarisk water use in a historical perspective
In the 1930’s, the Phelps Dodge mining company sought to expand its copper mine
located near Eagle Creek in Morenci, Arizona. However, there was not enough water in Eagle
Creek. Phelps Dodge investigated the amount of water savings that could be provided by cutting
down vegetation along riparian streams. The company compiled a list of 19 riparian species,
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including natives like cottonwood which they believed could be reduced to increase instream
flows in Eagle Creek (Stromberg et al., 2009, Lamberton 2011)1.
Around the same time, the USGS was inventorying the Upper Gila River Basin for
available water (Chew et al., 2009, Lamberton 2011); this study found that removing the riparian
vegetation would allow an extra 86,343,729 m3 of annual in-stream flows. The USGS published
a Water Supply Paper in 1950 stating tamarisk to be the highest water user out of the Phelps
Dodge original list of 19 (Gatewood et al., 1950, Chew et al., 2009, Lamberton 2011). This
finding seems to be in error, however, as more recent studies have shown that tamarisk does not
use as much water as originally believed (Owens and Moore 2007).
Since the Phelps Dodge and USGS investigations, literature has supported the belief that
tamarisk has a significant effect on water budgets around the country. For example, at a tamarisk
conference at the University of Arizona in 1987 it was first reported that a single tamarisk tree
uses over 757 mm, of water per day (Holdenbach 1987, Owens and Moore 2007). Average
sapwood areas of tamarisk for the study of this dissertation were 6.1 cm2 which is not large
enough to support 757 mm d-1 of water usage via sapflow. This remains true even if an unlimited
supply of water was available. The species of tamarisk mostly studied in this dissertation (T.
ramosissima, T. chinensis and T. parviflora) are relatively small stemmed plants. Frequently,
these plants grow with multiple stems that do not reach the same diameter as a tree like a
cottonwood with a single trunk. Thus tamarisk species studied in this dissertation are
physiologically not capable of growing sapwood large enough to support 757 mm per day of
water use. The most extreme value that has been reported in the literature for water use by any
species was 4449.1 mm d-1 for an unnamed rainforest species with a sapwood area of 1,500 cm2,
This type of scenario has occurred often in a situation where resources are limited by multiple factors. Liebig’s
Law of the Minimum is applicable to the tamarisk story. The law states that the yield (company growth) is
proportional to the amount of the most limiting ingredient (supply of water).
1
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a sapwood area that most tamarisk trees cannot achieve (Owens and Moore 2007). The exception
within the tamarisk genus, in terms of size, is Tamarix aphylla which is the largest species of
tamarisk tree in the world. Since T. aphylla isn’t as invasive as T. ramosissima ,or T. chinensis in
the United States (Shafroth et al., 2005). This means the population of the largest tamarisk tree
isn’t comparable to these other species. Even if it was a high water user, there have not been
extensive studies on this species.
Looking at average tamarisk sapwood areas, literature reviews on tamarisk water use and
atmospheric demand via pan evaporation, it was determined that no other study has reported
water use values by tamarisk or any other plant nearly as high as that of the rain forest species
4449.1 mm d-1 (Table 1-1) (Owens and Moore 2007). In short, it was physically impossible for a
plant to use 757 mm d-1. The original data on which that 757 mm d-1 of water use claim was
established has not been found (Owens and Moore 2007). The more realistic tree-level daily
water use was actually about 121.8 mm d-1 (Owens and Moore 2007).
Current estimates of water use by tamarisk and associated riparian vegetation vary greatly
depending on the maturity, location, and density of stands, as well as the depth to groundwater
(Wang et al., 2013). To see if tamarisk alters stream flow, other factors such as soil, climate and
surrounding geography must be taken into consideration. Many early studies conducted on
tamarisk water use were of short duration under ideal growing conditions (Cleverly et al., 2002,
Owens and Moore 2007). Longer-term studies, which monitored the species for an entire year,
proved to be highly variable (Owens & Moore 2007). Some show moderate water use (Cleverly
et al., 2002), while others showed tree-level transpiration to be higher than native vegetation, in
the range of 20 mm d-1 during late summer (Sala et al., 1996). This high variability can be
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attributed to the differences in measurement scaling and in the physical stand heights and
densities of tamarisk (Nagler et al., 2005b).

Table 1- 1 Past Studies of Tamarisk Water Use

Sapwood
area (cm2)

Water
use (L d1
)

10
10
33

6.1
15.9
56.8

100

29.9

.49
.49

757.1
0.4
0.8
5.3 –
11.5
6-9

Water use (mm d-1)
23.0 (per leaf area)
60.1(per leaf area)
215.0 (per sapwood
area)
113.1 (per sapwood
area)
2865.9
1.5 (per leaf area)
3.0 (per sapwood
area)
2.0 – 43.5 (per leaf
area)
22.7 – 34.0 (per leaf
area)

Method of Water Use
Measurement

Source

Pan evaporation
Pan evaporation
Sap flux sensors

Smith et al. 1996
Smith et al. 1996
Nagler et al. 2003

Sap flux sensors

Owens and Moore 2007

Eddy covariance
Lysimeters, sap flux
sensors
Lysimeters
Eddy covariance

Unknown
Cleverly et al. 1997
Devitt et al. 1997
Sala et al. 1996
Cleverly et al. 2006

While the amount of water tamarisk uses on a daily basis has been shown to be
drastically less than originally reported, tamarisk does compete with other plants, animals and
people for limited water resources in the desert southwest. Tamarisk is a facultative rather than
obligate phreatophyte (Cleverly et al., 1997), meaning it can grow roots down to reach
groundwater if it needs to when the stream desiccates. Tamarisk is able to root deeper than native
trees like cottonwood (Stromberg et al., 2007). This is a highly adaptive mechanism, making
these plants exceptionally hardy over native vegetation (Zavaleta 2000).
At the tree level, the amount of water used by an individual tamarisk tree is generally
comparable to native cottonwood and willow trees (Owens and Moore 2007); however tamarisk
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can grow more densely than these native trees and thus use more water at the stand scale. By
inference it is therefore reasonable to expect that stands of tamarisk would use more water than
the native stands they replace. At a basin scale, however, research has not shown that removing
tamarisk would affect stream flow (Gatewood et al., 1950, Owens and Moore 2007, McGuire
2015), yet, multiple smaller scale studies on vast monocultures of tamarisk have suggested that
water savings could be significant (Nagler 2005, Nagler et al., 2009, 2014).

1.4 Tamarisk Invasion in Riparian Areas
There are two main, conflicting perspectives on riparian hydrologic change and the role
of tamarisk. The first asserts that tamarisk is the dominant cause of changes riparian hydrology.
The second posits that humans have altered the hydrology of western rivers to such an extent as
to have created ideal habitat for tamarisk to invade (Cleverly 2013). The work presented in this
dissertation mostly follows the second perspective.
The first perspective states that tamarisk is a primary cause of a reduction in the natural
dynamics of flood plain hydrology (Chew, 2009, McDaniel et al., 2005, Shafroth et al 2005,
Zaveletta 2000). This can channelize streams by building up banks and sandbars (which
eventually can become islands). A stream increasing in channelization means that the banks get
higher and water cannot flow over a broad plain as it may have done in the past. Channelization
in the form of deepening and narrowing stream channels can negatively impact the streams
themselves and the organisms living in and around them (Zavaleta 2000). For example, it can
degrade fish habitat by reducing eddies and slower moving channels. Channelization can further
increase turbidity of the water, which in turn increases total suspended sediment content and
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reduces suitable habitat for fish (Shafroth et al., 2005, Zavaleta 2000). Other hydrologic impacts
believed to be associated with tamarisk are an increase in soil salinity (discussed below), high
water use that reduces stream flows and reduced recreational use by humans (McDaniel et al.,
2005, Owens and Moore, 2007).
The second perspective is that river regulation in the Colorado Basin prevented overbank
flooding and the leaching of salts from the soil, thus aiding tamarisk establishment (Glenn and
Nagler 2005, Nagler et al., 2005, Stromberg et al., 2009, Vandersande et al., 2001). A regulated
stream can be one with large dams like the Colorado River’s Hoover dam, or, on a smaller scale,
one with groundwater pumping and surface water diversions. In this perspective, Tamarisk was
able to infiltrate these human altered riparian areas because they are more salt tolerant than
plants like cottonwood and willow trees and their seeds stay viable for longer periods of time
than a cottonwood’s, for example, whose seeds decay after about one week (Glenn and Nagler
2005, Nagler et al., 2005, Stromberg et al., 2009, Vandersande et al., 2001).
A recent development in tamarisk studies that follows up on Glenn and Nagler’s original
study is Minute 319 to the 1944 Treaty with Mexico. Passed in 2012, Minute 319 allows for the
Colorado River to flow all the way through to the Gulf for five years in the hopes of restoring
native vegetation and migratory bird habitats. The Minute is currently a pilot project, but if the
expected revitalization to the riparian corridor is realized, the Department of the Interior and the
seven Colorado River Basin states could extend the flow beyond 2017 (Minute No. 319 2012,
Fountain 2013).
Tamarisk has been noted to increase soil salinity in the areas in which it grows. Glenn et
al., (2012) discovered that tamarisk on the lower Colorado River contributed about 30% of salts
to the soil. Soil salinity reduces water available to vegetation because it creates negative osmotic
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potential that adds to the usually negative matric potential that plants need to overcome to extract
water from the soil (Hoffman and van Genuchten 1983). Tamarisk’s ability to take water from up
to 8-12 m below the soil surface, unlike native species, also makes it better able to withstand
salty surface conditions (Glenn et al., 2012). Another mechanism to deal with the high salt
concentrations is excretion of salt from the leaves of tamarisk plants. Some salt may also be
extruded during the process of guttation by which salt may exit the plant through the leaf via the
stomata or other leaf glands (Flowers et al., 2010, Gurevitch et al., 2006, Hart et al., 2005).
Tamarisk is hardier than many native tree species as it is a facultative phreatophyte unlike
willow Salix spp. that relies on mesic areas with consistent water tables; Prosopis spp.
(mesquite), which on some watersheds grows with tamarisk, is more adapted than tamarisk to
changing water tables as long as that change happens relatively slowly (Stromberg et al., 2010).
Because tamarisk is hardier than many native riparian species and because it can grow in much
denser stands, there is a higher hydrologic demand on a stream with tamarisk than on a stream
without it.

1.5 Economic Impact on Water Resources
Due to tamarisk’s ability to channelize streams where its extensive root systems hold
sediment and fast accretion builds up banks, streams experience a reduced water holding
capacity, a major factor in the ecosystem’s ability to respond to floods. Tamarisk also affects
recreation; lost revenue in the Grand Canyon was estimated at $2 million annually due to
reduced flows during ideal boating season (Zavaleta 2000). The 1977-1979 flooding in Arizona
resulted in US $150 million worth of flood damage, bringing attention to tamarisk’s effects on
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people’s lives (Zavaleta 2000). There is arguably lost revenue caused by the loss of biodiversity
a monoculture stand of tamarisk provides, as fewer birds are attracted to the stands, and thus,
fewer birdwatchers. Zavaleta (2000) estimated that U.S. economic losses of $127 million year-1
could be attributed to tamarisk’s excessive water use. The contribution of tamarisk to western
riparian ecology is not uniquely detrimental, however. Significant for this dissertation is that
tamarisk provides habitat for the endangered southwestern willow flycatcher and makes up
several areas of Critical Habitat for the flycatcher’s breeding grounds (Dudley and Deloach
2004).

1.6 Methods for Controlling Tamarisk
Efforts to reclaim water for human use have been renewed as increasing human
population coupled with long-term droughts in the western United States
(http://www.drought.gov/drought/) continue to stress already limited water supplies. The seven
Colorado River Basin States pull more heavily from groundwater than surface water (Castle et
al., 2014, Wilson 2014) which has prompted renewed efforts to reclaim water for human use by
increasing consumptive water use efficiency, increasing water use from waste-water treatment
plants, and by researching and enacting legislation regarding the removal of tamarisk trees from
riparian areas. The Reclamation Projects Authorization and Adjustment Act, 1992 (HR 429); Salt
Cedar Control Demonstration Act, 2004 (Senate Report 108-235); Salt Cedar and Russian Olive
Control Demonstration Act, 2006, have spurred management efforts towards removal involving
physical, chemical and biological methods (Shafroth et al., 2010).
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Physical extraction, fire, chemical and biological control methods are used, singly and in
combination, with the end-goal of controlling the population of tamarisk. Fire is a useful tool, but
it is not always effective with tamarisk as it often does not burn hot enough to kill the roots of the
tree, permitting it to resprout. Note, however, that tamarisk may be more vulnerable to wildland
fire due to its ability to grow in thick stands and the high oil content of its leaves. Physical
extraction can be effective if done in combination with a chemical application to kill root
systems. However, these methods are costly in terms of labor and equipment. Moreover, in areas
where tamarisk and native vegetation coexist, chemical and/or mechanical removal is generally
more destructive to the native trees than it is to tamarisk which is also more resilient to livestock
grazing than either willows or cottonwoods (DeLoach et al., 1996). Alternative methods for
reducing tamarisk populations were therefore needed.

1.7 Search for a Biological Control Agent
Supported by agencies like the U. S. Fish and Wildlife Service and led by Robert
Pemberton and Lloyd Andres, the search for a biological control agent began in the 1970’s
(Dudley and Bean 2011). More than 300 arthropods were considered and a search was
conducted through the endemic range of tamarisk in Eurasia (Figure 1-1) to see what, if any
insects fit the criteria for a good biological control agent of having a substantial impact on the
host, being easy to handle and host specific. In the former Soviet Union, 325 different insect
species have been listed as eating plants within the Tamaricaceae family; 75% of these 325
insects were specific feeders on the Tamarix genus (DeLoach et al., 1996), among which are a
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mealy bug, Trabutina mannipara that eats the stems of tamarisk; and Coniatus tamarisci and
Coniatus splendidulus a Mediterranean weevil (Dudley and Bean 2011, Bright et al., 2013).
Jack DeLoach of the U. S. Department of Agriculture (USDA) was a key person
conducting the trial studies on tamarisk’s biological controllers. Tamarisk is a relatively isolated
taxonomic genus, meaning that the many insects that have evolved to eat it are unlikely to attack
other plants in North America (DeLoach et al., 1996). A beetle, Diorhabda spp.weise (Figure 13) was researched in the United States for two years in controlled plots in six states (Bateman et
al., 2010). A beetle from Fukang, China, Diorhabda elongata Brullè, later reclassified as D.
carinulata, was selected for further study. The larvae solely affected the genus Tamarix
(DeLoach et al., 1996) in its native ranges and in trial studies at the USDA Agricultural Research
Service in Temple, TX. Diorhabda spp., also showed a preference within the genus. Sister
studies in China confirmed this when Diorhabda spp. laid more eggs on T. ramosissima than on
T. aphylla (DeLoach et al., 1996). Note it is not only the larvae that effect tamarisk but also the
adults. The studies mentioned above dealt with larvae because they were easier to control than
the flying adults.
Life cycle characteristics of the beetle such as the ability to survive and reproduce in cold
winters coupled with host specificity, ease of handling and significant host impact made it an
ideal biocontrol agent (Dudley et al., 2012). The beetle eats the cuticle of the leaves of tamarisk.
Without this cuticle, the tree cannot regulate its water and thus, is not able to photosynthesize
effectively and will eventually die after using up its carbohydrate reserves (Hultine et al., 2010).
After successive defoliations the trees will probably be stressed enough to stop producing
flowers and will not reproduce, a common plant response to stress (Blum 2011).
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Figure 1-3 Tamarisk beetle instars. Note these are true beetles but are in an early life stage (Photo: S. Pearlstein)
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Figure 1-4 Tamarisk monoculture at the Virgin River study site (Chapters Three and Four); this swath is approximately
1.6 km wide. Tamarisk is almost all of the green vegetation seen in this picture (Photo: S. Pearlstein).

1.9 Release of the Biocontrol
The United States Department of Agriculture’s Animal and Plant Health Inspection
Service (USDA APHIS) oversees biological control programs and led the actual introduction of
the beetle, a specialist herbivore to control the tamarisk population. In 1996 APHIS approved the
beetle for open release (DeLoach et al., 1996, Dudley and Bean 2011). However, release of the
biocontrol was not unopposed. In 1995 the southwestern willow flycatcher was listed as an

30
endangered species by the US Fish and Wildlife Service (USFWS). Before releasing the beetle in
1996, APHIS and USDA Agricultural Research Service (ARS) had to discuss with USFWS
whether the beetle had the potential to enter into (and thus harm) flycatcher habitat, a process
known as Section 7 Consultation (Dudley and Deloach 2004, Dudley and Bean 2011). A 321 km
buffer zone was placed around known flycatcher habitat, within which the beetle could not be
released. In 1999, cage releases were allowed on eleven plots in six states from 1999-2001
(Dudley et al., 2012).
Based upon the assumption that Diorhabda spp. would be limited to higher latitudes due
to a day length requirement of at least 14 hours to reach reproductive maturity, APHIS openly
released the beetle in 2001 near Delta, UT. This release resulted in over 1,000 larval and adult
stage beetles observed upon an individual tree after one or two years of establishment (Dudley
and Bean 2011). However, the day length requirement turned out to be erroneous, and the
beetles have migrated further south, currently extending beyond the border with Mexico. As a
result, APHIS officially discontinued its involvement with the beetle program in 2010.
On the Virgin River (Figure 1-4), the subject of Chapter Three and Four, the tamarisk
beetle was released in St. George, UT in 2005, about 112 river km upstream of the study site. At
the time of release, this location was the first to bring the beetle into the breeding habitat of the
endangered Southwestern Willow Flycatcher. The beetle has progressed down the Virgin River
at a rate of 20 km yr-1, as of the beginning of the 2010 study season when work on this
dissertation began, the beetle had not reached the study site. However, a vigorous infestation
occurred in 2011 with beetles occasionally covering the ground and trees almost entirely
(author’s personal observation). Such swarming behavior is probably due to the emission of
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male aggregation pheromones which attracts sexually reproductive females over long distances
(Nagler et al., 2014).
.

1.10 Structure of this dissertation
This dissertation discusses research conducted on two tamarisk stands in the Great Basin
and Colorado Plateau. The Virgin River (Figure 1-2) site in the Great Basin is a young stand of
tamarisk that had not experienced the introduced biocontrol beetle until 2011. The lower Dolores
River site on the Colorado Plateau is an older tamarisk stand that was first defoliated by beetles
in 2007 and where the beetle presence and defoliation continues. Based on the previous review
of some of the most important aspects of Tamarisk invasion and biocontrol, the research
conducted in this dissertation is guided by the questions: “What are some methods used for
measuring tamarisk water use?”, “How much water does a tamarisk stand use?”, “What are the
principles behind measuring plant water use?” (Chapter Two); “Is annual tamarisk water use
reduced by the first beetle defoliation?” (Chapter Three); and “Are all first beetle defoliations on
tamarisk created equal?” (Chapter Four).
Chapter Two is a review of the literature covering the basic equations and principles
behind measuring water use in a plant. It also details some of the different methodologies for
measuring plant water use at different scales. This provides a foundation for understanding the
methodology of measuring tamarisk water use in Chapters Three and Four.
Chapter Three describes the research work done on the lower Virgin River northwest of
Las Vegas. Tamarisk stands were monitored for water use the year before the biological control
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beetle, Diorhabda sp., arrived. Monitoring was conducted for two years, one before beetle arrival
and the year of beetle arrival.
Chapter Four examines whether beetle infestations are effective in controlling tamarisk
stands by comparing tamarisk water use at a long-term beetle defoliated site (Dolores River) and
a site with recent defoliation (Virgin River). These two sites are ecologically distinct. The
comparison represents the vast differences and complex questions frequently found in tamariskbeetle research. There is no single right answer as the very questions themselves are dependent
upon the ecology of each site in which tamarisk and the beetle interact. The dissertation closes
with a short section summarizing the work done in all four chapters and describing the
conclusions that can be drawn and how this will influence resource management decisions with
increasing pressure from development and human water use and potential water use by tamarisk.
Funding for the projects came from the USGS Invasive Species Fund provided by
Congress under the Salt Cedar and Russian Olive Control Demonstration Act, (HR 2720)
through the 2012 fiscal year. Through two seasons of field work monitoring evapotranspiration
using sap flux sensors on tamarisk trees in Utah and Nevada, this dissertation works to further
the understanding of how tamarisk tree water use west of the 100th meridian is affected by the
biological control beetle, Diorhabda spp.
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CHAPTER TWO: REVIEW OF METHODS TO DETERMINE
TAMARISK WATER USE

Water in the Colorado River Basin is a scarce resource for ecological systems,
agriculture and human use, each of which compete for available water found in aquifers, riparian
areas, or imported from the Colorado River. Castle et al. (2014) found streamflow in the Basin to
be the most over-allocated in the world and thus, groundwater withdrawals consist of a much
larger portion of water use in the Basin than previously thought (Castle et al., 2014). The
demands on water in the Colorado River Basin are certainly highlighted in the area’s vegetation
consisting of succulents, creosote and many drought-hardy trees. But seemingly none has
garnered more attention related to water use than the introduced tamarisk tree now found in
many of the riparian areas of the Basin. In the 1990’s tamarisk was viewed as a drought causer
because it was believed to use more water than several people in one day (Sher and Quigley
2013). One of the most pressing issues related to tamarisk is whether it has higher water use
compared to species it has replaced. The riparian ecosystems in this dissertation are undergoing
change from the over allocation of water and the invasion of the tamarisk leaf beetle. The beetle
is an anticipated disturbance that highlights the need for monitoring water use at different scales
and over different time periods.
The methods used in this study for quantifying evapotranspiration (ET), follow the
statistical relationship/empirical method of using ground measured ET rates and bringing them to
larger scales using remotely sensed Vegetation Indices (VI) (Glenn et al., 2007). Clevery et al.,
(2002) found average growing season ET, along with the length of the season, are the most
valuable data to report for facilitating ET comparisons between studies. Ground measurements
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can be used to help calibrate remote sensing ET estimates. The ground measurements used in this
study included heat balance sap flux measurements, Leaf Area Index (LAI) and local weather
conditions. Remote sensing methods used included the Enhanced Vegetation Index (EVI) and
Normalized Difference Vegetation Index (NDVI).
Water use by vegetation is governed by the atmospheric demand, which is often
quantified by potential evapotranspiration. However, low availability of water in the root zone
prevents most terrestrial ecosystems from meeting the potential demand (Huxman et al., 2004).
In fact, in the western United States and most other arid and semi-arid regions water can be the
primary resource that limits biomass production (Malagnoux et al., 2007). Species such as
tamarisk, which are able to use available water more efficiently (i.e. use less water per unit of
biomass produced), have a competitive edge compared to species that are less efficient like
cottonwood (Busch 1995, Busch and Smith 1993). It is tamarisk’s competitive advantage over
native species and water use efficiency that help it establish thick monocultures that ultimately
led to the USDA’s APHIS release of a biocontrol beetle to help restrict the spread of tamarisk.
One way of looking at the tamarisk beetle is to see it as reducing tamarisk’s competitive edge
over native vegetation. The beetle does this by reducing the amount of leaf available for
photosynthesis. The purpose of this chapter is to briefly review a number of concepts related to
potential and actual evapotranspiration, but also to discuss a number of techniques that have been
used to study the altered water cycle by the amount of water that is being used by tamarisk.

2.1 Hydrologic impacts associated with landscape populated by tamarisk
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Hydrologic losses in riparian systems can be from plant transpiration, evaporation from
the water surface and the ground surface, as well as groundwater recharge and surface-water
outflow and the exportation or drainage of water via irrigation canals or pipelines (Figure 2-1).
Most of the research conducted for this dissertation is on plant transpiration, which is an
important metric for gauging tamarisk’s vitality, so it is helpful to briefly discuss the basic
principles of how we measure plant water use, which will be done in later sections on
evapotranspiration.

Figure 2-1 Two-Dimensional Schematic of riparian hydrological cycle
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Tamarisk affects water budgets (the sum of a water system’s hydrologic gains, losses and
storage changes) through two main processes: 1) plant shading can change the rate of
evaporation from the water and ground, 2) changes in plant community composition alters the
amount of plant transpiration (Nagler et al., 2009).

2.2 Monitoring Tamarisk Water Use

2.2a Evapotranspiration

After precipitation, evapotranspiration is the largest term in the terrestrial water budget
(Glenn et al., 2010). ET is a concept used to express the use of water by a plant based upon the
leaf area. ET is a combination of the release of water vapor into the atmosphere by plant
transpiration (or, more specifically the evaporation of water from the leaf surface) and the
evaporation of water from the ground surface. It is a way of translating water use by the plant
and evaporation from the soil into a hydrologically useful term. Plant transpiration is highly
correlated with plant photosynthesis as transpiration is controlled by the stomata (Dixon and Joly
1894, Glenn et al., 2010). Thus, ET measurements can also be correlated with productivity
measurements associated with photosynthesis such as gross primary productivity (GPP) and
annual net primary productivity (ANPP) (Glenn et al., 2007).
When discussing ET, it is helpful to put it into the context of the rest of the surface
energy balance, of which, ET is a component. Below is the energy balance from FAO:
𝑅𝑛 − 𝐺 − 𝜆𝐸𝑇 − 𝐻 = 0
Rn = net radiation
G = soil heat flux

(2-1)
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λET = latent heat flux
H = sensible heat flux

The air saturation deficit and net solar radiation (Rn) (Figures 2-2 and 2-3) are the driving forces
of ET as the solar energy provided converts water from the liquid to the vapor stage (λET) while
the saturation deficit quantifies the disequilibrium in vapor pressure between plant tissue and
atmosphere. In arid and semi-arid ecosystems, where evaporation from the ground surface only
occurs for the time period immediately following a precipitation event, the divisions between
evaporation and transpiration in ET can usually be broken down to transpiration accounting for
70 – 90% of total ET (Glenn et al., 2007) as transpiration continues for as long as the plant lives;
the remaining amount of ET comes from the evaporation from open water and the soil surface.
The ET, G and H terms (Equation 2-1) of the energy balance refer to processes that remove
energy from the earth’s surface (Figure 2-2).

Figure 2-2 surface energy balance without vegetation (earthobservatory.nasa.gov)
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Figure 2-3 Surface energy balance with vegetation

Almost all of the water loss though ET is via the stomatal pores. The ratio of carbon
dioxide gained to water lost during the process of transpiration is about 1:400 (McElrone et al.,
2013). Following the cohesion-tension theory (Böhm 1893, Dixon and Joly 1894) the driving
force of water transport in plants is transpiration, which provides the basis for the Soil-PlantAtmosphere Continuum (SPAC). The flux of transpiration (Equation 2-2) is from the volume
flow per unit time of liquid water through plants (Q), which is directly proportional to the
difference in water potentials (Ψ) between leaves and soil and the whole tree hydraulic
conductance (K) (Bond et al., 2008).
𝑄 = 𝐾 ∗ (Ψ𝑙𝑒𝑎𝑓 − Ψ𝑠𝑜𝑖𝑙)

(2-2)

Water molecules stick together within the xylem. Transpiration, which by itself is caused
by a vapor pressure difference between plant leaf and atmosphere, causes a negative pressure
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that pulls water molecules up through the plant leaf. There is a tug of war as the water molecules
are being pulled upwards by the negative potential of the air and downwards by the negative
potentials soil particles. Typically the atmospheric potential is lower (more negative) than that of
the soil, making upward stomatal water flux possible. Darcy’s Law (Equation 2-3) is used to
illustrate the theory of hydraulic limits on water uptake as applied to steady state flow through
the soil-plant hydraulic continuum (Bond et al., 2008):
𝐸 = −𝐾𝑑Ψ/dx

E = the transpiration rate per leaf area,
K = the hydraulic conductivity expressed on a leaf area and
dΨ/dx = the water potential gradient driving flow.
If K is constant, E is directly proportional to the decrease in leaf Ψ and there is no limit to E
(Figure 2-4) (Sperry et al., 1998).

(2-3)
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Figure 2-4 Cohesion - Tension theory (image courtesy of J. Reneè Brooks)

2.2b Potential Evapotranspiration
Potential ET (PET) is the maximum amount of water that would be lost if water were
freely available in the soil and plant cover was 100%. It is expressing the evaporation power of
the atmosphere and is thus a climatic parameter (FAO 56). This measurement depends on
ambient temperature and the energy available to evaporate water. PET is defined by the United
Nations Food and Agricultural Organization (FAO) as “a hypothetical reference crop with an
assumed crop height of 0.12 m, a fixed surface resistance of 70 s m¯¹ and an albedo of 0.23.”
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(www.fao.org). For the purposes of this dissertation, PET can be interchanged with reference
crop evapotranspiration (ETo) and is ideally calculated using the Penman-Monteith equation
(Equation 2-4) (Allen et al., 1998):

𝐸𝑇𝑜 =

900
0.408Δ(𝑅𝑛 − 𝐺) + 𝛾 𝑇 + 273 𝑢2 (𝑒𝑠 − 𝑒𝑎 )
∆ + 𝛾(1 + 0.34𝑢2 )

(2-4)

Rn = net radiation at the crop surface [MJ m-2 day-1],
G = soil heat flux density [MJ m-2 day-1],
T = mean daily air temperature at 2 m height [°C],
u2 = wind speed at 2 m height [m s-1],
es = saturation vapor pressure [kPa],
ea = actual vapor pressure [kPa],
es - ea = saturation vapor pressure deficit [kPa],
∆ = slope vapor pressure curve [kPa °C-1],
𝛾 = psychrometric constant [kPa °C-1].

The large number of site-specific environmental parameters measured in the Penman-Montheith
(PM) equation allow for a highly accurate calculation of ETo. The PM equation expresses ETo as
a function of boundary layer and canopy resistances (Glenn et al., 2007). Morton (1994)
discusses an error in the Penman-Monteith Equation as it does not include soil factors or crop
characteristics. As vapor pressure deficit increases due to higher atmospheric water demand, so
too should ET. But in reality, plants increase their WUE by partially closing their stomata. Thus
the Penman-Monteith does not accurately capture plant-atmosphere feedback effects (Morton
1994) but is still the gold standard of PET calculation equations.
While the Penman-Monteith equation is the ideal benchmark value for PET calculated
from meteorological data, many studies, including the present one, cannot afford to determine all
the micrometeorological data like the soil heat flux density. Having simplified equations for
calculating PET, which require fewer variables, are necessary for continuing to practice precise
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scientific analysis without a substantial budget. Examples of these alternative methods explored
here are the Hargreaves equation (Equation 2-5) and the Blaney-Criddle equation (Equation 2-6)
(Figure 2-5). Both equations only require temperature and latitude (Hargreaves and Allen 2003;
Samani 2000). The Hargreaves equation is below:
1

𝐸𝑇0 = 0.0135(𝐾𝑇)(𝑅𝑎 )(𝑇𝐷)2 (𝑇𝐶 + 17.8)

(2-5)

KT = empirical coefficient
Ra = extraterrestrial radiation (mm/day)
TD = maximum daily temperature minus minimum daily temperature (°C)
TC = average daily temperature (°C)

KT was calculated following the adjustment of KT=0.17(P/Po) for interior regions of the United
States where P is the mean monthly atmospheric pressure of the sites and Po is the mean monthly
atmospheric pressure at sea level (Samani 2000). Ra was calculated with the site latitude using a
table provided by Samani (2000). While the Hargreaves equation is known to have global
validity, perhaps more so than the Penman equation when referring to temperature (FAO 24),
this equation is known to underestimate ETo in arid regions where KT rises suddenly when
temperature changes are over 14°C (Samani 2000). Because of this, the simpler Hargreaves and
Allen (2003) equation (Equation 2-6) is used here as the work in this dissertation have similar
data scenarios making this equation and the Blaney-Criddle equation comparable. Both the
Hargreaves and Allen and the Blaney-Criddle equations do a better job of representing the
available data collected from the arid environments studied in this dissertation than the PenmanMonteith equation, as they are less impacted by unirrigated arid environments. The Hargreaves
and Allen equation is:
𝐸𝑇𝑜 = 0.0023(𝑅𝑎 )(𝑇𝑚𝑒𝑎𝑛 + 17.8)(𝑇𝐷)0.5

(2-6)
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Ra = extraterrestrial radiation (mm/day)
TD = maximum daily temperature minus minimum daily temperature (°C)
Tmean is the mean monthly temperature in °C

The Hargreaves equation and derivations of the Hargreaves (Hargreaves and Allen, for example)
are generally considered more sound equations than the Blaney-Criddle equation. But, the
Blaney-Criddle equation was extensively validated in Glenn and Nagler (2009) through a
network of eddy covariance towers on the lower Colorado River (Glenn et al., 2010, Glenn and
Nagler 2005) under similar climatic and vegetation conditions as the work presented in this
dissertation (Chapters Three and Four). The Blaney-Criddle (BC) equation (Equation 2-7) uses
latitude and mean daily temperature (Blaney and Criddle, 1950; Nagler et al., 2009) to
approximate ETo as follows:
𝐸𝑇0 = 𝑝(0.46𝑇𝑚𝑒𝑎𝑛 + 8)

(2-7)

Tmean = the mean daily temperature (oC) and
p = the mean daily percentage of annual daytime hours for a given latitude

The reference crop is assumed to be unstressed, green grass between 8-15 cm tall (www.fao.org).
Even though green grass is physically different from a stand of tamarisk, when using this method
in comparison with PET from the Penman-Monteith equation. A limitation of the BC
measurement is that it does not calculate PET at higher resolutions than once a month and
assumes that temperature controls ET over the course of this month (Cleverly et al., 2002).

ETo
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Figure 2- 5 Comparison of different ETo equations. The Blaney-Criddle equation uses latitude and mean daily
temperature inputs. While the Hargreaves and Hargreaves and Allen equations also use mean daily temperature and
latitude, they also have more scalers like extraterrestrial radiation.

Chapters Three and Four in this study employ the Blaney-Criddle equation that uses temperature
and latitude to approximate ETo (Allen 2006; Hargreaves & Allen 2003; Samani 2000).
Each ETo equation has different sensitivities that should be considered in any discussion
of plant water use. Depending on the calculation used, there are different data inputs,
assumptions and time-scales. There is not one given ET value for a plant for each season (see
Figure 2-5), the value depends on the equation used, seasonal plant stress and available moisture.
The Blaney-Criddle equation was used as it was ‘industry standard’ in the lab the author joined
to conduct this dissertation work. The field work conducted in the dissertation involves sap flow
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studies that are in a daily time step. Because of the PET equation used, Blaney-Criddle, all other
ET measurements were put into the monthly time step of the Blaney-Criddle equation.

2.2c Actual Evapotranspiration
Viewed over extended periods with negligible soil water storage changes (∆S, Equation
2-8), actual ET (Eta) is the balance of the amount of water that comes into the system as
precipitation minus the amount that is lost from the system via percolation to the groundwater
(IG) and runoff (R). One way of writing a water balance equation is below:
𝐸𝑇𝑎 = 𝑃 − 𝑅 − 𝐼𝐺 − ∆𝑆

(2-8)

R = runoff
P = precipitation
ET = Evapotranspiration
IG = Deep/inactive groundwater
∆S = change in soil storage, minimal in arid lands
In arid lands, PET is usually much greater than ETa owing to the fact that an area of land may not
be covered completely with vegetation, but also because insufficient water is available in the soil
(Glenn et al., 2010). The determination of ETa at the tree and stand level is useful for this study,
however, because it quantifies how much water is being used by vegetation. ET was calculated
for this study using the heat balance sap flux measurement coupled with MODIS and Landsat
NDVI measurements (Chapter Three) all calibrated with phenology cameras (Chapter Four).

2.2d Water Use Efficiency
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Water use efficiency (WUE), as described by Leavitt et al (2003) is the amount of CO2
incorporated into biomass per unit of water respired. When the stomata open, water will always
be lost at a higher rate than carbon dioxide CO2 will be taken up through the diffusive boundary
layer around the leaf. This is firstly due to Graham’s law (Equation 2-9) which states that the
relative diffusion rate of two molecules is inversely proportional to the square root of the ratio of
the molecular masses:
𝑅𝑎𝑡𝑒1
𝑀2
=√
𝑅𝑎𝑡𝑒2
𝑀1

(2-9)

The molecular mass is approximately 18 atomic units for water (H2O), but 44 for CO2. Secondly,
Fick’s law states that the diffusion rates area proportional to the concentration gradient. Since the
water vapor density gradient across the diffusive boundary layer of the leaf is larger than that of
CO2, overall diffusive rates are higher for water than CO2.
Cleverly et al. (1997) used sap flow measurements and gas exchange to show that
tamarisk was more drought tolerant than Pluchea sericea (arrowweed) and Prosopis pubescens
(screwbean mesquite) trees, because of its higher WUE, photosynthesis and sap flow rate
(Cleverly et al., 1997, Glenn and Nagler 2005). Vandersande (2001) used tamarisk and four other
co-existing species in the Lower Colorado River Delta (Salix googgingii, Populous fremontii,
Baccharis salicifolia and Pluchea sericea) in a greenhouse experiment to test how the plants
responded to various levels of soil salinity, drought and saturated soils. From Vandersande’s
work it was concluded that tamarisk had a better WUE (lower value) than other plants (Glenn
and Nagler 2005; Vandersande et al., 2001). This illustrates one of the competitive advantages
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of tamarisk over other species, across a range of salinities tamarisk is able grow more efficiently
than other species with less water.

2.3 Measuring Plant Water Use
The standard measurement of plant water use is mm per unit of time, usually mm day-1
or g mm-1 day-1. FAO 56 puts these units into surface area measurements by comparing one
hectare which has a surface area of 10,000 m2 and one mm which is equal to 0.001 m. One mm
of water loss via ET corresponds to 10 m3 of water loss per hectare (Equation 2-10), or
1 mm 𝑑𝑎𝑦 −1 = 10 𝑚3 ℎ𝑎−1 𝑑𝑎𝑦 −1

(2-10)

Leaf Area Index (LAI), is a measure of evaporative surface area that varies temporally
with phenology and spatially between species and with plant density within a stand (Cleverly et
al., 2002). It is measured as the area of leaves per area of ground (Figure 2-6). LAI is the
measure of one-sided leaves in a canopy as projected onto the ground – ‘How much ground area
does the leaf area cover?’ The methods used to calculate LAI in this paper are from the Licor
LAI-200 Plant Canopy Analyzer (Licor, Lincoln, Nebraska) which compares differential light
measurements above and below the canopy. This method uses gap fraction analysis, which does
not distinguish photosynthetically active leaf material from things like stems or flowers. These
measurements link canopy geometry and the penetration of solar radiation through the canopy
(Jonckheere et al., 2004)
Allometry is a field measurement taken to assess the relation of tree size and shape. It is
taken by measuring LAI under one branch and then harvesting all phosynthetically active leaf
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matter within a 0.0625 m2 area of that branch, no matter their origin (Nagler et al., 2009). This
material is then taken back to the lab to dry. Once dry, the leaf matter is sieved to remove any
non-photosynthetically active part of the plant; this leaf matter is then weighed.

Figure 2-5 Leaf Area Index Schematic

To help make LAI measurements into something usable, we converted it to Specific Leaf Area
(SLA) which uses the m2 of leaves per gram of dry leaves (personal communication, Ed Glenn).
LAI and SLA are used to measure the amount of plant sap flow in the units of grams hour-1. To
properly measure the density of sap flow that is measured in grams hour-1, for a full day’s length
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(g day-1 m-2 leaf area), the hourly value is multiplied by 24 (Equation 2-11) for the number of
hours in one day:
𝑔

𝑚𝑒𝑎𝑛 ℎ𝑟 𝑏𝑟𝑎𝑛𝑐ℎ−1 𝑑𝑎𝑦 −1 ∗ 24 = 𝑔 𝐻2 𝑂 𝑑𝑎𝑦 −1 𝑔−1 𝑙𝑒𝑎𝑓 (2-11)
This amount is then divided by a scaler to convert units into g / m2 / day (Equation 2-12)
𝑔 𝐻2 𝑂 𝑑𝑎𝑦 −1 𝑝𝑒𝑟 𝑔 𝑙𝑒𝑎𝑓
= 𝑔 𝑚−2 𝑙𝑒𝑎𝑓 𝑑𝑎𝑦 −1
0.0079

(2-12)

Nagler et al. (2005) found 1 g of leaf = 0.0079 m2 leaf.
This values is then divided by 1000 (Equation 2-13):
𝑔 𝑚−2 𝑙𝑒𝑎𝑓 𝑑𝑎𝑦 −1
= 𝑘𝑔 𝑤𝑎𝑡𝑒𝑟 𝑚−2 𝑑𝑎𝑦 −1
1000

(2-13)

Since 1 kg of water represents approximately one liter or a layer of water of 1 mm thickness on
one m2 of soil surface, multiplication with the LAI yield the ET in mm day-1 m-2 ground area.

2.4.1 Sap Flow, Heat Balance Method

The heat balance method is commonly used in studies to measure plant transpiration. Sap
flow sensors are capable of providing similar results to micrometeorological flux tower
measurements (Glenn et al., 2007). Sap flux measures the amount of water moving across the
given area of the sensor, that is placed perpendicular to the sap flow, per unit time; by combining
water loss over the whole tree canopy it is a first-hand estimate of plant transpiration (Owens and
Moore 2007).
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Figure 2-6 Heat balance sap flow schematic, adapted from Kjelgaard et al., 1997

The heat balance method of measuring sap flow uses a constant source of heat, applied
directly to plant stems, to measure the steady state heat transport by conduction and convection
though the section of stem (Figure 2-7). A heat coil is wound around a branch and
temperatures are measured at the coil, and one cm above and one cm below by a thermocouple.
The radial loss of heat is measured by a thermopile that is wrapped around the heating wire and
thermocouple. The faster water moves through the stem, the lower the temperature difference
between coil and up and downstream thermocouples, as the added heat is carried away in the
water stream. Kjelgaard et al. (1997) determined that mass flow was directly related to the
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difference between the amount of heat input and these values, thus mass flow is assumed to be
dissipated by convection with the sap flow up the stem.
A heat balance equation that factors in the conductive, convective and radial heat losses
around the stem is solved to determine transpiration. The method needs to be referenced to a
period without sap flow (no convection of heat). The equations used to equate the heating inputs
to calculate the sap flow (Equation 2-14): are as follows:
𝑄ℎ − 𝑄𝑓 − 𝑄𝑢𝑝 − 𝑄𝑑𝑛 − 𝑄𝑟𝑎𝑑 = 0

(2-14)

Qh = energy input from heater J s-1
Qf = Convective heat carried by sap flow in J s-1
Qup = Heat diffused upstream through the stem J s-1
Qdn = Heat diffused downstream through the stem J s-1
Qrad = Radial heat loss from the heater away from the plant stem J s-1

All sensors were wrapped extensively in reflective insulation to reduce naturally induced
temperature gradients and direct insolation from affecting the heat balance measurements
(Cleverly et al., 1997).
The four mechanisms of heat transfer are conduction, convection, radiation and mass
transfer. These are related to the above components of the heating wire, thermocouple and
thermopile by conduction. Thus there will be heat conduction up and down the stem material.
This relates to the Qup and Qdn terms of the above equation. Convection is the mass movement of
the sap within the stem. This relates to the Qf term. Effects of radiation at the sensors are
minimized by covering them with reflective material. The Stefan-Boltzmann law governs the net
radiation from heated objects. While there is a radiation effect on the entire tree, there is more
radiation at the sensor which can be illustrated with the Stefan-Boltzmann law. Mass transfer
refers to the sap movement through the stem and is mostly related to Qrad, Qup and Qdn terms.
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The energy input from the heater can be derived using Ohms law (Reif 1982) and Joule’s
law (Rowlinson 2010) (Equation 2-15) and is:
𝑄ℎ =

𝑉2
𝑅ℎ

(2-15)

Rh is the sensors heater resistance (Equation 2-16 and 2-17).
𝑄𝑢𝑝

𝑄𝑑𝑛

𝑑𝑖𝑎.2 𝛿𝑇𝑢𝑝
= 𝜆𝑤 (𝜋
)(
)
4
𝐿𝑢𝑝

𝑑𝑖𝑎.2 𝛿𝑇𝑑𝑛
= 𝜆𝑤 (𝜋
)(
)
4
𝐿𝑑𝑛

(2-16)

(2-17)

Dia = diameter of the plant stem at the heater (m)
STup and STdn = differences in temperature between the heater and the upstream and downstream
thermocouple, respectively (oC)
Lup and Ldn = the distances from the edge of the heater to either the upstream or downstream
thermocouple
The conductivity for wood used was 0.42 Js-¹ m-1 oC-1.
Before being able to calculate radial heat loss, the radial heat conductance is calculated
and represented as Krad in units of Js-1 oC-1. Equation 2-18 includes the difference in temperature
between the outside of the first layer (there are two foam layers and one layer of reflective
material) of foam insulation and the heater which is captured in the STrad term.
𝐾𝑟𝑎𝑑 =

𝑄𝑓 − 𝑄𝑢𝑝 − 𝑄𝑑𝑛
𝛿𝑇𝑟𝑎𝑑

Radial heat loss (Equation 2-19) can now be calculated:

(2-18)
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𝑄𝑟𝑎𝑑 = 𝐾𝑟𝑎𝑑 𝛿𝑇𝑟𝑎𝑑

(2-19)

Remember, Qf is the heat balance component due to sap flow which can be converted into and
equivalent mass flow (S) (Equation 2-20) in units of g h-1:
𝑆=

3600𝑄𝑓
4.19𝛿𝑇𝑢𝑝−𝑑𝑛

(2-20)

4.19 (J g oC) = the heat capacity of water
3600 = the conversion from seconds to hours.

There are several assumptions with the above calculations, the two main ones being: 1) Krad is
assumed to be constant throughout the day; and 2) there is zero sap flow between 2 am and 4 am.
This last assumption does not hold true for a number of plant species including tamarisk with
some nocturnal transpiration rates for different genus’s contributing up to 25% of daily total
transpiration (Bond et al., 2008). Studies done by Nagler et al. (2009) on six tamarisk stands in
the Lower Colorado River found that tamarisk keeps stomata open during the night resulting in
26% of total transpiration. Further discussion in Chapter Three describes how this is accounted
for in processing tamarisk sap flow data.

2.4.2 Translating Sap Flow into Evapotranspiration
For this study, the averaged mass flow (S) was divided by the grams of dry leaf area that
were harvested from the branch where the heat balance sensor was attached. To calculate grams
m-2 hr-1 of sap flow, the average S divided by the grams of dry leaf matter is multiplied by
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1/0.0079 g / m2, where 0.0079 is the amount of area one gram of tamarisk leaves cover. This
result gives the amount in g m-2 of leaf day-1 of water that is used by the tree. This number has to
be multiplied by 24 to capture the 24 hours of the day the stem is transpiring.
It is necessary to use unit conversion of liquid at Standard Temperature and Pressure
(STP). Sap flow is measured in g hr-1 m-² leaf area. To extend the sap flow measurements to a
one-day period, we multiply by 24 hours (Equation 2-21):
g hr-1 m-² leaf area * 24 hours = g day-1 m -² leaf area

(2-21)

1 g is 1/1000 kg, thus we divide by 1000 to get kg / day / m² leaf area (Equation 2-22):
[(g day-1 m-² leaf area) / 1000] = kg day-1 m-² leaf area

(2-22)

These sensors are not meant for long-term use. Since the heating wire is tightly wrapped around
young branches, they must be taken down before the branch grows and breaks the heating wire.
Also, three prongs of thermocouple wire are inserted just under the bark and into the sap wood.
This precise placement is done using a pin but even this small cut is a wound the tree will try to
heal. Thus, measurements can only be taken accurately while the sap wood is active, before the
tree heals itself.

2.5 Remote Sensing - Vegetation Indices
If we were to only use ground sap flow measurements we could only estimate water use
at different times of the year and the accuracy of those estimations would be called into question.
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With remote sensing, as employed in the work that follows with MODIS and Landsat sensors,
we are able to remotely monitor and measure the changing riparian system when ground
measurements are not possible or feasible, as in winter.

2.5a Remote Sensing

i.

Satellites
Moderate Resolution Imaging Spectrometer (MODIS) sensor on the Terra satellite

provides nearly daily imagery of the globe with 250 m NIR and visible spectrum resolution
(Glenn et al., 2007). MODIS provides an EVI and Land Surface Temperature (LST) useful in
calculating ET. MODIS images were downloaded at no cost from the Oak Ridge National
Laboratory’s website (ornl.gov).
Landsat 5 imagery with 30 m resolution was acquired at no cost from the USGS’s Earth
Explorer website (earthexplorer.usgs.gov). This sensor has a temporal resolution of 16 days. The
EVI product from the MODIS sensor was used to compliment the ET measurements from the
Landsat NDVI product. MODIS has a coarser resolution of 250 m but almost daily coverage
unlike Landsat. MODIS’s EVI product has been useful in capturing temporal patters of LAI
(Glenn et al., 2008). When using MODIS imagery, it is helpful to examine the local land use in
terms of agricultural practices since it is easy to confuse changing phenology for crops being
harvested.
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ii.

Phenocams
Documenting the periodic plant life cycle as effected by the seasons (or a beetle) can also

be done with cameras located on the ground. Cameras that monitor phenology, or phenocams,
can be used for smaller scale remote sensing. At the Virgin River site, three panchromatic (RGB)
digital cameras were mounted on the top of the tower. The cameras were 5 megapixel Stardot
Netcam SC (Stardot Technologies, Inc., Buena Vista, CA). One camera had a downward (nadir)
view over a dense stand of tamarisk with a field of view of approximately 0.5 m. The other two
identical cameras were mounted obliquely to provide easterly and westerly diagonal views across
the riparian zone, which was approximately 1 km wide at this location. Pictures were acquired
automatically as jpeg images at 15 minute intervals for a minimum of 4-8 hours per day and
transmitted offsite to a data storage server via wireless. The work discussed in Chapters 3 and 4
on the Virgin and Dolores Rivers had a daily view taken at 1 pm to quantify beetle defoliation of
tamarisk (personal communication Tim Brown, TimeScience).

2.5b Normalized Difference Vegetation Index and Enhanced Vegetation Index

Vegetation Indices (VI) can be used to describe the properties of the plant canopy in
terms of how much leaf area is active or green, meaning it has chlorophyll and is thus
photosynthesizing and transpiring. VIs can be used directly for estimating ET over time because
plants can adapt to their surrounding environments. For example, when under water stress most
species reduce foliage density to make the most out of limited water resources.
Enhanced Vegetation Index (EVI) is a better predictor of ET and gross primary
productivity than Normalized Difference Vegetation Index (NDVI) in the Desert Southwest
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since NIR remains linear with canopy density. In this situation, EVI may give a more direct
relationship between active, transpiring leaves in a high LAI canopy (Glenn et al., 2007). In a
study by Murray et al. (2009) ET measured at eleven moisture flux towers was better correlated
with EVI (Equation 2-23) than NDVI.
EVI is calculated as:
𝐸𝑉𝐼 = 2.5 ∗ (𝑁𝐼𝑅 − 𝑅𝐸𝐷)/(𝑁𝐼𝑅 + 6.0 ∗ 𝑅𝐸𝐷 − 7.5 ∗ 𝐵𝐿𝑈𝐸 + 1.0)

(2-23)

EVI* (Equation 2-24) is used as a scaler of EVI:

EVI* = 1 – (EVImax – EVI) / (EVImax – EVIsoil)

(2-24)

EVImax = 0.542, EVIsoil = 0.091 based on the database provided by Nagler et al. (2005).
ET was calculated as (Equation 2-25):
ET = 1.22ETo(EVI*)

(2-25)

Values of EVImin and EVImax were set at 0.091 and 0.542, respectively, based on a large
EVI data set collected over three rivers (Nagler et al., 2005), while the coefficient 1.22 was
determined by regressing measured ET against EVI* and ETo determined from meteorological
data (Nagler et al., 2009). The Blaney-Criddle formula for ETo, needs mean monthly temperature
and latitude for calculation but gives slightly lower values of ETo than the Penman-Monteith
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formula in our study areas because it has a systematic error in arid, unirrigated environments
(Brouwer and Heibloem 1986).
NDVI from nadir (down facing) viewing does provide a direct estimation of
photosynthetic radiation at the top of the canopy, since it can record the amount of light that is
absorbed and reflected (it is directly measuring reflectance so adsorption is indirect) by green
foliage (Glenn et al., 2007, Nagler et al., 2005a, b). The chlorophyll in plant leaves is a strong
absorber of red light. Green leaves are also strong reflectors of near infrared (NIR) light. NDVI
(Equation 2-26) uses this ratio, which gives us a measured response of greenness from remote
sensing images (Groeneveld and Baugh 2007). Then, NDVI was calculated by:
NDVI = (NIR – Red) / (NIR + Red)

(2-26)

As a result NDVI is negative over open water but attains small positive values for soil surfaces
(with typical values between 0.05 and 0.24, depending on soil wetness). Much higher values are
found for vegetated surfaces between 0.58 – 0.61 (Glenn et al., 2007).
NDVI* (Equation 2-27) is a scaled value determined from the following equation as
modified from Gilles et al., (1997):
NDVI* = 1 – (NDVImax – NDVI) / (NDVImax – NDVIsoil)

(2-17)

ET (Equation 2-28) was then calculated with the equation:
ET (mm / day) = NDVI* x ETo

(2-28)

where ETo is the reference crop evapotranspiration and follows the Blaney-Criddle equation as
described in section 2.2b.
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These algorithms provide approximations of LAI and ET based on green cover, but they
are not actual measurements of either parameter. In the present study, they provided a useful
estimation of the effects of beetle damage due to defoliation, since the primary effect of the
beetles is to reduce green foliage cover which in theory is directly related to vegetation index
signals. For discussion of the rationale for these methods and their sources of error and
uncertainty see Glenn et al. (2007, 2010, 2011) and for their application to estimating tamarisk
beetle damage on other rivers see Nagler et al. (2012, 2014).

2.6 Practicalities of Field Work
A major obstacle to overcome in field studies is the budget required to collect accurate
data. Monitoring tamarisk water use and plant water use in general can be done within a
laboratory setting that can reduce travel and personnel costs as well as reduce the human risk
associated with field work. However, studies conducted in lab settings will not capture the same
kind of natural variation as field studies. To reduce costs associated with field work, homemade
heat balance sensors were used in our study. The building of homemade heat balance sensors
takes time and money as well as skilled workers trained in the craft of constructing these types of
sensors. As described in Chapters 3 and 4, homemade heat balance sensors were used in our
studies on the Virgin River and Dolores River and their performance was inconsistent. For both
field studies, there was a large expense associated with field visits and personnel. We were able
to reduce much of the travel and personnel expense by setting up a remote data feed to our
ground data. Remotely sensed data is invaluable from the perspective of cost and personnel time.
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We were able to use the free products of MODIS and Landsat while calibrating them with
minimal ground truthing.
There can be extra expenses associated with unanticipated events that cause site damage.
We encountered this at the Virgin River site when an unexpected flood wiped out some of our
equipment (Figure 2-8) in December, 2010.

Figure 2-7 A: Battery box pre-flood April, 2010. B: Battery box post flood, December 2010.Flood deposited about four
inches of sediment.
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CHAPTER THREE: MONITORING FIRST BEETLE INVASION
IN A SEMI-ARID RIPARIAN AREA WITH SAPFLOW AND
REMOTE SENSING METHODS
3.1 Introduction
Balancing the water needs for daily human use of water delivery, recreation and
agriculture with ecosystem needs is increasingly unsustainable in many regions of the Western
United States (Grace 2012, The Economist 2014). There have been periodic droughts in the
Desert Southwest (Grace 2012, Hultine et al., 2010, MacDonald 2010), with severe droughts
occurring in 2002, 2003, 2007 and 2009 (MacDonald 2010). Water issues are exacerbated by the
warming climate caused by increasing levels of greenhouse gases, which results in reduced
winter precipitation and earlier melting of winter snow packs; this will shift peak runoff from the
usual high water demand times of summer and autumn to winter and early spring (Barnett et al.,
2005). Other expected impacts to water resources from a warming climate on the southwestern
United States are increasing temperatures, vegetation mortality, greater frequency of wildfires
and increasingly severe droughts (Overpeck and Udall 2010). Declines in the Colorado River
reservoir storage have already occurred, with levels in Lake Mead falling below levels recorded
in the1930’s of 329.8 m which is when Hoover Dam was completed and Lake Mead was filled
(Tory, 2014).
Riparian vegetation dynamics are principally driven by stream geomorphology and
hydrology (Stromberg et al., 2005). Introduced non-native plants, like Tamarix spp., have
exacerbated this problem of water allocation between human versus ecosystems needs by
altering stream hydrology (Hultine et al., 2010, Sher and Quigley 2013, Stromberg et al., 2012,

63
2007). Between the 1880’s and 1980’s, the states of Arizona, Nevada and Utah lost an estimated
36, 52 and 30% of their wetlands, respectively (Mitsch and Gosselink 2007).
The removal and control of tamarisk through mechanical and biological methods are a
priority for land and water resource managers looking to lessen tamarisk’s hydrological impact.
The tamarisk leaf beetle, Diorhabda carinulata, was released as a biological control in a few
locations on the Colorado River in 2004. By 2007, over 1000 river km had been defoliated by the
beetle (Hultine et al., 2009, 2010). At the Virgin River, the beetle was released near St. George,
Utah by land managers in 2006. This release was legal because within the state of Utah where
there is no regulatory framework for beetle release by non-federal workers. Since the time of
release, the beetle has continued to migrate towards the study site. (Bateman 2010, Dudley and
Bean 2011, personal communication, Tom Dudley). We monitored the effects of the leaf beetle
beginning in 2010, the year before the beetle arrived at the site, and the year of its arrival in
2011.
The goal of this chapter is to test the efficacy of tracking beetle invasion at multiple
temporal and spatial scales. We measure effects at the tree level and sub-hour resolution by
monitoring tamarisk sap flux data at the study site on the Virgin River for the year before and
during beetle arrival. Remote sensing of the same site with high-spatial but low temporal
resolution LANDSAT and low spatial-high temporal resolution MODIS also allows us to track
defoliation at the stand-riparian area level through calculation of NDVI and EVI indices. These
methods also allow us to determine ET rates and compare the relative effectiveness of each
method in gauging the effect of tree water use as influences by beetle invasion.
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3.2 Virgin River Background
The Virgin River has its headwaters in Zion National Park and runs south through Utah
(UT) Arizona and Nevada (NV) to empty into Lake Mead near the town of Las Vegas, NV.
Above the town of St. George, UT, the riparian vegetation along the river is dominated with
native vegetation such as Salix googgingii willow and Populous fremontii cottonwood trees.
Much of this is due to the fact that there is minimal human development, and thus minimal
disturbance along this section of the river. The river is also listed as Critical Habitat for the
endangered Southwestern Willow Flycatcher, the Western Yellow Billed Cuckoo, the Virgin
River chub and the Wound Fin (Dudley and Bean 2011, Southern Nevada Water Authority). In
part, the minimal disturbance is due to the protection provided by the National Park. Near St.
George however, with a population of about 74,770 people (U.S. Census Bureau 2011)
disturbance to the stream is apparent in the form of higher densities of invasive plant species like
Tamarix spp., compared to the upstream section.
As late as 1893 it was reported that Populous fremontii (Freemont cottonwood), Salix spp
(willow) and Pluchea spp. (arrowweed) were common plants along the river (Webb et al. 2007).
These plants can still be found along the river today. There are indications of tamarisk being at
Beaver Dam, AZ, near the study site in 1894 (Horton 1964), and tamarisk has been identified on
the Virgin River since the early 1900’s (Webb et al., 2007). In 1989 the Quail Creek Dam,
upstream from the towns of Washington and St. George, blew out with a resulting flow of
1727.32 m3 s-1 and destroyed a new population of tamarisk growth. This resulted in the lower
part of the river, which includes the study site, having a different recent flood history than the
rest of the river (Webb et al., 2007). A resident of the town of Mesquite, about 72.4 km from the
study site remembered “When I was a boy in the ‘30’s and ‘40’s the Virgin River was open…,
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then, in the late ‘40’s and in the ‘50’s tamarisk just seemed to roll down the river” (Figure 3-1)
(Hughes 1993) .

Figure 3-1 The Virgin River at Bunkerville Bridge. A taken in 1921 shows little to no tamarisk at the site. In 1992 (B)
tamarisk now dominates at this very same location. Image borrowed from Hughes (1993).

The study site on the lower Virgin River is home to one of the densest stands of tamarisk
in the western United States with some stands stretching for over 1.6 km in width across the
floodplain. We used past work done by Cleverly et al. (1997) to assess the ages of the trees
within the study site, determining most were older than 50 years, with some (<20%) new growth.
Cleverly et al. (1997) compared dominance by stand age of tamarisk and three other species
found in that area, mesquite, willow and arrowweed. Their findings indicate that at ages below
10 years, all four species were equally dominant; medium aged stands saw about a 50%
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dominance by tamarisk, stands over 50 years old were almost 100% dominated by tamarisk
(Cleverly et al., 1997).
There are no dams on the main stem of the Virgin River. The lower Virgin River’s annual
stream discharge has been known to have a sevenfold difference between wet and dry years
(based on USGS discharge data over a 60 year period from (Cleverly et al., 1997). Being located
in the arid southwestern United States, the riparian study site depends more upon groundwaterfed stream flow than precipitation because less than 10% of precipitation that falls in the
southwestern United States becomes runoff. (Mitsch and Gosselink 2007, personal
communication, Steve Wiele USGS Hydrologist).

3.3 Materials and Methods

3.2a Site description
The site is at 36⁰ 35’ 16.245” N, -114⁰ 19’ 42.2034” W and at an altitude of 386 meters
above sea level, near the town of Overton, NV, about 24.1 km from where the river empties into
Lake Meade. Average high temperatures are 14.4°C in January and 41.1°C in July. Average
annual precipitation at this site is 420.1 mm in rain and snow. Soils at the study site are listed by
the Natural Resource Conservation Service’s Web Soil Survey website as Toquop fine sandy
loam with 0-2 percent slopes (websoilsurvey.nrcs.usda.gov). Annual mean stream flow at USGS
gauging station 09415250 was 3.05 m3 s-1 during 2006-2008, when the gage remained
operational (Megdal et al., 2009). The riparian vegetation of the Virgin River watershed covers
less than 1% of the entire watershed’s area with tamarisk accounting for 97% of the total riparian
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area and the remaining 3 % composed of cottonwood and willow trees (Megdal et al., 2009). The
river is on the Nevada Division of Environmental Protections List of Impaired Waters for having
too much iron, total phosphorous, manganese and temperature from the town of Mesquite to the
river mouth at Lake Mead (Megdal et al., 2009).

Figure 3-2 Locations of the sap flow and tower site on the Virgin River. The tower site is about a quarter mile east
(towards the river) from the sap flow site.

3.2b Sap flux

Most sap flux studies on tamarisk water use are conducted over a relatively short time,
less than 14 days in length (Owens and Moore 2007). Our work on the Virgin River consisted of
92 days in 2010 and 116 days in 2011for heat balance sensors (Table 3-1). The heat balance
sensors, which have to be wrapped around individual stems, were placed on stems ranging in
size from 0.01 m diameter to 0.22 m in diameter.
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Table 3- 1 Study Length of Sap flow Monitoring

Year
2010
2011

Days of Monitoring
92
116

Sensor Type
Heat Balance
Heat Balance

Sixteen Constant Heat Input (CHI) sensors were installed on June 4, 2010, the year
before beetle arrival at the site. In 2011 twenty-four CHI sensors had been installed to capture
beetle arrival around late July of that year (Table 3-2). Constant heat input and heat dissipation
sensors are commonly used to measure water use of an individual plant. They measure the flow
of water as it passes throughout the conducting tissues in a branch or stem. The sensors (Figure
3-3) were constructed to measure mass sap flow (g h-1). All sensors were placed on trees
dominant or subdominant in the stand, over 1.5 m above ground level. Sensors consisted of one
heating wire (TFCC – 003, Omega Engineering, Stamford, CT) cut to about 3.25 m folded in
half and wrapped around an entire branch (branch diameter ranging from 0.01 m to 0.21 m); a
thermocouple was inserted into the sapwood 1.5 cm above and below the heating coil, as well as
into the sap wood at the center of the coil. For more information on the physical descriptions of
this method, see discussion in Section 2.4.1 in Chapter Two.
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Figure 3-3 Heat Balance Sap Flow Sensors. (A) The sensor mostly installed with the heating wire, thermocouple and
thermopile visible in blue, green lines are Velcro to secure thermopile. (B) The completed heat balance sensor with the
outer, reflective insulation installed to prevent radiative heating

Sap flow data was measured with a Campbell Scientific Data Logger, CR10X (Campbell
Scientific, Logan, UT) every 30 seconds and stored as 30 minute averages. In 2010, 16 heat
balance sensors were installed for 89 days from June 4th – September 1st. In 2011, 16 heat
balance sensors were installed for 116 days from May 24th – September 17th. On July 2nd, 2011 8
more sensors were added to the site, running for a total of 71 days (Table 3-1). The main
technique that differed in 2011 from 2010 was that lower voltage was sent to the sensors in 2011
after advice from Dr. Kiyomi Morino suggested she had had better success keeping the voltage
low on her studies on the Lower Colorado River.
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Table 3- 2 Monitoring Conducted at Virgin River

Install Dates

# CHI Sensors
Installed

LAI

Remote Sensing

Temp/ Humidity

June 4, 2010

16

__

Yes

Yes

May 24, 2011

16,
8 more added

Yes

Yes

___

Site visits in 2010 were conducted about every other month between April and October to
check data and trouble-shoot the sensors, if needed. The site was installed in early June and
dismantled in early September as availability of funds and field help permitted. Beetles were not
present at the site in 2010 but did arrive in 2011 in late July.

3.2c Sap Flux Scaling

The heat balance sap flux sensors were scaled according to Kjelgaard et al. (1997)
(Equations 2-9 through 2-15) which assumes zero sap flow during the night. We used the hours
of 2 am – 4 am for the zero sap flow. Mass sap flow is in g h-¹, and is averaged over all days for
the entire study period then scaled with the mass of dry leaf matter from the branch where each
sensor was located. Then, the sap flux measurements were scaled by the relationship between
stem diameter and sap wood area. To estimate sap wood area, ten trees of varying ages were
selected around the study site and cut down with a chain saw to get a disk section of the trunk.
This sectional cookie was then cut with a band saw to obtain a smoother surface and the disks
were then scanned with a laboratory scale scanner (Figure 3-4).
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Figure 3-4 Tamarisk cross-section scans for sap wood area analysis scanned on a laboratory scale scanner at the
University of Arizona’s Laboratory of Tree Ring Research in Tucson, AZ. The sap wood area can be seen in the lighter
tan rings on all of the cookies. Note how the sapwood is not a uniform depth around all cross-sections. The graph paper in
the image is to act as the scaler. The graph squares measure 6.35 mm in length.

Images of each cross-section were processed to determine length and area of sap-wood in the
public domain NIH Image J (National Institute of Health, https://rsb.info.nih.gov/ij).
The large flood that occurred on December 27th, 2010, inundated the sap flow site
depositing approximately four inches of sediment (personal observations). This disturbance
affected our equipment (for example the batteries in Figure 2-8). Sap flow measurements were
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not being taken during the time of the flood. It is unclear whether the flood had a direct effect on
the 2011 results.
Water use was measured at this site with ground based sap flow monitoring. Other
ground measurements taken to help calibrate the ET measurements were LAI, stem density m-²
of ground area, allometry of stem cross sectional area to leaf area, and fractional vegetation
cover. The remotely sensed EVI and NDVI product from Landsat and MODIS were used to
measure ET (Chapter Two, Section 2.5).

3.2d Allometric Measurements

Three 3.04 x 3.04 meter plots were selected for a stem survey that was conducted by
walking in a grid-like pattern through each plot, holding a measuring stick approximately 1.21 m
off the ground and counting the number of stem diameters in predetermined size categories. Tree
basal area and tree density were also measured in a 15.2 x 15.2 m plot.
In 2011 LAI measurements were taken at each sap flow sensor (Table 3-2). Ten points
were selected on non-sensored trees for destructive sampling where LAI was taken, a grab
sample of one handful of fresh leaves was harvested, then the tree branch was cut and air dried,
and the dry leaf matter weighed. LAI was not measured in 2010 due to personnel confusion.

3.2e Meteorological Measurements

Air temperature and relative humidity were measured with a Vaisala HMP 45 AC
temperature and humidity probe (Vaisala, Woborn, MA) that was approximately 2 m from the
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ground and exposed to full sun for part of the day. This data was recorded with a Campbell
Scientific Data Logger, CR10X (Campbell Scientific, Logan, UT) every 30 seconds and stored
as 10 minute averages. Air temperature and relative humidity were then used to calculate vapor
pressure deficit, (vpd). Air temperature and relative humidity measurements were made for the
2010 study year. This sensor was destroyed in December, 2010, and was unfortunately not
functional for the rest of the study and there were no funds to replace it.

3.2e Remote Sensing

i. Satellite Data
Landsat 5 imagery (Path 38 Row 35) with 30 m resolution from 2000 – 2011 was
acquired from the USGS’s Earth Explorer website (earthexplorer.usgs.gov). All imagery before
DOY 227 in 2011 is pre beetle arrival at the site so that three stages of defoliation are captured,
(pre-, during and post). All images were processed to Level 1T by USGS before they are
available for download by the public and were atmospherically corrected by converting the
Digital Number (DN) to reflectance values using the COST-TM 5 model developed by Chavez
(1996). To correct for haze in the atmosphere on the day each image was taken, earth to sun
distance and sun zenith angle was included. A dark section of the Landsat image was used for the
dark object reference. Data from the MODIS sensor on the Aqua satellite was used to
complement Landsat data. MODIS has a coarser resolution of 250 m but almost daily coverage,
unlike Landsat, which has a 16 day return time. For specifics on EVI and NDVI refer to Chapter
Two, section 2.5.
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3.3 Results

3.3a Sap Flux Measurements

In 2010, during which beetle infestation was minimal, there were 8 working sap flux
sensors, average measured daily ET as calculated following the Kjelgaard et al. (1997) method
described in Chapter 2 was 3.71 mm day-1. Figure 3-6 shows a normal diurnal curve from the sap
flow data. Mean hourly ET over the study period showed a typical bell-shaped curve indicating
relatively unstressed conditions but with a slight midday depression of ET noted after noon
(Figure 3-6). Beetles arrived at the site in 2011, as indicated by field observations and by ground
measured LAI values of 1.7 before and 1.3 after beetle arrival as well as reduced ET rates.

Virgin River Tamarisk Sap Flow
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Figure 3-5 Diurnal traces of sap flow over the 2010 study period on the Virgin River where a total of eight sensors worked
consistently. This is a very steady time series of tamarisk sap flow. Results were expressed in mm water per m2 leaf area
on an hourly and daily basis. The 2010 data were more consistent than the 2011 data. The sap flow data is displayed
throughout this chapter at different stages of processing of the sap flow data.
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2011 results suggest that fewer sensors worked accurately, as displayed in the high rate of
error found in the data compared to 2010 (Figure 3-7). However, we do have confidence in our
2011 data as the raw sap flow data of several sensors measured within the expected range. There
was a drop in sap flow with beetle arrival in late July. This result was expected as the beetle ate
the cuticle of the leaf, causing the tree to lose its ability to regulate its water loss in any way
(since there are no stomata). This also highlights that this type of sap flow sensor may not yield
reliable quantitative data once the beetle arrives (or a significant change is caused in sap flow).
To be able to do this more accurately, the sensors would need to be monitored extensively,
something that may not be practical.
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Figure 3-6 Mean hourly values of ET averaged over days for tamarisk on the Virgin River. Bars are standard errors.
Note the slight depression of ET noted for early afternoon hours.
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Figure 3-7 Heat balance sap flux results calibrated for mean ET for the 2010 and 2011 study season. Data from the 2011
season showed water use of about 6.4 mm m-2 leaf d-1 (during the overlapping study days between 2010 and 2011) prior to
defoliation and 3-4 mm m-2 leaf d-1 after. ET is higher in 2011 possibly due to shallower groundwater. There is more
scatter in the data in 2011 after DOY 230 due to beetle defoliation causing the tree branches to become defoliated which
altered sap flow as the tree could not photosynthesize. Mean ET in 2010 was 4.3 mm m-2 leaf d-1

Average daily sap flow for the 2010 season was 4.3 mm m-2 day-1 (Figure 3-8). Since the
2011 sap flow study was conducted for a longer period of time than the 2010 season, it would be
inadvisable to directly compare the two seasons’ ETs as a whole. Instead this work looks at the
overlapping study days in 2010 and 2011of DOY 202 – DOY 248. During this time, ET in 2010
was 4.3 mm m-2 day-1. Mean ET in 2011 was 3.71 mm m-2 day-1and ET in 2011 before the beetle
arrived was 6.4 mm m-2 day-1 and then dropped to about 3.5-4 mm m-2 day-1 after beetle arrival.
The higher ET rate in 2011 is possibly due to the shallower groundwater that year. The author,
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working late at the study site observed puddles forming several evenings after sunset in 2011.
There had been no precipitation on these days and thus the author believes that after the sunset,
soil evaporation diminished enough for the water to pool on the ground surface.
Sap flow rate decreased with beetle arrival. There was a recovery of transpiration levels
after beetle arrival to near pre-beetle levels of transpiration in 2011. It was suggested by
Dennison et al. (2009) that the beetles may induce a stress reaction in the plants, which leads to a
reduction in stomatal conductance which can be seen in the sap flow. The later drop in foliage
can be seen remotely with coarser resolution products like EVI (Dennison et al., 2009).

3.3b Remote Sensing

i. MODIS
The MODIS data shows the 2010 year’s natural senescence with a steep drop in ET in
2011 with the arrival of the beetle in July followed by a slight recovery of ET (Figure 3-8).
Evapotranspiration was high, above ET0 during summer, but near zero in winter when plants lose
their leaves. Advection of sensible heat in riparian corridors in semi-arid climates can increase
ET of riparian vegetation 40% above net radiation minus the soil heat flux because of advection
of warm, dry air from the environment that surrounds the riparian area (Glenn et al., 2007; Devitt
et al., 1998) –a mechanism also known as the oasis effect (Stull, 1988).
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Figure 3-8 MODIS calculated ET and ETo values for the Virgin River sap flow site and the whole reach of the river from
Mesquite, NV to Lake Mead. Etwhole*LAI is lower than Etsite*LAI due to the beetle. The July-August 2011 drop in
Etsite shows the beetle arrival at the sap flow site and thus, the meeting of the Etsite*LAI and Etwhole*LAI lines as the
beetle defoliate the trees. LAI before beetle arrival averaged 2.31, after beetle arrival LAI was 1.55.This graph shows we
can track the beetle invasion remotely.

Sap flow site ET in 2010 as estimated by MODIS, was 6.91 mm d-1, a bit higher than the heat
balance sap flux estimate of 4.3 mm d-1 expressed on a leaf area basis. These two methods
represent the difference in the scaling methods as determined by the ETo calculations. Other
sources of error could be found in the delineation of the areas for analysis on the MODIS
imagery which can at times include areas that do not hold the species of interest.
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Table 3- 2 Beetle Arrival in 2011 with defoliation percentage. All data from personal communication with Tom Dudley

April
10, 2011
Adult/branch 0

Larvae /
branch
%
Defoliation
%
Refoliation
Location

0

May 11,
2011
0

June 15,
2011
1

July, 17, August
2011
4, 2011
1
1

3

8

2

8

10

20

80

August
19, 2011
One seen
on every
10th
branch

100

September
3, 2011
One seen
on every
25th branch
One seen
on every
5th branch
30-60
20

N of
Tower

N of
Tower

N of
Tower

N of
Tower

At
Tower

At
Tower

At Tower

Defoliation was measured by Dr. Tom Dudley of UCSB (Table 3-4) who assessed the trees
visibly and estimated the trees compared to 100% foliated. As early as May 11, 2011, beetle
larvae were reported in densities of 3 per branch about and eighth of a mile north of the tower
site. Beetle defoliation progressed to eight larvae and one adult per branch on June 15, 2011 at
the same site resulting in an estimated 10% defoliation. It should be noted that beetle larvae
defoliate the trees more than adult beetles. It is possible to tell which stage is more active on the
trees as the adults work from the top down while the larvae defoliate from the bottom up. This is
because the adults lay their eggs in the litter at the bottom of the trees. When the larvae hatch,
they begin working their way up the tree.
By July 17th, 2011 the beetles had reached the tower site (still north of the sap flow site).
Defoliation at this location had reached 20% with two larvae and one adult per branch. The
reduction in the number of larvae and adults per branch is just an indication to the progression of
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the beetles downstream as they eat themselves out of food and move onto previously defoliated
trees. By August 4, 2011 the tower site had reached 80% defoliation as more beetles and larvae
moved into the site with eight larvae and one adult active per branch.

Figure 3-9 MODIS EVI image loaded into Arc GIS with three polygons digitized to show the three areas on the Virgin
River that EVI was specifically calculated from. The three polygons are located at the sap flow site, “SAP”. Just north of
the sap flow site, “North of Sap”; and just south of the town of Mesquite, NV, “Farthest North”. The beetle is moving
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down the river from the direction of Mesquite towards the sap flow site. Thus, it is reasonable to hypothesize that with a
time series we will see a lower EVI from the upper two sites as the beetle works its way south towards the sap flow site,
eventually arriving there in mid-June in low numbers (Table 3-4).

Figure 3-10 Polygons of three sections of the Virgin river were created from MODIS EVI imagery in ArcGIS 10.1 (Figure
3-10), “Farthest North” of the sap flow site which was located just south of the town of Mesquite, NV; a “North of Sap”
was located between the Sap flow site and the farthest north polygon; and, a “Sap” polygon was located at the sap flow
site. EVI for each polygon was calculated in Python then EVI was scaled and converted into EVI* in Excel. The reduction
in EVI in July 2010 at the sap flow site is due to natural tree senescence. No beetles were at the site in 2010. The beetle did
arrive in 2011.

MODIS EVI* calculated for all months of the 2010 and 2011 sap flow study years shows
a more intensive defoliation event north of the sap flow site in 2011 as the beetle numbers
increased (Figure 3-10). In 2006 the beetle was released in St. George, UT, about 40 miles north
of Mesquite, NV where the “Farthest North” polygon (Figure 3-10, Figure 3-11) is located. Since
the beetle moved down river, the assumption is that there will be a lower EVI* at the “Farthest
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North” and “North of Sap” polygons until the beetle arrives in strong numbers (causing over
50% defoliation) at the “SAP” polygon/sap flow site. There was more defoliation at the two
northern polygons in 2011 than in 2010. This is to be expected as the beetles had another year to
breed and to increase in number. Interesting to note (Figure 3-10) is that while ground estimates
of beetle defoliation at the sap flow site in July were only 20% (Table 3-4), the reduced foliage
and thus greenness is picked up by the MODIS satellite as being lower in July in 2011 than in
July 2010.

ii. Landsat
Landsat imagery was divided into two upper and two lower reaches above and below the
sap flow site (Figure 3-12). The upper reach extended north of the sap flow site to the town of
Mesquite as the reach of the river remains similar to that of the sap flow site. North of Mesquite,
the river channel narrows and goes through the Virgin River Canyon. NDVI was taken in 2010
and 2011 before and after beetle arrival (Figure 3-13) at the site in 2011. This was done to show
the change in greenness caused by the beetle two months before beetles arrived (June) and the
month they arrived (August) for both years.
The NDVI* as calculated from Landsat are directly related to the reduction in stand water
use as influenced by the beetle arrival in 2011. The drop in NDVI* for the bars representing the
sap flow site and the lower reaches of L1 and L2 in June and August 2011 (Figure 3-12) show
the progression of the beetle as it moved downstream. This movement is caused by the beetles
eating available food in their current area and moving to the green trees downstream for more
food.
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Figure 3-11 Landsat area of interests for The Virgin River. U1 and U2 refer to the upper reaches of the river above the
sap flow site. L1 and L2 refer to the lower reaches below the sap flow site. The upper reaches only went as high as
Mesquite, NV because the extent of the riparian vegetation narrows northward from there, we wanted to analyze areas
similar river reaches to the sap flow site.
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Figure 3-12 NDVI calculated from Landsat. Beetles arrived at the site in mid-August, 2011. This graph shows the NDVI*
signatures from the same months in 2010 and 2011, June and August, to show the drop in NDVI* in 2011 due to beetle
defoliation.

3.4 Discussion
Our research found 1) the first year of beetle arrival did result in a clear reduction in
stand transpiration which correlates to a reduction in water use. 2) Correlations can be easily
obtained between several different scales of measurement, ground sap flow measurements and
satellite remote sensing of vegetation indices for overall tree-stand ET measurements. 3) Initial
beetle reduction of LAI was dramatic enough to be captured by satellite-derived NDVI and EVI
data and derived ET rates. The findings from this research are important for guiding ecological
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management as an example of how tamarisk stands could react and the water savings that could
be achieved as the beetle moves into previously uninhabited stands of tamarisk. For managers in
the southwestern United States where riparian areas support the largest amount of breeding bird
populations in North America, changes in tamarisk foliage cover as caused by the beetle may
coincide with timing of breeding and cause a reduction in viable breeding habitat.
Our first finding, that the first year of beetle arrival reduces stand transpiration and can
thus result in water savings was illustrated in Nagler et al. (2014) where the rapid spread of the
beetle was equated to a 10.4% increase in mean annual river flow on the section of the Virgin
River near the study site. This means that 10.4% of river flow would have been used for tamarisk
transpiration but, because of the beetle, that portion of flow has been saved for other purposes
(Nagler et al., 2014).
Our second finding, that correlating different measurement scales of ET to each other are
possible show the opportunity to reduce expensive field work and rely more on remote sensing
measurements if the budget is limited. Micrometeorological flux tower measurements, which are
the main method for validating remote sensing methods of ET, are very expensive but still have
an associated uncertainty of 20-30% (Glenn et al., 2007). Our sap flux measurements, and thus,
our measurement of ET for this site has larger errors associated with it due to sensor failure.
Based on a literature review by Cleverly et al. (2002), mean annual ET values tend to be lower
for full-year studies as these studies include periods before and after the growing season when
the plants are not using water (Cleverly et al., 2002). Even though we had sensor failures at the
ground level, we were able to measure the beetle infestation and subsequent movement
downstream with remote sensing data and simple ground observations of beetle presence.
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When using different methods to measure the same thing, in this case ET, it is important
to assess how the methods are or are not interchangeable. In other words, how do we know the
satellite measurement is correct or the ground measurement is correct? The results from the two
methods are close in value, indicating the scaling factors (like the disputed Blaney Criddle, or
Penman-Montheith equations for ETo) are accurate. In our case, where the sap flow
measurements were a little less in 2010 than the MODIS measured ET values, the two
measurements did still follow the same patterns of ET response.

3.5 Conclusion

Dudley et al. (2012) studied the beetles’ host specificity comparing T. ramosissima and T.
parviflora, the latter being found on the Virgin River in small stands compared to T.
ramosissima. Beetles did not establish in as high numbers on T. parviflora as it did on T.
ramosissima resulting in less defoliation. However, while T. parviflora is present on the Virgin
River, it is not present at the study site. The population of T. parviflora along the Virgin River is
not a large enough population for any changes in ET to register. This host specificity could help
focus management removal goals to reduce T. parviflora numbers mechanically or chemically
but let the beetle work on T. ramosissima. It should be noted that while positive identification
between the two species must come from viewing the nectary disc with a dissecting microscope,
generalizations can be made between the two species physicality upon extensive immersion
amongst the two tree species. For instance, T. parviflora can appear rounder than the gangly T.
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ramosissima. If resource managers did take this approach, it would be useful to positively
identify trees before having them mechanically removed.
This project established a baseline of tamarisk stand ET before and during beetle arrival
using measurements of ET at various scales and resolutions. It was noted that sap flow
monitoring is effective but should not be the only method of measuring ET as the sensors are
unreliable and lose their accuracy upon beetle arrival or an event that causes sap flow to change
rapidly. Trees are known to transpire during the day when their stomata are open, yet, in hot
climates, a slight depression in transpiration during mid-day (Figure 3-7) is not uncommon as the
plants reduce their stomatal openings at high air saturation deficits (Bond et al., 2007).
Significant water savings were estimated during the year of beetle arrival which has larger
implications as the surrounding Las Vegas area near the study site on the Lower Virgin River
relies on the diminishing supplies of the Lake Mead Reservoir for its water supply (Tory 2014).
The heat balance sap flow sensors provided a very noisy signature after the beetle arrived
at the trees. This sensor noise made it very difficult to get an accurate measurement of ET from
the sap flow measurements. But, this chapter has shown that the effects of the beetle on tamarisk
stand ET can be distinguished through remote sensing with MODIS and Landsat, thus
diminishing the need for in situ measurements.
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CHAPTER FOUR: ARE ALL FIRST BEETLE INFESTATIONS
ON TAMARISK STANDS CREATED EQUAL?

4.1 Introduction
As a continuation of the 1960’s U.S. Department of Agriculture – Agricultural Research
Service (USDA-ARS) biological control investigation program, Diorhabda elongata and D.
carinulata biological control beetles were released since 2001 in the western United States to
help land managers control the introduced non-native tamarisk tree. The previous three chapters
have discussed regional water issues in the Desert Southwest, the history of tamarisk, how tree
water use can be measured and how different sensors at the ground, stand and watershed scale
can be used in conjunction for measuring tamarisk ET. Chapter Three showed how the
progression of a biological control beetle (Diorhabda elongata and D. carinulata) can be tracked
with different in-situ as well as remote sensing methods. This chapter also discussed how the
beetle’s arrival at the Virgin River study site in 2011 (moving at a rate of 25 km yr-1 (Nagler et
al., 2014)) could be tracked remotely with MODIS EVI and Landsat NDVI as well as –
somewhat more problematically- with sap flow sensors.
When the beetle was released, significant interest was placed on the potential effect it
would have on tamarisks vivacity and ultimately its population. Initially, it was believed after
two or three years tamarisk would be weakened enough to expect mortality rates of 75-85 %
(Quimbly et al., 2003, Nagler et al., 2012). Hultine et al. (2010) with his work on the Dolores
River, same site discussed in this chapter, was the first to dispute this claim by noting that at
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some locations, tamarisk resprouts with equal vigor after defoliation. Before getting into the
potential reasons why tamarisk at some locations is more susceptible than others to the leaf
beetle, we will note the average life span for a tamarisk tree is 80 years. As the trees age they
produce fewer leaves per unit of ground area and use fewer resources (Hultine 2010, Sher and
Quigley 2013). We will use the rest of this chapter to highlight how stand age has affected the
trees response to the beetle on the Dolores and Virgin Rivers.
Even though the beetle has the potential to drastically reduce tamarisk water use (see
Chapter Three) or even kill stands of Tamarisk (Nagler et al., 2012), the effect of the beetle is not
the same at all sites. This poses a grander, and for land managers, more relevant question about
whether the beetle is an effective and reliable method of control for tamarisk stands. This
question cannot conclusively be answered within the framework of the current study. Instead,
this study will focus on more limited set of questions as to what factors might control the effect
of the beetle on tamarisk.
We will compare data collected at the Virgin River (recent intense infestation, with
significant water use reduction) at a younger tamarisk stand, with an older infestation of lower
intensity at an older tamarisk stand at the Dolores River. Tamarisk water use differs between
watersheds based on different environmental conditions and on defoliation intensities by the
introduced beetle. These two stands serve as bookend examples of tamarisk productivity; their
reaction and ultimately adaptation to the beetle provide insights into what can be expected on
other river systems. Several hypotheses can be formulated to support why not all tamarisk stands
are affected equally by the beetle invasion:
1) Stand age: older trees are less sensitive to the beetle.
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2) Infestation is intense in the first year, but levels off thereafter because of some kind of
equilibrium between the beetle and the tree.
3) Understory effects: The Dolores River tamarisk is competing for water with another
invasive species, Russian knapweed: a multispecies ecosystem is more resilient to
disturbance than a monoculture.

The comparison of the sites is complicated by the fact that there are significant
differences between the two sites (Table 4-3). While we will present local data for both sites for
2010 and 2011, we will also rely heavily on remotely sensed data that is available for both sites
between the years of 2004 to 2011. Even though these remotely-sensed data have a crude time
resolution (The LANDSAT data used have return intervals of 16 days), they have a great spatial
coverage and allow us to track NDVI dynamics over long periods. Chapter Four uses some
methods established in the previous chapters like remote sensing and sap flow data to build upon
a similar study that was conducted in the Great Basin on the Dolores River at a site on the
University of Utah’s Rio Mesa Research Station. This chapter will look at the possibilities for the
different responses tamarisk is having to the beetle and examine several factors affecting this
response.

4.2 Past Studies on Tamarisk Stand Reactions to Beetle Invasion
By combining remote sensing data via Landsat, MODIS and phenocams installed at each
site, Nagler et al. (2012) were able to look at six sites with known beetle release dates and
examine the beetles’ effect on tamarisk leaf production and water use. Out of the six sites (Table
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4-1) only one experienced significant tamarisk stand mortality, upwards of 70% at the Lovelock
site, NV release site. This site and other locations with useful data were located in Wyoming,
Nevada, Utah and Colorado; little quantitative information is provided on the stand age, soil
types or typical climates these locations are found in. Nagler et al. (2012) describes the beetle
release sites as either “dense” or “sparse” in reference to tamarisk’s percent of ground cover
which is a subjective measurement that is open to interpretation. For the purposes of this paper,
we will classify “dense” as having over 75% tamarisk tree cover within a stand and “sparse” as
having 25% or less tamarisk tree cover within a stand.

Table 4- 1 Table adapted from data in Nagler et al., 2012. The ‘First Year of Defoliation Qualifier’ are words from the
text of Nagler et al., 2012.

Site

Year Beetle
Released

First Year of
Defoliation
Qualifier
Spotty

Mortality
Noted?

2001

Year
Defoliation First
Noted
2003

Bighorn River
Site
Lovell, WY
Upper Colorado
River Site
Walker River
Hawthorne, NV
Humbolt River
Lovelock, NV
Middle-Upper
Dolores River
Lower Dolores
River

2004; 2005

2006

Extensive

No

2001

2003

Modest

No

2001

2002

Yes

2005; 2006

2007

Only noted as
beginning
Extensive

2005; 2006

2007

Extensive

No

No

No

The first year of beetle defoliation did not result in large changes in vegetation at all sites. In
some cases (Walker River site in Hawthorne, NV and the Bighorn River site in Lovell, WY) the
first year of defoliation was not even noticed in the phenocam images.
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Nagler et al. (2012) assumed that defoliation by the beetle occurs during 6-8 weeks in the
summer, starting as early as June and going until mid to late August. The tree will subsequently
resprout to a certain extent (Nagler et al., 2012). However, this is contradicted by the author’s
personal observation at the Virgin river where it was observed no reprouting to occur, especially
if the defoliation occurs later in the year. Trees will resprout in the next year unless mortality has
occurred.

4.3 Past studies on the Virgin and Dolores Rivers
Ground data were collected by the author at both sites but this chapter also used
literature data to increase the understanding of these places and the factors that characterize them
(Table 4-2). The Dolores River study described in this paper follows up on work conducted by
Dennison et al., 2009 at the University of Utah’s Entrada (formerly Rio Mesa) Research Station,
which used remote sensing and sap flow measurements to capture pre-beetle ET rates at the same
stand studied in the current work.
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Table 4- 2 Studies related to the current work examining pre and post first beetle arrival with LAI values when available

Study Site

Beetle Activity

Virgin River

Pre-beetle
Beetle arrival

Dolores River

pre-beetle
Ongoing, active since
2007 (3rd year of
defoliation

Related Study
Sala et al., 1996
Nagler et al., 2014
and current study
Dennison et al., 2009;
Hultine et al., 2010
& Current study

LAI
1.45 - 3.32
1.04 - 2.3
Not taken
1.29

4.4 Comparison of Dolores and Virgin River Responses to the Beetles with
Remote Sensing
The two sites in this study are the Virgin River in the Great Basin and the Dolores River
on the Colorado Plateau (Figure 4-1). These two watersheds have similar annual discharge rates
but vary in aridity, vegetation cover, hydrogeology and the length of time and intensity of beetle
defoliation. While these are the two sites where research for this dissertation work was
conducted, this does not automatically mean that the sites are completely comparable.

95

Figure 4-1 Google Earth images of both tamarisk sap flow sites on the Virgin River (left) and the Dolores River (right).
The far left red arrow on the Dolores River site is where ground measurements were taken in 2010-2011

Table 4-3 uses some common site descriptions to summarize the main differences and
similarities between the two tamarisk stands by looking at location, stand age, average
temperature and precipitation, time of beetle arrival, understory plant community, etc. Note the
vast differences in age and coverage of trees, with the Virgin River having the much younger and
larger ‘monoculture’ of tamarisk.
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Table 4- 3 Comparison of Dolores and Virgin Rivers

Dolores River

Virgin River
1-30

Latitude

60-75
(historical aerial photography
Hultine et al., 2010)
38° 47' 52.4178" N

(Sala et al., 1996)
36° 35’ 16.3104” N

Longitude

-109° 12' 15.4188" W

-114° 19’ 42.2004” W

January Mean Temperature
(°C) (Figure 4-1)
June Mean Temperature
(° C) (Figure 4-1)
Site soil type

-2.80
Elevation: 4458 feet
24.13

8.68
Elevation: 1242 feet
29.8

Silt loam

Silty clay loam

Russian knapweed
19.45 cm

Some Atriplex sp. Mostly
nothing
14.3 cm

Year of beetle arrival

Upstream of study site,
McPhee Dam completed 1985
No overbank flooding
2007

makeshift ditch upstream at
Beaver Dam, AZ
Yes overbank flooding
2011

ET at/after first beetle
arrival

(Summer) 2.92 mm m-2 day-1
(Dennison et al., 2009)

Monitoring Conducted for
this Study

Heat balance sap flow sensors
(did not work in 2010)
Phenocam
Landsat

(Summer July) 3-4 mm m-2
day-1
(Pearlstein, Chapter 3)
Heat balance sap flow sensors
Phenocam
Landsat

Stand Age (years)

(Web Soil Survey)

Understory community
(Figure 4-13)
Average annual
precipitation
(10 years of mean temperature and
precipitation data from PRISM)
(Figure 4-11)

Regulated?

While the trees at the Dolores River are less photosynthetically active due to their small
stand size and old age, the beetle population in the area of the Dolores River site has built up
over the five to six years since its release in 2005. During the study period, beetle arrival at the
Dolores River was noticed by the author on June 6, 2010 in an extensive infestation where there
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were so many larvae swarming and falling off the trees, the ground looked like it was moving.
The next year the beetles were noticed on June 30th in a much lighter infestation. The stark
difference in beetle infestation between 2010 and 2011 at the Dolores River is an example of
how variable the beetle defoliations can be from year to year (Dudley and Bean 2012).
The Virgin River experienced first beetle arrival with noticeable defoliation (10%) on
June 15, 2011. Since the Dolores River has had beetles on it since 2006, it is expected that beetle
activity would be observed early in the season as the beetles lay their eggs in the understory of
the trees. Thus, the larvae only have to crawl up the trunk of the tree. The infestation on the
Virgin River happened through the movement of adult beetles downstream in search of green
tamarisk branches (food). It can only be expected that the 2012 season of beetle infestation
occurred slightly earlier due to established eggs in the tamarisk understory. However, conclusive
field data were not available because field monitoring ended, nor were remotely-sensed data
available because the LANDSAT TM 5 sensor stopped operating in November, 2011.
Remote sensing data as supplied from Landsat’s NDVI for both sites (Figure 4-2)
illustrates the difference between a greenness response by the previously un-defoliated Virgin
River and the low amount of greenness reduction by the long-term defoliated Dolores River site.
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Figure 4-2 Landsat NDVI from Dolores and Virgin Rivers. The red arrows indicate when beetles arrived at each site. The
end date of September, 2011 was determined by the date the Landsat TM 5 sensor stopped operating.

Mean NDVI values for the Virgin and Dolores Rivers were calculated from Landsat 5
Thematic Mapper (TM) from 2004 – November 2011. All Landsat TM 5 imagery was
downloaded from Earth Explorer and images were filtered to have less than 30% cloud cover.
There were 115 scenes with less than 30% cloud cover from the Virgin River and 74 scenes from
the Dolores River. Mean NDVI was calculated by clipping each image to a site specific polygon
in ArcGIS 10.1 then running a correction and NDVI equation with Python code. The end date
was determined as November, 2011 when the TM sensor went out of commission. NDVI at the
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Dolores River was lower than at the Virgin River even before the beetle arrived in summer, 2007
(Figure 4-2). This is because of the large age difference between the two stands.
The Virgin River experienced an almost 50% drop in ET values after beetle arrival as
measured by sap flow sensors and remote sensing with a slight recovery (Chapter Three) with
the Dolores experiencing a more subtle drop in ET as estimated by MODIS (Dennison et al.,
2009). The Dennison et al. (2009) study also measured ET using Granier sap flow sensors and
high-resolution ASTER imagery (15 m spatial resolution), which measured a 20% reduction in
ET in 2007 when compared with 2005-2006 ET rates (Dennison et al., 2009). The difference in
the Landsat values represents the difference in stand vigor due to age. The red arrows
representing beetle arrival at each site does mark a reduction in NDVI at both sites.
By examining the medians of each month (Figure 4-3) of pre and post beetle arrival at the
Dolores and Virgin River sites, there is a 13% reduction in NDVI (greenness) at the Dolores
River site after the 2007 defoliation. The Virgin River experienced a 5% reduction in NDVI in
2011 as compared to the average median monthly NDVI values from 2004 – 2010 with an
average pre-beetle NDVI in August of 0.59 and a post beetle NDVI in August, 2011 of 0.43.
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Figure 4-3 Monthly median NDVI values Pre and Post beetle arrival. Dolores River (bottom two grey lines) monthly
median NDVI was taken for the years of 2004-2006 for pre-beetle years; 2007-2011 are post beetle years. The Virgin
River (top two black lines) the pre-beetle years are 2004-2010; 2011 is the only post beetle year.

The drop in NDVI at the Virgin River site in July and August, 2011 (Figure 4-3) coincides with
the most intense part of the beetle defoliation. The beetle was not reported at the site until June,
2011.

4.5 Phenology Cameras Capturing Beetle Arrival
On May 26, 2011 a 10.6 m tower (Figure 4-4) was constructed near the sap flow site
(about 100 m closer to the river channel than the sap flow site). Five cameras were mounted on
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the tower, two nadir (downward) view and three side view cameras. Two cameras (one nadir and
one side view) were TetraCam visible and near-infrared cameras (Tetracam, Chatsworth, CA);
the other three were visible spectrum cameras (see Chapter Two for further discussion on
phenocam methodology). Due to time constraints and deep mud, it was physically impossible to
install this tower deeper into the stand to get a deep enough fetch for installing
micrometeorological flux equipment. A similar tower was installed at the Dolores river site in
2005 but the author was not involved with its placement or camera installation.

Figure 4-4 Tower installed on the Virgin River on May 26, 2011 before first beetle arrival. (Photos: S. Pearlstein and K.
Hultine)
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The phenocam data have allowed for capturing the changing phenology as influenced by
the beetle. Figure 4-5 show the rapid change in the greenness of the trees that occurred within
one months’ time on the Virgin River. In figure 4-6, the green trees near the center of the
floodplain are cottonwoods (Populus fremontii) and willow (Salix gooddingii) trees near the
active river channel. Figures 4-7 and 4-8 highlight the different phenology of tamarisk on the
Dolores River in the images, taken two months apart.
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Figure 4-5 The Virgin River (A) A nadir view of tamarisk at the phenocam tower site May 19, 2011; (B) Nadir view June
19, showing loss of green color due to defoliation effects of beetles

Using methods established by Glenn and Nagler 2009 (Equation 4-1) to quantitatively assess the
effect of the beetle, percent green was calculated for the phenocam images (Figure 4-5).

Green Cover (%) = No. Green Intersections/No. Non-Green Intersections x 100

(4-1)

104
The May 19, 2011 top image showed 220 % greenness with a 0 % greenness in the June 19,
2011 nadir image of the exact same fetch of trees. This total loss of greenness is due to the
arrival of the beetle in its first year at this reach of tamarisk trees on the Virgin River.

A

Figure 4-6 The Virgin River. (A) wide-area view across the floodplain at the tower site May 19, 2011 and (B) June 19,
2011, showing color change from green to brown following defoliation.
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Virgin River side view cameras captured the large-scale defoliation event more vividly than the
nadir view cameras (Figure 4-6).

Figure 4-7 The Dolores River, nadir view of tamarisk from Orchard tower site on May 13, 2011

Figure 4-8 The Dolores River, nadir view of tamarisk from Orchard tower site on July 13, 2011
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There was 113% green cover in May 13, 2011 and 59% green cover in July 13, 2011
following the procedures in equation 4-1. When compared to the Virgin River 0% green cover
after one month of beetle infestation, we see a drastically more intense response to the beetle
arrival with the Virgin River trees. While the beetle infestation at the Dolores River was not as
intense in 2011 as it was at the Virgin River, we see that with the lower NDVI (Figure 4-2)
values at the Dolores River and with the lower percent green (Figure 4-7, 4-8) that the trees at
the Dolores river are less active than at the Virgin River because they are nearing the end of their
life cycle.
As long as beetle defoliation occurs early enough in the year, new leaves emerge within
6-8 weeks after beetle defoliation; if defoliation occurs later; new leaf growth may not return
until the following spring, if the tree is still alive. At the Virgin River, the beetle infestation was
so intense; there was no resprouting of new leaves after the beetle left, unlike at the Dolores
River.

4.6 Why Did These Stands Have Different ET Responses To the Beetle? Stand
Ecology at Time of First Beetle Arrival

Dolores River
Tamarisk trees on the Dolores River study site were already between 60 – 75 years old,
nearing the maximum age of known United States introduced tamarisk (Hultine et al., 2010). At
this site, the trees also had to compete for water with the invasive Russian knapweed, Acroptilion
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repens which fully covers the ground from April to August (Figure 4-9) and has been reported to
have rooting depths of up to 6 m (NDSU Extension Service publication, 2013). Thus, the
tamarisk stand with the Russian knapweed understory was not very photosynthetically active and
had reached its maximum spatial stand extent at the site (Figure 4-1) (Hultine et al., 2010).
It is possible to argue that there is no equilibrium between the beetle and the tamarisk
stand at the Dolores River because of the presence of Russian knapweed. This is something that
would be hard to counter if we were just using satellite remote sensing. But, with the phenocams,
we are able to distinguish the difference between the tamarisk and Russian knapweed in the
images. The knapweed is only three feet off of the ground at its maximum height; this could
easily be seen by the phenocams. However, due to the placement of the camera directly over the
tree canopy and the authors familiarity with the site, the phenocam nadir view is not seeing any
knapweed in the images discussed here (Figure 4-7 and 4-8). It can be assumed that due to the
old stand age, mortality will occur at the site within ten years due to natural causes and the
beetle.
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Figure 4-9 Understory comparison between Dolores and Virgin Rivers (Photos: S. Pearlstein)

Dennison et al. (2009) who conducted work at the site in 2005 – 2007 calculated mean
percent cover at the site to be 39.96 % and mean ET to be 3.7 mm in 2005 before the beetle
arrived and 2.92 mm in 2007 when the beetle arrived (Dennison et al., 2009). These data were
collected by high resolution ASTER which is a multi-spectral sensor with three instruments:
1) 15 m spatial resolution visible/NIR sensor with 3 bands (green, red, NIR
wavelengths)
2) 30 m spatial resolution sensor with 6 bands for shortwave infrared wavelengths
3) 90 m spatial resolution sensor with 5 bands covering thermal infrared wavelengths
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The arrival of the beetle at this site was visible through remote sensing, even though the
drop in ET wasn’t significant. The mean annual ET for the site in 2007 was 2.86 mm/day

The Virgin River

The Virgin River tamarisk stand near the sap flow site was between 0-30 years in age
with instrumented trees (see Chapters Two and Three for discussion of sap flow sensors) being
dominant in the stand and at least 15 years old. Stand cover was measured using a point intercept
survey to be over 70% tamarisk with 11 % other species (screwbean mesquite and Atriplex spp.)
with the rest being bare ground. ET before the beetle arrived in 2011 was 6.4 mm m-2 leaf d-1 this
value dropped to 3-4 mm m-2 leaf d-1 after the beetle arrival. The Virgin River beetle infestation
was only in its first year in 2011 compared with the infestation being in its fifth and sixth year at
the Dolores River.

4.8 Other Supporting Data

i.

LAI
Ground Leaf Area Index measurements were not taken in 2010 at the Dolores or Virgin

River sites but the LAI that was taken during the 2011 study period does illustrate the changing
ecology of the sites. In May, 2011 it appears that the Virgin River has a more active stand and
thus higher LAI than on the Dolores river but by the time the beetle has arrived at both sites
during the late June, 2011 LAI measurements, the Virgin River is responding to the beetle’s
reduction in its ability to photosynthesize while the Dolores River seems to not have changed
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much in LAI values throughout the entire study period of 2011, even with beetles eating the
stand (Figure 4-10) indicating a sort of equilibrium with the beetle.

Dolores and Virgin River Average LAI 2011
Dolores Average LAI
Virgin Average LAI
3.5
3

LAI

2.5
2
1.5
1
0.5
0

Figure 4-10: LAI values from the Virgin and Dolores Rivers in 2011. The first year of beetle arrival at the Virgin river
was in 2011, the reduction in LAI in July reflects this beetle infestation. The differences between the two stands highlight
the adaptation to the beetle over several years of defoliation. The beetle arrived at the Dolores River sooner in the year
than at the Virgin, which is due to the repeated defoliation by the beetle at this site since 2007 and the beetle larvae
already being prevalent in the area in great numbers earlier in the year than at the Virgin River.

ii.

Climate
The climate of the two sites is variable with the Dolores River having more severe colder

temperatures in winter than the Virgin (Figure 4-11). The freezing temperatures in winter would
cause and the plants to be dormant at this time as well, unlike the Virgin River site which is
much warmer (Table 4-3). This, coupled with the extremely dense stand of young tamarisk at the
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Virgin River, probably contributed to the Virgin River being more active in 2011 (having a
higher ET) than at the Dolores River.

Figure 4-11 Virgin and Dolores Rivers Temperature and Precipitation

iii.

Groundwater

The large rains in 2010 and the slightly cooler temperatures in 2011 could have
contributed to the groundwater being closer to the surface at the Virgin River, especially in 2011,
through the study season as compared with the depth to groundwater at the Dolores River site
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(Figure 4-12 and 4-13). In 2011 the author witnessed water pooling at the sites soil surface when
the sun set, indicating and extremely shallow water table. During the day, the radiative heating
was causing the water to evaporate from the soil surface.

Virgin River Sap Flow Site Well Data, 2010-2011
4
Groundwater
3

Depth (m)

2

1

0

-1

-2
Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

2010

2011

Figure 4-12 Virgin River well data. There was a flood in late December 2010 which caused inaccurate readings until the
sensor was repaired in May, 2011.

The Dolores River has deeper groundwater (Figure 4-13) than the Virgin River (Figure 4-12) but
due to the lack of multiple years of data, it is impossible to observe a seasonal pattern as it is
with the Virgin River Data.

113

Dolores River Sap Flow Site Well data 20102011
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Figure 4-13 Dolores River well data. Note the greater depth to groundwater at this site compared to the Virgin River.
Note the difference in time between this graph and the one for the Virgin River, there are not two full years of data for
the Dolores River groundwater well.

Even though groundwater is deeper at the Dolores River than at the Virgin, this should
not affect tamarisk water use since tamarisk is a phreatophyte and is able to adjust its rooting
depth to groundwater levels. Thus, these data serve to show a difference in site characteristics
but is not a plausible explanation of why the Dolores River stand is less vigorous than the Virgin
River stand.

4.9 Discussion
Based on ground data collected from the Dolores River and the Virgin River, there is not
a “one size fits all” reaction to the beetle invasion from tamarisk. The high intensity of the first
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year of defoliation on the Virgin River could lead to an additional hypothesis of ‘Do all first
beetle defoliations result in significant reductions in ET?’ But observations from the Dolores
River, which has a less extreme reaction to the beetle arrival and continued defoliation than at
the Virgin River, would render this hypothesis null.
It is possible the different responses by the two stands may be due to a large difference in
stand age between the two sites (Table 4-3). But, Table 4-3 also highlights other differences and
similarities between the two sites that could also play a role in how the stands responded to the
beetle invasion. For instance, there is over 3,000 feet of elevation difference between the two
sites and thus large differences in the temperatures and climate.
The extreme differences in beetle arrival at the two sites could provide an explanation for
the difficulties experienced with the heat balance sap flow sensors. Chapters Two and Three
discuss the physics and installation process behind these sensors on the Virgin River. Similar
sensors were placed on 20 stand dominant trees at the Dolores River site in 2010 and 2011 but
the sensors had sufficient difficulties as to render the data unusable in 2010 (Table 4-3).
The sensor difficulty experienced at the Dolores River in 2010 could be due to the
intensity of infestation in 2010 that caused anomalous sensor values and the late installation date
compared to June 20th of coupled with the extensive age of the trees in the stand. In 2011 the sap
flow site was installed and running on March 15th and more sensors provided usable results. It is
possible that the beetle populations in 2011 were light compared with 2010 and that the trees
were able to conduct sap flow through their stems during the period of monitoring, unlike in
2010. This result can be seen in the Virgin River sap flow data (Chapter Three) that is very well
balanced in 2010 when no beetles were at the site, but during beetle arrival in 2011, the sensors
are seen to be unable to read sap flow.
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Heat balance sap flow sensors at the Virgin River were able to show the time of beetle
arrival but did not produce a reliable value from which to calculate ET. This was most likely due
to the rapid change in sap flow rates that the sensors were not able to adjust for. To be able to use
these types of ground sensors for this purpose, the sensors would probably need to be intensely
monitored, thus increasing time spent in the field. The monitoring required would involve
adjusting the amount of heat sent to the sensors to compensate for the reduced amount of sap
flow. This type of adjusting is very precise and requires significant time in the field to monitor
changes and sensors. Because of the difficulty with these sensors alternative methods of
measuring tamarisk response to the beetle are needed like phenocams and satellite remote
sensing.

4.10 Conclusions
The data presented here, added to the larger body of existing tamarisk-beetle research
allow a conclusion that not all beetle infestations are created equal or that all stands of tamarisk
would respond in the same manner to the beetle. The sites at the Dolores and Virgin Rivers are at
near opposite ends of the spectrum of tamarisk stands that exist and thus provide two parameters
between which to examine tamarisk stand response to the beetle. The Dolores site is the older
stand of trees that may have developed a sort of equilibrium with the beetle. The trees at this site
are not as productive as the younger trees at the site on the Virgin River. That they infested
towards the end of tamarisk’s known lifespan is the most likely cause of the stands lower water
usage.
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The evidence presented here on the comparison between tamarisk stand reaction to beetle
defoliation is valuable to land managers as it shows they cannot expect the beetle to be an
immediately effective control for tamarisk. Even if there is a significant amount of tamarisk
mortality that was induced by beetle defoliation, Hultine et al. (2010) believes this will not be
enough to cause significant water savings. Another significant finding of this chapter is that heat
balance sap flow sensors cannot be used as the sole source for monitoring tamarisk water use in
association with the beetle.
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SUMMARY
The work in this dissertation focused on the impact the introduced tamarisk leaf beetle
(Chrysomelidae: Diorhabda carinulata and D. elongata) has had on the water use of the
introduced tree tamarisk (Tamarix spp.). It is not within the scope of this dissertation to take a
stance on whether tamarisk and the beetle release is good or bad as a species within the
environment. The goal of this work is to remain unbiased using neutral language to convey the
science surrounding tamarisk and the leaf beetle.
The introduction of the beetle for the biological control of Tamarix spp. has allowed
research to examine direct and indirect influences of tamarisk control practices on landscapelevel environmental parameters such as vegetation composition, architectural structure, and
hydrological processes. Since its release, the tamarisk leaf beetle has developed large populations
across the Colorado Plateau into Mexico and may yield significant changes in vegetation status
and water relations (Hultine et al, 2009 and 2010).
This work was conducted to try to answer the questions “How much water does a
tamarisk stand use before first beetle arrival?” “What are the methods for measuring plant water
use?” “Is annual tamarisk water use reduced by the very first beetle defoliation?” And, “Are all
first beetle infestations on tamarisk stands created equal?” To this end, this work has been
successful. A thorough literature review conducted in Chapter One of past studies on tamarisk
and other woody plant water use revealed that original estimates of tamarisk water use of 757
mm per day (per basal area of the tree trunk, not per area of ground surface) were extreme and
physiologically impossible based on the average sap wood area of 6.1 cm2. Chapter One’s
review revealed an average tamarisk tree uses about 121.8 mm per day (per basal area) which is
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comparable to native trees like cottonwood and willow (Owens and Moore, 2007, Pearlstein,
2014 Chapter One).
Chapter One also discussed the annual economic losses associated with tamarisk in a
landscape, about $127 million are attributed to it through the loss of in-stream flows for
recreation and agriculture (Zavaleta, 2000). This chapter lays the foundation for why the USDA
APHIS chapter pursued and released the biological control beetle to help passively control the
population of tamarisk.
Chapter Two puts tamarisk into the landscape of the water thirsty western United States.
This chapter guides the reader through the basic principles related to plant interactions with the
landscape through the hydrologic cycle. It builds upon these principles to discuss plant
evapotranspiration and other concepts behind how water moves through a plant, which guide the
chapter into specifically how water can be measured in tamarisk. The measurements described
are done in a growing cascade of a different scales beginning at the stem and moving up to the
river reach.
Chapter Two sets the stage for Chapters Three and Four in which several the
measurements for tamarisk water use are compared. Chapter Three solely focuses on The Virgin
River in Nevada where one of the most dense (over a mile in width at the study site!) stands of
tamarisk tress had not yet experienced beetle defoliation when monitoring began. Ground
measurements of sap flow sensors and LAI were installed to assess the stand level phenology.
NDVI and EVI products from satellite imagery from the MODIS and Landsat sensors were used
to calculate ET to compare it with ground measurements of sap flow. There were issues with
malfunctioning sap flow sensors but in 2010 the year before beetle arrival ET was 3.71 mm per
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day; LAI measurements were 1.7 before beetle arrival in 2011 and dropped to 1.3 after beetle
arrival. The arrival of the beetle was seen with the remotely sensed data.
Chapter Four continues the analysis done at the Virgin River study site from Chapter
Three, while adding a comparison to another sub-watershed on the Dolores River where similar
monitoring, sap flow sensors, phenology cameras and remote sensing using MODIS and Landsat
have been conducted for longer periods of time than on the Virgin River. This chapter uses the
two study sites to highlight two possible end-member reactions to the beetle infestation, that of
significant water savings (Virgin River) to that of less significant water savings (Dolores River).
Chapter Four looks at the vast differences in vegetation composition, stand architectural structure
and hydrological processes between the two sites and how they have been impacted by beetle
defoliation. This work finds that the older stand of trees on the Dolores River have probably
reached a level of equilibrium with the beetle and that the Virgin River has already been
estimated to see in-stream water savings of 10.4 % with the beetle defoliation.
Putting this work into the larger scheme of regional, national and global ecological
changes, mega-droughts occur in the western United States ever 30 to 70 years causing massive
die offs of riparian species, but generally expanding the invadeable habitat for tamarisk
(Cleverly, 2013). Tamarisk’s water use abilities are exceptionally variable depending upon the
environmental conditions. Removing tamarisk can create water savings if tamarisk is not allowed
to reinvade the area and if the removal area is repopulated by xeric plants. Attempts to improve
the landscape by reducing the sheer numbers of tamarisk will generally be met with reductions in
long term water use, simply by preventing the numbers of tamarisk to increase, thus reducing
overall ET.
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APPENDIX

Statement of Who Conducted What Work Done in this Dissertation
The work in this dissertation was done with a small army or supporters, funders, advisors
and friends. The writing of this document was done by Susanna Lee Pearlstein, the author but
with an immense amount of help, support, editing and brainstorming by Dr. Marcel Schaap.
The U.S. Geological Survey Invasive Species Funding provided the monetary support
through the Southwest Biological Science Center’s Tucson, AZ office with Dr. Pamela Nagler as
the Principle Investigator. Dr. Edward Glenn, who was the authors master’s advisor, introduced
her to Dr. Nagler. The author was hired by Dr. Nagler to take over her tamarisk sap flow
monitoring research that had previously been conducted on the lower Colorado River. Glenn and
Nagler were the project leads for the on the ground work conducted in this dissertation, much of
the interpretation is original to the author. Nagler, in conjunction with Dr. Kevin Hultine
proposed the sample site at the Virgin River. Dr. Glenn showed the author how to use the LAI
machine and how to process MODIS and Landsat satellite data as well as how to harvest plants
for samples and process the dried samples which the author then conducted solo. Dr. Hultine
assisted the author with field work. Both Glenn and Nagler provided significant advice and
guidance on the methodology of the sap flow work, tried to make themselves available for any
questions and when unable to find an answer, made suggestions on who to talk with.
Dr. Kiyomi Morino worked with the author on how to process heat balance sap flow
sensor data and understand the theory behind them. Dr. Morino was invaluable in helping talk
through sensor adjustments in the field. Dr. Joe Erker made and showed the author how to make
the sap flow sensors. Dr. Tom Dudley provided beetle arrival dates at the Virgin River to the
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author and rented housing in the Virgin River area for the author and field crews. Ed Grote,
USGS Moab, UT provided significant assistance trouble shooting some electronics issues and
was the first to encourage the author to set up a remote link to her dataloggers to reduce the
number of field trips. Field helpers were Brendan and Brian Ambrose on some trips in 2010 and
2011, Ben Dhyr for one trip in 2010, Billy Linkner for one trip in 2011 and Ben Klink on several
trips in 2011. Scott Murray also came into the field in 2011. Most helpers assisted with the
sensor building in the lab, field set up, monitoring and dismantling of all sap flow sites.
The tower site on the Virgin River was picked by the author. The author was in charge of
leading and planning the entire design, purchase of supplies and assembling of the tower. All
tower materials were flown in via helicopter by Sundance Helicopters, the tower was assembled
by a Nevada Scaffold crew and the site was inspected by the Bureau of Land Management for
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