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ABSTRACT

Riparian evapotranspiration (ET) is the most challenging component to quantify when

determining water budgets in semiarid basins. Primary interest has focused upon water

use by riparian overstory vegetation; however understory vegetation has been ignored.

Whole plant transpiration of the dominant understory shrub, seep willow (Baccharis

salicifolia), was measured along a perennial reach of the San Pedro River for 133 days

using the heat balance sap flow technique while key meteorological driving variables

were measured from an adjacent meteorological tower. Transpiration was compared

under two environmental conditions: a more open environment with decreased overstory

canopy cover, and a more closed environment underneath a cottonwood (Populus

fremontii) forest canopy. Transpiration at both sites was similar, indicating that

transpiration was rarely demand-limited. Shrub growing season transpiration was greater

than precipitation and of comparable magnitude to the overstory cottonwood. These

results suggest that understory vegetation water use can be an important component of a

semiarid riparian water budget.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Numerous riparian evapotranspiration studies have been conducted on dominant

overstory vegetation types that are considered major users of groundwater in arid and

semiarid regions of the southwestern USA (Goodrich et al., 2000b; Schaeffer et al., 2000;

Scott et al., 2000; Cleverly et al., 2002; Scott et al., 2004; Scott et al., 2005). Until now,

little interest has been given to estimating water use by riparian understory vegetation due

to measurement difficulties and the belief that their water consumption was negligible.

However, a sizeable portion of a riparian forest can consist of understory vegetation

populations, and therefore their presence and subsequent contribution to the riparian

water balance can be significant (Roberts et al., 1980; Roberts and Rosier, 1994). Despite

these studies, water flow from the land surface to the atmosphere from riparian systems

in semiarid regions is not very well understood because of complex interactions between

atmospheric demands, land surface characteristics and heterogeneity of available

groundwater (Wainwright et al., 1999). Consequently there is limited knowledge of the

role of riparian vegetation in the basin water balance of a riverine system (Goodrich et

al., 2000a; Tabacchi et al., 2000; Dahm et al., 2002). Understanding these exchanges

between eco-hydrological and atmospheric processes can greatly improve management of

riparian ecosystems.



1.2 The Upper San Pedro River Basin

The Upper San Pedro Basin located in semiarid southeastern Arizona and

northern Sonora, Mexico is an ideal outdoor laboratory to explore these poorly

understood processes (Figure 1). Positioned between the Sonoran and Chihuahuan

Deserts, this distinctive region provides habitat and home to a unique assemblage of

animal life, has been listed by Wild Bird Digest as the number one birding site in the

country; and as one of the "Last Great Places in the Western Hemisphere" by the Nature

Conservancy (Steinitz et al., 2003). The Upper San Pedro riparian corridor serves as

breeding or migratory habitat for 389 species of birds, 84 mammal species (second in

diversity to that of Costa Rican rainforests), and 47 species of reptiles and amphibians

(Steinitz et al., 2003). Several of these species are considered threatened or endangered

with the majority of these creatures dependent on the presence of this unique rare

ecosystem. A large part of this habitat in the Upper San Pedro Basin is public land

managed by the Bureau of Land Management, and provides ample opportunities for a

wide range of recreational activities such as camping, hiking and bird-watching.

Designated by Congress in 1988, the San Pedro Riparian National Conservation Area

(SPRNCA) is a protected area representative of the diminished riparian habitat of the

Southwest and encompasses a large portion of the river within the basin.

14
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0	 50 km

Figure 1. Map location of the Upper San Pedro Basin

The Upper San Pedro River Basin is located between two groups of mountains

oriented north-to-northwest on each side of the basin. On the west are the Whetstone,

Huachuca, Mariquita, and Elenita Mountains whose elevations rise by as much as 1520 m

above the surrounding broad alluvial plains and the Dragoon, Mule and Los Ajos

Mountains which line the basin to the east. The headwaters of the San Pedro River begin

in Sonora, Mexico, inteimittently flowing north over 250 km to the Gila River confluence

nearby Winkleman, in south-central Arizona. Chihuahuan desert scrub and semidesert

grasslands are the predominant vegetation coverage along the valley floor (Brown, 1982).

The upper San Pedro Basin covers an approximate area of 4,900 km2 .



In the riparian corridor of the Upper San Pedro River, a forested gallery of

cottonwood (Populus frernontii), and willow (Salix gooddingii) trees border the river;

while on the pre-entrenchment alluvial terraces are mesquite (Prosopis velutina)

woodlands, sacaton (Sporobolus wrightii) grasslands, and various other communities of

woody and herbaceous species (Goodrich et al., 2000b; Scott et al., 2000; US Army

Corps of Engineers, 2001).

The intersection of the water table with the riverbed creates groundwater

baseflows that maintain the perennial reaches along the river. Mountain front recharge

serves as the primary source for these baseflows. Populations of Sierra Vista and the Fort

Huachuca military base (est. pop. 42,805

http://wvvw.cochise.edu/cer/documents/out/acre5a.x1s),  and other communities within the

Upper San Pedro Basin utilize the same aquifer as the river for their primary water source

(Steinitz et al., 2003).

Extensive groundwater pumping to meet the needs of these growing urban

communities have created numerous pumping cones of depression of varying magnitudes

within portions of the regional aquifer (Corell et al.,1996). There is concern that these

reductions in ground water levels may decrease discharge to the San Pedro River and

reduce water table levels below the rooting zone of the riparian vegetation (Goodrich et

al., 2000a).

16
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Many riparian vegetation water use studies have been conducted within this area

to determine vegetative water requirements along the riparian corridor (Goodrich et al.,

2000a; Goodrich et al., 2000b; Schaeffer et al., 2000; Scott et al., 2000; Snyder and

Williams, 2000; Scott et al., 2003; Scott et al., 2004; Gazai et al., in press; Scott et al.,

2005). The findings from these studies provide information on water requirements for the

forested corridor and terrace portions of the riparian landscape and are reviewed in the

following subsection.

1.2.1 Previous San Pedro Riparian Vegetation Water Use Studies

Research studies of water use and water sources by the primary vegetation

communities of cottonwood, willow, and mesquite trees, and sacaton grasses in the

SPRNCA have provided estimates of riparian evapotranspiration. This acquired

information has improved our understanding of their contribution to the basin water

balance and given insight into riparian ecosystem functions in semiarid environments.

A study of cottonwood-willow transpiration nearby the Lewis Springs study site

(Figure 1), along a perennial reach of the San Pedro River, measured tree sap flow during

five key periods in 1997, and recorded daily water use amounts ranging from 1.2 to 4.8

mm OE" with higher rates occurring during the hot, dry pre-monsoon season (Schaeffer et

1 All depth units reported for evapotranspiration in this thesis are equivalent to the way that precipitation is
commonly reported. They report a volume of evaporated water (L3 ) per unit area (L2 ) per unit time

( L3	L\

L2 .T T
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al., 2000). Using a calibrated Penman-Monteith model, these measurements were scaled

up to estimate growing season totals of 755 mm of transpiration (Goodrich et al., 2000b).

In a more recent study, cottonwood transpiration was measured during most of the

growing season along an intermittent flow reach (Boquillas study site) and a perennial

reach (Lewis Springs study site) of the river (Gazai et al., in press). Growing season

transpiration totals for cottonwood trees were 966 mm at the perennial site and 484 mm

at the inteimittent site. Water use during the study period at the perennial reach was

approximately 20% higher than the 1997 study due to significant nocturnal sap flow not

measured in the prior study, and a longer growing season (Scott et al., 2005). Primary

water sources for cottonwood-willow forests were determined to be groundwater and

shallow soil water from precipitation events for cottonwoods with willow trees

exclusively using groundwater (Snyder and Williams, 2000).

Water fluxes from a combined mesquite (Prosopis velutina) tree/shrub vegetation

community were examined for one year using Bowen ratio technique (1997-1998) nearby

Lewis Springs (Figure 1; Scott et al., 2000). Evapotranspiration rates ranged from 1.6

mm day-I (pre-monsoon) to 2.4 mm day -1 (monsoon). Total measured evapotranspiration

was determined to be 375 mm with water loss closely linked to energy demands (Scott et

al., 2000). Mesquite growth was less dense at this study site and therefore water use rates

were substantially lower in comparison to a more recent multi-year (2001-2003)

comparative study of mesquite water use (Scott et al., 2005). This more current study

examined water use by a mature mesquite woodland (Charleston-Mesquite) and another
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mesquite shrubland nearby Lewis Springs (Figure 1; Scott et al., 2005). Using micro-

meteorological techniques, water use by these mesquite communities were monitored

throughout the active tree transpiration season through calculation of mesquite

evapotranspiration (ET). Total water use during the 2003 growing season was determined

to be 676 mm at the mesquite woodland and 565 mm at the mesquite shrubland sites

respectively. These results indicated that mesquite water use was considerably higher

than anticipated with relatively equal water use from site to site on a per unit canopy area

basis (Scott et al., 2005).

The effects of an extended drought upon gas and energy fluxes in the mesquite

woodland community were also examined. Severely dry winter conditions during a one-

year period of this multi-year study (October 2001-July 2002) created decreases in both

mesquite CO2 uptake, and transpiration under high atmospheric demand prior to the 2002

monsoon season. Mesquite water transport appeared to be restricted and negatively

affected by these drought conditions despite ready access to groundwater during the

growing season. Decreases in mesquite water use implied stomatal control of leaf gas

exchanges under these environmental circumstances (Scott et al., 2004). Mean growing

season water use by mesquite trees was 2.3 mm day-I and 1.9 mm day' for 2001 and

2002, respectively, with additional water accessed from soil surfaces when available

(Scott et al., 2004). Water sources for mesquite have been determined to be a

combination of surface, deeper vadose zone and ground water subject to its availability
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throughout the year with lower ground water use in areas having deeper water tables

levels (Snyder and Williams, 2000; Scott et al., 2005).

A 1997-1998 study of water use by a sacaton grass community using

micrometeorological techniques determined that precipitation was the principal water

source for this vegetation, with daily water use ranging from 0.3 mm day-I (pre-monsoon)

to a high of 1.6 mm day-I (monsoon) (Scott et al., 2000). This marked increase in

evapotranspiration during the monsoon season implied sacaton's reliance upon

precipitation as its major water source. Annual evapotranspiration for sacaton was

estimated at 272 mm and was closely tied to precipitation. This initial outcome implied

that sacaton grass communities in the SPRNCA did not utilize ground water (Goodrich et

al., 2000b). However, findings from a more current 2003 study of sacaton grass

evapotranspiration using meteorological techniques at a different site in the SPRNCA

measured ET rates considerably greater than precipitation. These new findings suggested

that sacaton grassland communities were capable of accessing ground water in areas

where depth to groundwater was less than about 3 m. Results from this recent study

indicated that sacaton grasses used approximately 370 mm of water in excess of the

precipitation that it received (Scott et al., 2005).

These above SPRNCA water use studies have focused on the water use of the

dominant plant canopies or ecosystems within the current floodplain of the river;

however, the water use of understory vegetation within the active riparian corridor has
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been ignored. This vegetative component has been overlooked due to measurement

difficulties and the belief that its influence upon total riparian water use is negligible in

comparison. However, studies of understory transpiration conducted in England suggest

that understory transpiration can comprise up to half of total forest transpiration (Roberts

et al., 1980; Roberts and Rosier, 1994). In two separate transpiration studies, water use by

bracken understory communities was observed to comprise 50% of total transpiration in a

Scotts pine (Pinus sylvestris L.) forest during the month of June (Roberts et al., 1980);

while transpiration studies of common beech (Fagus sylvatica) and ash (Fraximus

excelsior) stands noted that June water use by understory vegetation communities of

hazel (Coryllus avellana L.), bramble (Rubus fructicosus sens. Lat.), and dog's mercury

(Mercurialis perennis L.) accounted for 30% of total transpiration (Roberts and Rosier,

1994).

1.3 Study Objectives

The scarcity of water supplies in this semiarid basin necessitates an accurate basin

water budget that requires a reassessment of the importance of understory vegetation

water use. Determining where this vegetative component falls within the water use

spectrum of the SPRNCA relative to other dominant canopy vegetation types would

provide a more comprehensive perspective of riparian ET in this basin. Identifying the

principal understory vegetation cover that dominated riparian areas along the SPRNCA

and determine its distribution in the riparian corridor was central to this purpose.
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In 2002, a research team from Arizona State University conducted a detailed

assessment of green understory vegetation communities within eighteen major sites of the

SPRNCA during the pre-monsoon season. Green understory vegetation was evaluated

exclusively as this indicated reliance upon groundwater sources during this period when

little soil water was available. Their findings determined that the shrub, seep willow sites

(Stromberg et al., in press).

The pioneer research described in this study addresses a missing element of the

basin hydrologic cycle and investigates the magnitude and variability of transpiration by

the dominant riparian understory shrub seep willow in response to atmospheric demands

and groundwater availability within the SPRNCA. As an additional perspective, seep

willow water use is examined under two environments: a less sheltered area on the

alluvial terrace with no immediate overstory vegetation ("open"), and underneath a

cottonwood forested canopy where greater shaded conditions existed ("closed"). This

comparison was done to distinguish similarities and differences in shrub physiological

response to environmental energy and advective influences. Using a similar approach, a

transpiration study conducted on salt cedar (Tamarix ramosissima) along the Virgin

River in a desert riparian setting in Nevada observed greater transpiration amounts from

"closed" stands in comparison to "open" stands (Devitt et al., 1997).
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This investigation is based on the theory that under shallow depth to groundwater

conditions, seep willow transpiration fluxes will be closely coupled with atmospheric and

energy demands.

This study will be focused upon six specific objectives. These are to:

1. Quantify and compare seep willow structural characteristics, transpiration, and

conductance under two environments:

a. shrubs growing in a more open environment with reduced overstory

canopy cover ("open"), and

b. shrubs growing underneath a cottonwood forested canopy ("closed");

2. Determine if transpiration is different between the "open" and "closed" sites;

3. Examine the influence of atmospheric forcing upon shrub transpiration;

4. Use measurements of shrub transpiration and reference crop evapotranspiration

(ET 0) to develop an empirical model that estimates seep willow water use during a

typical growing season;

5. Compare shrub transpiration to cottonwood transpiration and determine the

significance of shrub water use within the SPRNCA; and,
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6. Conduct a lysimeter test of fabricated sap flow sensors to assess their function and

measurement accuracy.

1.4 Seep Willow (Baccharis salicifolia)

1.4.1 Morphology, Physiology and Growth Requirements

Seep willow is a perennial native shrub that grows in southwestern USA from

California to Colorado and Texas and can be found along streams, floodplain areas,

desert and desert grassland ranges at 31 to 1524 m elevations (Benson and Darrow, 1981;

USDA NRCS, 2004). This woody multi-stemmed shrub grows rapidly to a maximum

height of 3.1 m and has a deep fibrous root architecture that spreads to a minimum depth

of 0.31 m (Benson and Darrow, 1981; USDA NRCS, 2004). The majority of the root

structure is primarily concentrated in the upper portion of the soil profile and has not

been observed to come in direct contact with the ground water table (Gary, 1963). Bright

green, leathery, vertical, lance-shaped, willow-like leaves ranging from 4 to 15 cm long

and 0.6 to 1.7 cm wide cover wand-like branches on main stems with the majority of

leaves falling off during senescence. Active growth periods for seep willow shrubs occur

during the summer months with flowering occurring from March to December. During

this flowering period dense clusters of flowering heads approximately 0.5 cm in diameter

develop at the tips of main branches. Seep willow can reproduce asexually through stem

sprouting as well as through wind-borne seed dispersal. Although growth is rapid for

these shrubs, they have a short lifespan. Seep willow exhibits a high tolerance to saline

soils, adapts to a wide variety of soil textures, but is intolerant of growth in shaded
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conditions (USDA; NRCS, 2004). There have been a small number of studies

investigating seep willow's establishment patterns and water use characteristics. Their

findings are reviewed in the following subsections.

1.4.2 Establishment Patterns

Three independent studies conducted in riparian areas have noted conflicting

establishment patterns for seep willow. A vegetation survey conducted in Sycamore

Creek in central Arizona observed seep willow dominance along streamside areas near

surface waters and under shallow depth to ground water conditions (Campbell and Green,

1968). Studies have determined this woody riparian shrub to be sensitive to declines in

water table levels with seep willow establishing greater abundance in floodplain areas

under shallow groundwater conditions (Stromberg et al., 1996; Stromberg et al., 2001).

However, another study conducted along the Bill Williams River speculated that seep

willow water use may be lower than other riparian species such as the invasive salt cedar

(Tamarix ramosissima), as seep willow patches were observed to establish at locations

having deeper ground water tables (Shafroth et al., 1998).

1.4.3 Water Use Efficiency

A 1990 study of seep willow shrub water use behavior in a desert wash of an

extremely arid region in northern Baja California, Mexico was conducted during the

month of July when midday air temperatures exceeded 40°C (Schmitt et al., 1993). This

study measured noontime gas exchange and water relations of individual seep willow
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leaves. Findings from this investigation indicated that seep willow exhibited high rates of

carbon dioxide uptake, and relatively low rates of stomatal conductance and transpiration

resulting in high water use efficiency for this shrub. The authors noted that shallow

groundwater conditions existed at this study site, which most likely influenced the degree

of seep willow's water use efficiency.

1.5 Processes Relevant to Plant Water Use

Transpiration from plant leaf surfaces occurs when water is extracted from the

soil by plant roots and conducted through xylem tissues to plant leaf surfaces where it

evaporates into the immediate atmosphere through leaf stomata. Water transport through

the plant structure is a passive process driven by atmospheric climate demands and plant

uptake of carbon dioxide needed for photosynthesis. Measurement of transpiration

quantifies the amount of plant water use and also provides indications of plant stomatal

function and rate of carbon dioxide uptake. Estimations of plant water loss through

transpiration can be done using lysimetry or through measurements of xylem sap flow

using sap flow sensors.

Leaf stomata control the rate of water vapor loss from inside plant leaves to the

surrounding air. Air inside the stomatal cavity within the leaf is almost fully saturated at

the temperature of the leaf, while the ambient air immediately outside the leaf surface can

be much less providing the necessary humidity gradient to drive transpiration. The plant

controls the movement of water vapor through opening or closing of the leaf stomatal
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aperture. The extent of the stomatal opening, regulated by guard cells and the gradient of

water and carbon dioxide across the stomatal opening determines both the inward flow of

carbon dioxide used in photosynthesis and the outward flow of water vapor. When soils

are dry, plant stomata remain slightly open or fully closed. In general, stomata remain

open when there is adequate sunlight, soil water is unlimited, and leaf carbon dioxide

concentration falls below ambient atmospheric CO2 levels (Tyree, 1999). High rates of

vapor pressure deficit (VPD) have been observed to reduce conductance at the leaf and

canopy level (Addington et al., 2004). Stomatal conductance of water loss can be

estimated at the canopy level using hydro-meteorological and plant physiological

methods and applying theoretical or empirical formulae. Canopy conductance refers to

the combined effects of the entire canopy leaf stomatal conductance acting in concert

with boundary layer effects.

1.6 Atmospheric Evaporative Demand

Atmospheric demands are climate-specific forces that drive transpiration at the

plant level and are a combination of two processes: a radiative energy process and an

advective heat transfer process (Shuttleworth, 1993). Both forces provide energy at the

leaf surface that can be used to convert water in the liquid state within the leaf into water

vapor that diffuses into the atmosphere. Measurement of both radiative and advective

forcing can be determined through meteorological stations situated at or nearby study

sites.
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Radiation forcing refers to the effect of net shortwave and net longwave radiation

at the plant level. The sun provides most of the incoming shortwave radiation with a

portion of this shortwave radiation reflected back to the atmosphere. The amount of

reflection is referred to as albedo. The intensity of albedo is affected by changes in land

cover with taller vegetation usually reflecting less solar radiation than shorter vegetation

(Shuttleworth, 1993). Longwave radiation is emitted from both earth surfaces and the

atmosphere. Due to the warming effect of solar radiation, earth surfaces are usually

warmer than the atmosphere that results in a net loss of energy as theimal radiation from

the ground (Shuttleworth, 1993). Net radiation, the sum of net shortwave radiation and

net longwave radiation, affects water loss at the plant leaf level. As plant leaf surfaces

absorb net radiation, leaf temperatures rise, which increases leaf energy loss by two

different means: outgoing sensible heat flux (H) which addresses upward transfer of

absorbed heat energy from leaf surfaces to the immediate atmosphere changing air

temperatures; and outgoing energy as latent heat flux (XE) which addresses the amount of

latent energy locked up within the phase change of water when it evaporates from leaf

surfaces (Shuttleworth, 1993). Net radiation can be measured using net radiometers as

part of a specialized meteorological station or estimated using theoretical formulae and

empirical calculations.

Also important to atmospheric demand, the advective heat transfer process is a

function of wind speed, air temperature, and relative humidity in the bulk air advected

from the plant. All three of these components operate together to transport heat and water
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vapor away from plant leaf surfaces. The velocity of wind speed blowing horizontally

over vegetation facilitates air movement around leaf surfaces. The magnitude of air

temperatures and relative humidity affect the ability of the air to facilitate transfer of heat

and water vapor from leaf surfaces to the immediate atmosphere. Wind speed and

direction can be determined using a wind anemometer and air temperatures; and, relative

humidity can be measured using thermocouple or thermisters and humidity sensors.

An important component of the advective forcing is often quantified by the

variable of VPD, which refers to the difference between saturated vapor pressure and

ambient vapor pressure at existing air temperatures (Shuttleworth, 1993). Ambient vapor

pressure refers to the actual water vapor content of the air. Saturated vapor pressure

refers to conditions in which the rates of condensation and vaporization of water are

equal at a given air temperature and the air moisture content is considered saturated

(Shuttleworth, 1993). Guard cells of the plant stomata control plant water loss by opening

or closing in response to atmospheric moisture demand and plant water availability. VPD

affects stomatal behavior and consequently plant water loss by the degree of air moisture

deficit. High VPD levels reflect drier air conditions which encourages the movement of

water vapor from a gradient of high concentration in the leaf to low concentration in the

atmosphere thereby increasing plant water loss. Low VPD levels represent higher relative

humidity and reduce the driving gradient across the leaf surface. By controlling the

stomatal aperture in response to changing VPD, plants increase their rate of survival by

controlling water loss to the atmosphere when water supplies are limited.
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Reference crop evapotranspiration (ET,) utilizes a theoretical approach to

determine atmospheric controls upon evapotranspiration under idealized conditions and

helps to provide a measure of atmospheric demand, including both radiative and

advective components. ET, is standardized to estimate maximum evapotranspiration of a

theoretical environmental setting consisting of a large well-watered land surface shaded

by actively growing reference vegetation 8-15 cm in height (Doorenbros and Pruit, 1977;

Brown, 1989; Shuttleworth, 1993). This quantity is representative of the potential

amount of water loss from plant and soil surfaces given unlimited water conditions at

existing air temperatures and can be used in comparison with actual measured

evapotranspiration values to evaluate the measure of water use by the species of interest.

1.7 Measurement of Transpiration Using Sap Flow Techniques

Thermometric techniques are used to measure xylem sap flow. This method is

based on the assumption that the quantity and movement of sap through the plant should

closely approximate transpiration at the leaf surface level. Additional factors considered

when deteimining mass sap flow are stem diameter, specific heat capacity of xylem sap

which is assumed to be that of water (4.186 J g-1 K-1 ) and thermal conductivity of the

stem surface (0.42 W m-1 K-1 for woody stems) (Grime and Sinclair, 1999). Using this

method, heat is applied to a stem section with temperature differences in sap flow

distinguished upstream and downstream from the heat source through thermocouples

inserted into the stem surface. Fluxes of heat away from the source can be determined

from these measured temperature gradients, and through a series of empirical formulae,
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sap flow density in the plant stem can be quantified. Studies have shown that diameter

size serves as a good indicator of sapwood area and that measured sap flow increases in

vegetation having larger diameters (Vertessy et al., 1995; Granier et al., 1996; Oren et al.,

1999; Meinzer et al., 2001; Delzon, et al., 2004; Lagergren and Lindroth, 2004). Other

studies have found no direct relationship between stem diameter, active sapwood area

and sapflow magnitude (Phillips et al., 1999; Wullschleger and King, 2000). The

proportion of actively conducting xylem tissues within the sapwood cross-sectional area

can also be considered a factor in the magnitude and density of sap flux (Jimenez et al.,

2000)

Heat application methods to the plant stem include the variable heat input (VHI)

and stem heat balance (SHB) methods. Using the former method, heat is applied to the

plant stem segment in pulsed sequences and sap flow is determined by calculating heat

velocity, stem area and xylem conductive area. However, this technique was found to

provide inaccurate measurements when transpiration rates are low and therefore requires

adjustments specific to each plant species (Cohen et al., 1993). Instead, the stem heat

balance (SHB) method is more frequently used to measure sap flow in both woody and

herbaceous plants having small stem diameters (Roberts, 1999). Using this technique,

heat is applied constantly to a plant stem segment while the heat outputs (radially and

longitudinally) are monitored (Sakuratani, 1984).
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Plant sap flow and consequently transpiration can be continuously monitored

through the use of sap flow sensors. These devices are least invasive to the plant medium

and do not incur permanent damage to the plant during field and greenhouse studies. Care

should be exercised to monitor upstream to downstream sap temperature differences to

avoid adverse effects upon plant xylem tissues that can occur when constant heat at high

intensity increases stem temperatures (Kjelgaard et al., 1997).

Prior studies of plant transpiration using sap flow sensors have indicated that

utilizing the SHB method with constant heat application was more feasible for field

studies, as more gauges could be connected and monitored by a single datalogger, as

opposed to the computationally demanding variable heat input (VHI) which restricts the

number of possible gauges connected to one datalogger (Kjelgaard et al., 1997). For the

purposes of this study, seep willow transpiration was measured with sap flow sensors

using the constant power SHB method.

The remaining chapters further explain this thesis research. Chapter 2 describes

the seep willow study site, instrumentation used, methodology and data analysis

approaches. Chapter 3 examines and discusses seep willow water use results; and,

Chapter 4 concludes with an evaluation of research findings and suggests future research

ideas that arose from this study.
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CHAPTER 2

METHODS AND DATA ANALYSIS

2.1 Study Area

The setting for this study is at the Lewis Springs research site, located along a

perennial reach of the San Pedro River in southeastern Arizona (31 °33 -N, 110°08W;

Figure 2). This research area is situated approximately 12 km east of Sierra Vista, on the

east side of the San Pedro River at 1249 m elevation immediately north of the AZ Hwy

90 bridge crossing. Near this site, the United States Geological Survey (USGS) has

installed a network of piezometers to monitor ground water levels and Arizona State

University (ASU) researchers have established a transect for monitoring vegetation

conditions.
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Figure 2. Research area in Upper San Pedro Basin at Lewis Springs study site. Actual
location is within riparian corridor underneath cottonwood/willow canopy.

Climate in the Upper San Pedro Valley is semiarid with mean maximum

temperatures of approximately 34 °C, mean minimum temperature around 9.9 °C, and

summer mean air temperatures about 25 °C. Generally minimum temperatures at night

within the riparian corridor are 5 - 10 °C lower than temperatures along the surrounding

basin floor except during the more humid monsoon season when this variation is less

(Scott et al., 2004). Average annual precipitation measured at Sierra Vista, Arizona (-12

km west from the study site) for the period 1982-2004 is 371 mm (Western Regional

Climate Center, http://wwwwircdri.edu) with about 60% precipitation occurring during
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the monsoon months of July-September and 23% precipitation occurring during the

winter months of December-March (Figure 3).

Figure. 3. Mean annual precipitation for Sierra Vista, Arizona for period 1982-2004
Source: http://www.cochise.edu/cer/documents/out/acfe5a.xls.

At the study sites, Fremont cottonwood and Gooding willow trees line the

primary (perennial flow) and secondary (flood flow) channels of the San Pedro River and

are the primary overstory species. Seep willow (Baccharis salicifolia) is the dominant

understory shrub. A wide and elevated alluvial floodplain terrace is positioned between

the primary and secondary channels covered primarily with Johnson grass (Sorghum

halepense), sacaton grass (Sporobolus wrightii) and occasional patches of seep willow

(Figure 2). Soils consist of brown, fine sandy loam mixed with deposits of clay and

gravelly coarse sand material (McGuire, 1997). During the study period, depth to

groundwater measured at a nearby USGS piezometer ranged from 1 to 1.6 m.
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2.1.1 Description of Study Sites

Two separate sites colonized by distinct stands of seep willow shrubs were chosen

for this study. One area was positioned more directly under a cottonwood canopy in a

more shaded or closed understory location immediately adjacent to the secondary channel

and approximately 52 m east of the forested corridor primary channel (referred to

hereafter as the "closed site") (Figure 2). At this closed site, sixteen stems from nine

different shrubs with varying diameters were selected for sensor application (Figure 4).

Figure 4. Overhead schematic of open and closed seep willow shrub patch orientation.

(not drawn to scale)
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The other study site consisted of two separate shrub groupings located in a less

sheltered area on the alluvial terrace approximately 26 m southwest from the cottonwood

tree corridor along the secondary channel with no immediate overstory vegetation and

approximately 30 m east of the cottonwood lined primary channel (hereafter referred to

as the "open site"). Sixteen stems, eight from each grouping, were selected for sensor

application at the open site (Figures 2 & 4). At the closed site, cottonwood trees were of

variable heights and did not provide a totally closed canopy whereas the open site did

receive shade at certain times of day from the nearby cottonwood canopy dependent upon

the angle of the sun.

Numerous terms describing plant structure will be used when discussing results

from this study relative to shrub architecture at the research site. Plant structure teims

frequently used will be shrub/plant, shrub stem, stem area, cluster, and stand or patch

area. To clarify any ambiguity when addressing these individual and collective shrub

components, these expressions are diagrammed in Figure 5 and specifically defined as:



Figure 5. Diagram of plant structure terms

• "Shrub" or a "plant" which refers to one individual woody plant having multiple

permanent stems branching from or near a single root crown base.

• "Shrub stem" which refers to the individual woody axis that is a permanent part of

a seep willow shrub providing support for the upper branches.

• "Stem area" which refers to the entire cross-sectional area of the stem at the point

of measurement, which was 1 m above the ground surface for this study.

• "Cluster" which can refer to an individual shrub or several individual shrubs that

are growing close to each other. It is a unit where canopy area is distinct
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• "Stand" or "patch" area which refers to the entire grouping of shrubs at each site.

2.1.2 Stem, Shrub, and Stand Areas

Measurements of stem diameters were taken at approximately 1 m above ground

level using a digital caliper. Generally, seep willow stems at each study site were not

uniformly circular. Therefore two diameter measurements of all stems in each study

shrub were done and these two values were averaged together to obtain a mean diameter

per stem. Using mean diameter values, stem areas were calculated and summed up on a

per shrub unit basis. Stem areas for all shrubs in each study site were added together to

represent total stem area for each site.

Individual shrub dimensions of width and length were measured at each location.

Shrub width was measured in an east-west direction and included the outermost extension

of leaf area in both directions. Shrub length was measured in a north-south direction in

the same manner as width measurement such that all outlying leaf areas were included in

the shrub length measurement. Heights of shrubs were measured using a ladder and by

placing one end of the field tape perpendicular to the soil surface inside the center of each

individual shrub base, and measuring vertically to the tip of the tallest branch of each

shrub.

To estimate areas of shrub canopy stands, the outer shrub perimeter of each shrub

was drawn on gridded paper in similar orientation as in the field to represent the



dimensions of shrub lengths and widths. Canopy areas were calculated by first counting

up all whole grid squares within the drawn canopy perimeter; then, the remaining partial

grid squares were evaluated to approximate what fraction of a whole grid square it

represented. Finally, canopy area was computed by multiplying the number of grid

squares by the scale factor of the drawing. All study shrub areas at each site were added

up to obtain a total patch area for each site.

2.2 Instrumentation

2.2.1 Sap Flow Sensor

Sap flow sensors used in this study were comprised of three main components: a

flexible heat source wrapped around the plant stem, three differentially wired

thermocouples inserted into the cambium to measure axial heat loss, and a thermopile

wrapped around these components to measure radial heat loss (Figure 6). The heat source

consisted of a thin resistive heating wire 0.08 mm diameter type T constantan heating

wire (Omega Engineering Inc., Stamford, CT) cut into a 3.2 m length and measured an

approximate resistance range of 290-320 r2). This wire was wrapped around the plant

stem and secured with tape creating a band of heating wire approximately 35-40 mm in

width.

The three differentially wired thermocouple unit was constructed using 0.13 mm

diameter (36 gauge AWG) duplex insulated copper-constantan ANSI type T

thermocouple wires (Omega Engineering Inc., Stamford, CT) cut into lengths of 100 mm,
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150 mm, and 200 mm. One end of each length thermocouple wire were twisted together,

soldered and trimmed to create tips approximately 2 mm long for insertion into the plant

stem. The reference thermocouple was inserted at the center of the heat source, and the

remaining two thermocouples were inserted 15 mm above and below the heat source to

detect conductive axial heat loss. The thermopile component was created using 0.28 mm

diameter (30 gauge AWG) duplex insulated copper-constantan ANSI type T

thermocouple wires (Omega Engineering, Inc., Stamford, CT). This wire was used to

make thermocouple junctions connected in a series which were inserted midpoint along a

152 mm wide strip of craft foam, cut to fit individual shrub stems. These junctions were

aligned in pairs placed on opposite sides of the foam backing. The range of thermocouple

junctions per theimopile was from 6-14 dependent upon the width of the thermopile. The

thermopile was positioned tightly around the stem so that junctions were placed at

midpoint of the heat source (Figure 6).
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Figure 6. Sap flow sensor unit

The two sites were monitored from day of year (DOY) 165-310 (June 14 through

November 6, 2003) using sap flow sensors. Shrub stems were lightly sanded prior to

applying the sensor gauge to remove small knobs and ridges on the plant and provide

better contact between the stem and heat source. Placement of sap flow sensors on shrub

stems was at 1 m above the ground surface. A total of 16 stems were monitored at each

study site. Stem diameters ranged from 17-40 mm in the open patch and 11-54 mm in the

closed patch.

Sensors were insulated with two layers of pipe foam insulation and two layers of

Bubble Pack Insulation with reflective backing as an outer cover to reduce any influence

of thermal perturbations from the surrounding climate conditions (Figure 6). A constant

heat was applied to the heater and the temperatures were measured every 15 seconds

using a CR-10 datalogger (Campbell Scientific, Inc., Logan, UT). The amount of heat
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supplied to the stems was controlled with a voltage regulator set at 8 and 10 volts

dependent on the stem size. The datalogger and voltage regulator were powered by two

12-volt batteries. Heat input, thermocouple and thermopile raw data were sampled every

5 seconds and averaged every 30 minutes. Data was downloaded every 7-10 days using a

laptop PC. On several occasions during the monsoon season, flood events inundated both

study sites, resulting in some sensor failure. Malfunctioning sensor units were replaced

with installation of new sensors as soon as the errors were detected.

Accuracy of measurement using sap flow devices have been determined to be

within ± 10% when compared to water loss rates measured directly using a lysimeter

balance (Sakuratani, 1981). A critical analysis of reported sources of error in sap flow

calculations using the stem heat balance method (SHB) have determined several factors

that affect the accuracy of sap flow measurements. The next four paragraphs discuss

limitations of sap flow sensors and methods this research study applied to reduce

potential measurement errors.

Sudden changes in rates of transpiration or environmental temperatures in field

settings may produce large temperature changes in the heated stem segment, causing a

lag in sap flow gauge response due to thermal inertia of the plant stem. In these cases, the

assumption of steady state conditions could result in significant errors of sap flow.

Incorporating a heat storage term in the heat balance equation corrects this situation and

provides dynamic resolution (Grime and Sinclair, 1999). However, findings from other
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research studies have suggested that the influence of stem heat storage is negligible

except at low or zero flows (Baker and Nieber, 1989; Groot and King, 1992; Grime et al.,

1995).

Energy partitioning between conductive and convective heat loss is dependent

upon the rate of plant sap flow. Changes in the velocity of sap flow are directly

proportional to convective heat fluxes and inversely proportional to temperature

differences upstream and downstream from the heat source. Errors in sap flow estimates

can occur when sap flow heat convection is large and temperature differences are less

than 1 °K. These inaccuracies can be corrected through application of equations that

operate as filters to define maximum sap flow velocities based upon the plant stem cross-

sectional area (Grime and Sinclair, 1999). To improve our sap flow sensor accuracy, this

study minimized data computation errors at both high and low sap flows by excluding sap

flow rates greater than 400 g h -I and less than 10 g 11-1 In this manner we removed any

distortion to values that may have occurred from abnormally high or low sap flows.

Monitored stem temperature differences are related to heat inputs and stem sap

flow velocity. Temperature differences should be non-existent in the absence of either

sap flow or heat input. However, temperatures changes in the microclimate can influence

stem temperatures causing differences in excess of 1 °C that can create negative

correlations between rates of sap flow and temperature changes (Shackel et al., 1992).

This environmental effect can be corrected by either placing additional insulation around



the stem at the site of the sensor; or by applying an empirical correction using values of

temperature differences from unheated gauges (Guitierrez et al., 1994). This study

minimized this influence by adding multiple layers of insulation to the shrub stem to

diminish microclimate influences.

Estimation of radial conductive heat flux is based upon the assumption of radial

uniformity in stem temperature across the heated stem cross section and requires

determination of sheath conductance (K„d) under minimum or zero flow conditions.

Errors can occur in this computation during high water stress conditions as daytime sap

flow will be much lower under these circumstances, and nighttime rehydration of stem

tissues may be significant enough to affect accurate estimates of sheath conductance.

However, inaccuracies in radial and longitudinal conductive heat losses balance each

other out so that estimates of heat flux carried by plant sap flow are scarcely affected

(Baker and Nieber, 1989; Grime and Sinclair, 1999). For this study, the sheath

conductance (K„d) value was deteimined using the data between 2:00-4:00 am (Lewis

Springs Time) each day. This value was monitored on a daily basis for each sensor to

determine an accurate Krad value.

2.2.2 Meteorological Monitoring

Meteorological variables of solar radiation (LI-200X, LiCor, Lincoln, NE), wind

speed and direction (R.M. Young Co., Traverse City, MI), relative humidity, and air
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temperature (HMP35D, Vaisala, Helsinki, Finland) were measured from a 2-meter height

close to each study site, hereafter referred to as OMS (open met station) and CMS (closed

met station). Recorded measurements were only available in the monsoon and post-

monsoon seasons (DOY 196-310) due to malfunctioning air temperature and relative

humidity probes. To determine whether site specific micro-climate differences existed

within the corridor, this onsite data was compared to data from a site hereafter referred to

as the Lewis Springs West site (LSW). The LSW site, located about 250 m west of our

study location, was situated outside of the more sheltered cottonwood forest and

measured solar radiation, wind speed, air temperature, and relative humidity at a 10 meter

height.

2.2.3 Lysimeter Study

In order to evaluate the accuracy of the sap flow instrumentation and technique, a

separate study was carried out during the summer of 2004. Maximum daytime

temperatures were about 42 °C with minimum nighttime temperature of about 28 °C.

Three experimental shrubs grown to a mature height of 1.6 m in 0.24 m diameter plastic

containers were watered, fertilized, and cultivated within a greenhouse setting preceding

the lysimeter study. Calibration of the lysimeter scale was determined by comparing the

relationship between the scale's electronic output and known weights.

The entire pot of each individual shrub was wrapped in plastic sheeting material

and tightly secured around the base of the shrub stem so that all soil surfaces were tightly

sealed to prevent evaporative loss from the soil. Sap flow sensors were then applied to
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individual potted shrubs and insulated in the same manner as at the field site. All three

sealed plants were placed on the electronic lysimeter scale (Mettler PM34, Mettler

Instrument Corporation, Heightstown, NJ). Both scale and sap flow sensors were

connected to a datalogger (CR-10 Campbell Scientific, Inc., Logan, UT) that was

powered by one 12-volt battery. Data was collected every other day using a laptop PC.

Sap flow values were simultaneously recorded and compared to observed weight changes

registered by the lysimeter. All potted shrubs were watered at the same time each evening

(1930 h).

2.3 Data Calculations

2.3.1 Sap Flow

The sap flow method used in this study relies upon the heat balance of a plant

stem segment given by the equation (Kjelgaard et al., 1997):

QH Qf Qup Qdrt Qrcid
	 (1)

where QH represents heat input; Qf refers to the convective heat carried by sap flow; Qup

and Qdn apply to the heat conducted upstream and downstream through plant stem, and

Qrad S radial heat loss away from the stem and heat source (all units in Watts). The

components of Eqn. 2 were calculated as follows:

(2)



where \Ti n (V) is the voltage supplied to the heater and RH is the corresponding heater

resistance (K)). Up and down stream conduction can be determined from

„p = 0.42

Qd„ = 0.42

(2 Yj7
Up 
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4 ) Ldn

(3)

(4)

where 0.42 (W m-1 0 C-1 ) is the approximate thermal conductivity of woody plant stems

(Grime and Sinclair, 1999), d refers to the plant stem diameter (m) at the heater, 6Tup and

6Tdn are the temperature differences between the heater and thermocouples located

upstream and downstream (°C), and Lip and Ldn is the distances from heaters edge to the

upstream and downstream thermocouples.

-A radial conductance, Krad (W ° C 1 ), must be calculated during a time of zero or

near zero flow in order to determine radial heat loss (Qrad)-
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aTrad

(5)

where Trad ( ° C)is measured by the thermopile to derive the temperature difference

between the heat source and outside of the insulation. Zero flow was assumed to occur

between 2:00-4:00 am (local time); although Krad required recalculation whenever there
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was a significant change in minimum air temperatures. Once K rad has been calculated,

radial heat loss was determined as:

Q rad = K rad °Trad
	 (6)

Convective heat carried by sap flow (Qf) can then be determined by rearranging

Eqn. 1,

Q f = QH Qup Qdn Qrad
	

(7 )

The convective heat loss due to sap flow (Qf) is then converted into an equivalent mass

flow (Si)

3600Q,
	S. 	
	' 	 4.19a7„p_d„

( 8 )

where units of S, are in units of g 114 converted to cm3 h-1 , 4.19 refers to the specific heat

of liquid water (F 1 g-1 °C -1 ), 3600 are the number of seconds in one hour, and 6T„ p _ dn ( ° C),

refers to the difference in temperature between upstream and downstream thermocouples.

Individual shrub measurements of transpiration were scaled up to estimate

transpiration from each site. Total patch transpiration, E (mm d -I ), representing



volumetric water flux per unit patch area per unit time was then determined by using the

following equation:

(v," 24S,
„

E 	—it'
* nA

CanOpy

-where 24 refers to the number of hours per day, S, (g h 1 ) refers to the mass sap flow, a,

-3 i(C111
2
) refers the stem area of individual stems with sensors, p (1 g cm ) s the density of

water, Asp, (CM2) is the total area of all stems at each site (e.g. open or closed), n is the

number of stems, and Acanopy (cm2
) refers to total canopy area. In order to ensure that the

sap flow gauges were functioning accurately, daily climate conditions and individual

sensor heat energy components were inspected graphically.

2.3.1.1 Stem Energy Balance Components

The stem heat balance (SHB) sap flow technique used in our measurement of seep

willow transpiration is based on the energy balance of a stem section to which heat is

applied from an external source. This technique has been used to measure rates of sap

flow in herbaceous plants (Sakuratani, 1981; Sakuratani, 1984; Baker and van Bavel,

1987; Steinberg, et al., 1989; Ishida et al., 1991; Senock and Ham, 1993; Kjelgaard et al.,

1997). Sap flow gauge data was monitored and analyzed on a continuous basis to detect

any irregularities that would indicate gauge malfunction. Line plots of individual energy
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balance components (Eqn. 1) were examined for deviations from normal line patterns to

detect problems with one or more elements of the sap flow sensor.

Figures 7 and 8 depict normal and abnormal diurnal patterns observed in the

individual components of a correctly functioning and malfunctioning SHB sensor

respectively. A diurnal pattern can be observed in the components of the stem energy

balance during a one-day period (Figure 7). Energy input (Qh) is constant. Longitudinal

(Qup, Qdown) and radial energy conduction (Qrad) components are affected by the degree of

sap flow, while convective heat (Qf) transported by shrub sap flow reflects a diurnal

trend. There is an inverse relationship between three heat energy components (Qup , Qdown,

Qrad) and Qf such that when Qf is higher, Qup, Qdown, and Qrad values are lower. The rate

of this increase/decrease is dependent upon the magnitude of sap flow. At high sap flow,

Qup, Qdown, Q rad values are very small due to minimal temperature differences between the

heat source and upstream-downstream thermocouples. At lower sap flow velocities, the

temperature difference between the then	 iocouples and heat source is higher and

consequently Qup, Qdown, and Qrad reflect higher values.
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Figure 7. Diurnal heat balance components of a "properly" functioning sap flow gauge

for a 24-hour period.

Figure 8 is an example of an improperly functioning sensor. In this illustration,

heat energy (Qh) is constant. Longitudinal (Qup ,) and radial conduction (Q„d) components

reflect poor sporadic inverse correlation with convective heat carried by sap flow (Q f).

Qdown does not display any relationship to convective heat; nor, is there any resemblance

of a diurnal trend in convective heat flux. To resolve sensor malfunction, raw data was

reviewed to determine the non-working elements of the sap flow gauge that required

replacement.



230 500 730 1000 1230 1500 1730 2000 2230

Figure 8. Diurnal heat balance components of an "improperly" functioning sap flow
gauge for a 24-hour period.

2.3.2 Meteorological Calculations

Climate provides the forcing for the transpiration process. Therefore, monitoring

relevant meteorological variables is important so as to better interpret the response by a

particular species to atmospheric demand. Common variables for analyzing vegetation

water use behavior are reference crop evapotranspiration (ETc), crop coefficients, and

canopy conductance. The computation of these quantities is described in the following

subsection.
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2.3.2.1 Reference Crop Evapotranspiration (ET ()

In this study we computed ET, using temperature, relative humidity, solar

radiation, and wind speed measurements to evaluate variations in atmospheric

evapotranspiration demand and its impacts on measured seep willow transpiration. The

Arizona Meteorological Network (AZMET) equation developed for southern Arizona

(Brown, 1989) was used for calculating ET, (mm h -1 ) whereby

ET, =W * R„ +(l—W)*VPD* FU 2 	(10)

where W refers to a dimensionless partitioning factor, R,,(mm hr-1 ) is net radiation in

units of equivalent evapotranspiration, VPD (kPa) is vapor pressure deficit, and FU? (mm

11 -1 kPa-1 ) refers to an empirical wind function.

Determining W, required first computing three separate variables: the saturation

vapor pressure (e s), the slope of the saturation vapor pressure curve (A), and the

psychrometric constant, (7). Once these were calculated, the partitioning factor was

computed. These variables were calculated in the following sequence:

Saturation vapor pressure, es , was computed by:

(17.27 *Ta )
es — 0.6108*exP (Ta + 237.3)

where Ta (°C) measured per half hour, represents the mean air temperature.



The slope of the saturation vapor pressure curve, A, (kPa °C I ) was determined by:

(597.4 — 0.571* Ta )
A = e,*

- p.i1o3*(T,, +273.16) 2 )

and psychrometric constant, y, was calculated by:

= 0.000646 * P * (1+ 0.000949 *T„ )	 (13)

where P (kPa) is atmospheric pressure.

Then the partitioning factor, W, was computed:

W= 	
(A+ y)

Determining net radiation (Rn), required first computing daytime and nighttime

solar radiation (Rno) conditions. Whereby, during daytime hours when solar radiation

(SR) was > 0.21 MJ hr -1

R„,= 277.8* (— 0.3+ 0.767* SR)	 (15)

and during nighttime hours when solar radiation (SR) was <0.21 MJ

R„, = 277.8* (— 0.17 + 0.767 * SR + 0.045 * e, )	 (16)
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where units of R a , are converted from MJ V I to W m -2 by the constant 277.8.

Equation 10 lists Rn (net radiation) in units of mm h ' 	equivalent evapotranspiration;

however computed Rno (Eqn. 15 & 16) are in units of W m -2 . Units are converted by

dividing R r, in units of W rn -2 by the latent heat of vaporization using the following

equation. Whereby,

R„,
(17)

(694.5*(1— 0.000946* Ta ))

where Ta (°C) measured per half hour, represents the mean air temperature.

Vapor pressure deficit (VPD) was determined by

VPD = — e a 	(18)

and ea is the actual vapor pressure determined by

e0 =e s * RH
	

(19)

where RH is relative humidity.

A daytime and nighttime wind function (FU2 ; mm hr -1 kPa -1 ) was determined

using the following equations:
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Daytime(R„ > 0): FU , = 0.03+ 0.0576* U 2

Nighttime(R„ O): FU 2 =0.125 + 0.0439 * U 2

where U2 (rn S-1 ) is the mean velocity of wind measured at a 2 m height.

2.3.2.2 Crop Coefficient (Kr)

A crop coefficient (1<c) for specific vegetation is defined as the ratio between

actual transpiration from a crop surface and reference crop evapotranspiration (Burman,

1980; Shuttleworth, 1993; Allen et al., 2001). The crop coefficient, a dimensionless

number (usually between 0 and —1.6), can be used as an indicator of the plant water status

and physiology of a plant species This ratio, often referred to as a crop factor, serves as a

valuable indicator of plant water stress. Higher values generally indicate high water

availability with high photosynthetic activity and growth rates. Lower values reflect

increasing plant stress including reductions in CO2 uptake and plant productivity. (Towler

et al., 2004). Crop coefficients (1(c) for seep willow were calculated using the following

equation:

(22)
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(21)

ET

where Esw is mean daily seep willow transpiration (mm (1-1 ); ET c is mean daily reference

crop evapotranspiration (mm d-1 ).
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2.3.2.3 Stomatal Activity

Examining plant conductance of water can provide an indication of stomatal

control exerted at the leaf level. Plant conductance values also represent potential

photosynthetic rate, carbon uptake, and stomatal conductance/resistance of water loss

such that carbon gain and water loss are locked into a tight feedback loop (Wainwright et

al., 1999). The Penman-Monteith equation is helpful for determining the relationship

between atmospheric demand and plant water availability (Monteith, 1965). This

equation describes the relationship between transpiration, boundary layer resistance,

canopy conductance, absorbed radiation, wind speed, temperature and vapor pressure

deficit. Plant conductance can be determined by incorporating transpiration values of a

plant species (E), boundary layer resistance (g a) and meteorological data into an inverted

Penman-Monteith equation. Stomatal activity was analyzed in seep willow shrubs using

the following equation (Granier and Loustau, 1994):

1	 A R„	 1 p C
	  1 	 + "	 VPD

y AE	 g AE Ay

where g is to canopy conductance at the stand level (m s -1 ), A (kPa0C -1 ), is the slope of

the saturation vapor pressure curve (Eqn. 12), y (kPa °C -1 ), is the psychrometric constant

(Eqn. 13), Rn (W m-2), refers to the solar radiation absorbed by the shrub crown at the

stand level, k (MJ kg -1 ), is the latent heat of vaporization of water, E (kg m-2 s -1, ,) refers

to shrub transpiration at the stand level, ga (m s -1 ), is the boundary layer conductance, p a

(23)
gC r0 1111
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(kg m -3 ), is the density of air, Cp = 1013 J kg -1 °C -I , is the specific heat of air at constant

pressure, and VPD (kPa), is vapor pressure deficit (Eqn. 18).

Where X. refers to the latent heat of vaporization of water (MJ kg -I ) using mean air

temperature (°C) per half hour calculated as:

A. = 2.501 — 0.002361T„„.	 (24)

Radiation absorbed by shrubs at the stand level was calculated by:

= [1 — exp(— kLA.aRrop 	(25)

where k is Beer's law extinction coefficient (0.47); LAI refers to seep willow shrub leaf

area index (m2 m -2); and R top , refers to net radiation at the top of shrub stands (W m -2).

LAI was assumed to be 3 based upon previous studies of shrub LAI (Steinwand et al.,

2001; Luo et al., 2004).

Boundary layer conductance at the stand level (ga ; m s -1 ) was calculated as both a

-1shoot boundary layer conductance (gas; m s') and a shrub crown aerodynamic

conductance (gam ; m s 1 ) (Kostner et al., 1992; Arneth et al., 1996) dependent upon wind

velocities with values converted to a ground-area basis by multiplying by seep willow

shrub LAI. Shoot boundary layer conductance (gas; m s -1 ) was determined by:
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g„s = 0.0425 for wind speeds < 0.1ms -1 	(26)

gas =	
1

7.27ws-"I°1
	for wind speeds > 0.1 ms -I (27)

Shrub crown aerodynamic conductance (gam; m s -1 ) was calculated from a wind

profile equation (Monteith 1965) as:

gaM =   (28)  
2 

ln 
(z — d)

z, _     

Where k is von Karman's constant (0.42); w is wind speed (m s -I ), zo refers to

displacement height (m); d refers to roughness length (m) and z refers to met sensor

height (m). d, roughness length was determined to be 0.09 m (open) and 0.08 m (closed);

and, zo , displacement height was deteli	 lined to be 0.6 m for both sites (see Shaw and

Pereira, 1982).

The density of air pa (kg m-3) was determined as:

pa =3.486 (29)
275+ T„

where P is atmospheric pressure (kPa) and T is mean air temperature (°C).

High values of g indicate that shrub stomata are open and demonstrating an elevated rate

of photosynthesis and carbon uptake and therefore productivity (Wainwright et al., 1999).



Stomatal conductance has been observed to vary dependent upon leaf irradiance, leaf

temperature, VPD and the concentration of carbon dioxide in the air around the leaf

(Cowan, 1977; Buckley and Mott, 2002).
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Vegetation Condition

Seep willow sap flow was measured from June 14 to November 6, 2003 (Day of

year, DOY, 165-310). This time interval represented seasonal sap flow values of: 1) the

pre-monsoon period (DOY 165-191) when water availability was lowest and atmospheric

demand highest, 2) the monsoon period (192-255) when water availability was highest

and atmospheric demand was depressed, and 3) the post-monsoon (DOY 256-310) period

when water availability was moderate and atmospheric demand was further depressed. In

addition to seep willow shrubs, the other dominant understory species at this site were

Johnson and sacaton grasses. These grasses primarily populated the floodplain area

nearby the open site and were sparsely distributed the length of the secondary channel at

the closed site. Seep willow shrubs at both study areas appeared fully leafed out and

green during the dry pre-monsoon period, providing evidence that these shrubs were

accessing groundwater at approximately 1.8 m below the surface. Adjacent Johnson and

sacaton grasses however did not appear as active during the pre-monsoon (e.g. grasses

were desiccated and lacked color). After the start of the monsoon (DOY 192-255), the

added rainfall encouraged active growth of grasses (e.g. grasses were greener, more

robust) and seep willow shrubs. Shrubs at both sites retained their foliage well into the

post-monsoon period with leaf senescence occurring after the end of the measurement
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period (DOY 309), while the Johnson and sacaton grasses seemed to dry out and lose

color earlier in this season.

3.1.1. Stand Structure

The size and structural characteristics of seep willow stands at both sites were

wide-ranging. Total canopy area at the closed site (54.5 m 2) was more than twice the

canopy area of the open (26.4 m2). There were only two distinct clusters of shrubs at the

open site whereas shrub groupings were smaller and more numerous at the closed site

(Table 1). Differences in mean stem diameters between the two sites were not statistically

significant (p = 0.05; open mn. dia. = 0.011 m, SE = 7.8 x 10 -4 ; closed mn. dia. = 0.008

m, SE = 4.3 x 10 -4). However the closed site had more stems, a higher percentage of

smaller diameters, and almost twice as much stem area as the open site (Figure 9, Table

1). In contrast, heights of seep willow clusters were taller at the open site (Table 1).

Likewise, the ratio of stem area to total canopy area was greater for the open stand than

for the closed stand (Table 1). Given these structural characteristics, the shrubs at the

open site might be older. This site, which sits above the primary and secondary channels,

is better protected from damaging floods, which may allow for increased longevity. On

the other hand, the structural differences might be simply due to better micro-climate

conditions rather than age.



Table 1. Structural characteristics of open and closed stands.
Position Cluster # Cluster Cluster Sensor Stem Total Cluster Total Stem

height Canopy Diameter Stem Area area/canopy
(m) area (m 2) (cm) (cm2) area

(m2 m-2)
Closed 1 1.9 8.2 3.2 23 2.8x l0

2 2.3 2.1 1.7 7 3.3 x 10-4
4 2.0 4.3 1.1 36 8.4 x 10-4
5 2.2 4.9 1.4 27 5.5 x 10 -4
6 2.4 7.0 3.2 46 6.6 x 10 -4
7 2.3 10.0 1.1 17 1.7 x 10 -4

7 2.2
8 3.7 12.5 1.8 208 16.6 x 10 -4

8 2.4
8 5.4
8 4.9
8 2.8
9 2.7 5.5 2.0 66 12 x 10 -4

3.5
1.9

Sum 54.5 430 7.9 x 10-4

Mean 2.2 6.8 2.6 53.8 7.9 x 1 0 4

Open 1 3.4 13.7 4.0 89 6.5 x 10 -4

1 3.3
1 2.2
1 1.9
1 2.7
1 1.7
1 3.3

3.0
2 3.0 12.7 1.8 152 12 x 10-4

2 2.1
2 2.3
2 1.9
2 8.3
2 1.7
2 2.1
2 1.9

Sum 26.4 241 9.1 x 10-4

Mean 3.2 13.2 2.8 121 9.1 x 10 -4
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Figure 9. Frequency of stem diameter sizes in open and closed stands.

3.2 Meteorological Conditions

Conditions at all three meteorological sites (LSW, OMS, CMS) were examined

during the entire study period to distinguish any micro-climate differences between met

sites (Figure 10). Climate variables of solar radiation, VPD, air temperature, and

reference crop evapotranspiration (Ell) from all three sites were averaged on a daily

basis and compared.

3.2.1 Solar Radiation

Highest solar radiation values were recorded at LSW with similarities in solar

radiation patterns displayed at LSW and OMS sites. Dips in solar radiation at both OMS

and LSW occurred on cloudy days (Figure. 10a). During the monsoon, LSW and OMS

recorded more variation in values which was evidence of the storm frequency during this
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time period. Solar radiation trends began a gradual decline from the onset of the monsoon

to the end of the study period at both LSW and OMS. CMS measured markedly lower

solar radiation which was likely due to the sheltering effect of the cottonwood canopy.

During the hot, dry pre-monsoon season LSW solar radiation reached a mean

maximum of 369 Wm a mean minimum of 213 Wm-2 and average of 318 W

Maximum, minimum and mean radiation values dropped considerably during the

monsoon and post-monsoon seasons for this site (Table 2). Overall LSW radiation values

were consistently higher and displayed the widest ranges than the other two sites. During

the monsoon, LSW solar radiation trends reflected a gradual decline that became more

pronounced during the post-monsoon period.

At the beginning of the monsoon, OMS solar radiation was slightly less than LSW

with minimum differences occurring midpoint of this wet season (approximately DOY

220-230). Mean differences in recorded solar radiation between LSW and OMS were 75

Wm -2 during the monsoon and 83 Wm-2 during the post-monsoon seasons. Towards the

end of the study period, OMS solar radiation values dropped considerably (around DOY

290) and were similar to CMS values.

CMS measured solar radiation was significantly lower, appeared to be relatively

constant and did not vary much seasonally. This effect was obviously due to the

protective influence of the cottonwood canopy. Solar radiation measurements by CMS
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were not considered truly representative of the actual radiation received at the closed site.

The CMS sensor recorded solar radiation from one position within the entire closed patch

so the measurement most likely did not adequately capture the actual mean solar

radiation that all shrubs at the closed site received.

3.2.2 VPD

During the arid pre-monsoon season, air moisture levels were very dry with

consistently high VPD recorded at the LSW met site (Figure 10b). The only significant

VPD decline took place after a single precipitation event (14 mm) that occurred on June

17 th (DOY 168). LSW VPD dropped dramatically around DOY 198 shortly after four

precipitation events which deposited 15 mm of rainfall. For the remainder of the

monsoon, VPD values remained relatively low reflecting the increased humidity brought

in from the monsoon. VPD levels continued to decrease slightly during the post-monsoon

reflecting decreased saturation deficit due to decreasing air temperatures. The majority of

declines in VPD were consistent with rainfall events and/or cloudy days.

OMS and CMS recorded considerably lower VPD measurements than at LSW.

These values were very similar and reflected greater air moisture content. The magnitude

and pattern of VPD dips and peaks was almost identical at both sites. Declines in OMS

and CMS VPD usually coincided with rainfall events. It was expected that VPD values

would be lower within the riparian floodplain setting as opposed to the alluvial terrace
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location (LSW) due to the presence of more transpiring vegetation and evaporation from

the nearby San Pedro River.

3.2.3 Air Temperatures

Air temperatures at all three sites were very similar with slightly higher

temperatures at LSW (Figure 10c; Table 2). Higher temperatures at LSW reflected the

less sheltered environment at this site. Temperature was highest during the hot pre-

monsoon season at the LSW site, coinciding with high VPD and solar radiation values.

Shortly after the first major rainfall event in the monsoon period, temperatures gradually

declined and declined even more so during the post-monsoon season. OMS and CMS

recorded temperatures were nearly indistinguishable.

3.2.4 Reference Crop Evapotranspiration (ET c)

Atmospheric demand for water as represented by reference crop

evapotranspiration (ETc) was highest at LSW during the pre-monsoon which was

indicative of the hot arid climate conditions (Figure 10d). LSW and OMS ETc were very

close in value and similar in pattern with dips on days having precipitation events. ET„

values were much lower at CMS reflecting the large decrease in solar forcing.
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Table 2. The mean, standard deviation, maximum and minimum of the daily average
meteorological measurements from all three sites for monsoon and post-monsoon seasons
during the 2003 study period (DOY 196-310)

Solar Rad (W
Monsoon

Mean Std. Dev MAX MIN

OMS 191 44 248 56
CMS 67 14 103 14
LSW 247 51 325 76

Post-Monsoon
OMS 122 48 194 45
CMS 51 9 71 26
LSW 208 46 274 66

VPD (kPa)
Monsoon

OMS 1.2 0.5 2.6 0.3

CMS 1.1 0.4 2.4 0.4

LSW 1.7 0.6 3.0 0.7

Post-Monsoon
OMS 1.0 0.3 1.6 0.1

CMS 1.0 0.3 1.6 0.1

LSW 1.0 0.5 1.5 0.3

Eto (mm d -1 )
Monsoon

OMS 5.5 1.2 7.1 1.7

CMS 1.8 0.5 3.1 0.6

LSW 5.2 1.3 7.1 1.1

Post-Monsoon
OMS 3.9 1.2 5.7 2.2

CMS 1.5 0.3 2.1 0.5

LSW 4.2 1.2 6.5 0.3

Temperature (°C)
Monsoon

OMS 23.2 2.4 27.7 19.2

CMS 23.0 1.8 26.6 19.4

LSW 24.8 2.1 28.8 20.3

Post-Monsoon
OMS 16.6 3.8 21.2 5.9

CMS 16.7 3.7 21.3 6.1

LSW 18.1 4.1 23.3 6.6
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Essentially, OMS and CMS displayed close similarities in air temperatures and

VPD and greater disparity in solar radiation and subsequent ET(, values. This same

pattern was also evident when determining seasonal mean, maximum and minimum

meteorological variables for these two sites (Table 2). A closer look at meteorological

similarities and differences between study sites during a selected four day monsoon

period having high mean daily solar radiation and clear sunny skies (DOY 219-222)

further supported this trend (Figures 11 & 12). LSW and OMS solar radiation and ET,

values were almost identical during this time, though the cottonwood canopy to the west

of the open site (see Figure 4) resulted in late afternoon shading at OMS. Air

temperatures and VPD were similar at OMS and CMS sites. Discrepancies in solar

radiation measurements between the two sites can be attributed to the location of the

CMS sensor within the closed stand. Closed study shrubs were spread out along the

secondary channel spanning a length of 31 m underneath the cottonwood canopy. This

site was receiving varying intensities of sunlight at different times of the day; however

the CMS sensor could only measure solar radiation from one position at the closed site.

For this reason, the CMS sensor could not effectively measure the total amount of solar

radiation received by closed shrubs and consequently the reliability and spatial

representation of CMS solar radiation and computed ET c. values for the entire closed site

are doubtful.



Figure 11. Comparison of (a) solar radiation and (b)reference crop evapotranspiration
(EL) at all three sites (LSW, OMS, CMS) during monsoon period (DOY 219-222).
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Figure 12. Comparison of (a) air temperature and (b) vapor pressure deficit (VPD) at all
three sites (LSW, OMS, CMS) during four-day monsoon period (DOY 219-222).
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3.3 Seep Willow Transpiration — Diurnal Perspective

3.3.1 Individual Sensor Measurements of Sap Flow

In order to provide a perspective of the typical diurnal cycle of shrub sap flow,

this section presents the behavior of shrub sap flow for all functioning sensors during

select three-day periods with clear sunny skies. The two periods selected were at the peak

of the pre-monsoon (DOY 183-185) and after the majority of the monsoon rainfall had

occurred (DOY 260-262). While the diurnal pattern was similar across all sensors at a

site, there was a high degree of variation in the sap flow magnitude (Figures 13-16).

Visually, differences in the magnitude of transpiration between sensors at each site did

not appear to be correlated between a sensor's stem location within the stand and

magnitude of water flux. Moreover, there was no clear relationship at either site between

the quantity of sap flow and stem size.

The effects of high VPD on sap flow was evident only during the pre-monsoon

(DOY 183-185) at the open site, where transpiration generally peaked in the morning and

declined thereafter coinciding with VPD daytime peaks of 4-5 kPa. High VPD and solar

radiation during this time period likely contributed to an increased regulation of stomatal

water loss at the open site. Meteorological conditions of lower VPD and solar radiation

and higher groundwater levels considerably reduced the stress effect of VPD on shrubs

and subsequently there was likely less stomatal control of water loss at both sites.
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Figure 13. Volumetric sap flow by (a) small sensor stems (<2 cm diameter) and (b) large
sensors at the open site during the pre-monsoon (DOY 183-185). Also Lewis Springs
West (LSW) vapor pressure deficit (VPD) is presented.
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Figure 14. Volumetric sap flow by (a) small sensor stems (<2 cm diameter) and (b) large
sensors at the closed site during the pre-monsoon (DOY 183-185). Also Lewis Springs
West (LSW) vapor pressure deficit (VPD) is presented.
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Figure 15. Volumetric sap flow by (a) small sensor stems (<2 cm diameter) and (b) large

sensors at the open site during the late-monsoon (DOY 260-262). Also Lewis Springs

West (LSW) vapor pressure deficit (VPD) is presented.



Figure 16. Volumetric sap flow by (a) small sensor stems (<2 cm diameter) and (b) large
sensors at the closed site during the late monsoon (DOY 260-262). Also Lewis Springs
West (LSW) vapor pressure deficit (VPD) is presented.
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3.3.2 Stem Diameter and Volumetric Transpiration

Normally, we would expect that total sap flow would increase with the size of the

plant stem. Several studies have shown that larger diameter trees tend to have greater

sapwood area; and, that in most cases, the magnitude of total sap flow increases with

larger diameters (Vertessy et al., 1995; Granier et al., 1996; Oren et al., 1999; Meinzer et

al., 2001; Delzon, et al., 2004; Lagergren and Lindroth, 2004). Whereas other studies

have found no direct relationship between stem diameter, active sapwood area and

sapflow (Phillips et al., 1999; Wullschleger and King, 2000). Contrary to our

expectations, there appeared to be no clear relationship between stem diameter and mean

total daily transpiration during the dry, hot pre-monsoon and post-monsoon periods

(Figure 17). Instead, several of the larger stems at both sites displayed lower flows than

medium sized stems. Similar results in another study noted maximum sap flux density

inversely correlated to stem diameters of trees in a tropical Panamanian forest setting

(Meinzer et al., 2001). This type of behavior has been attributed to reduced proportions of

actively conducting xylem in these larger stems which is reflected in lower sap flows

(Jimenez et al., 2000).
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Figure 17. Relationship between seep willow shrub stem diameter (cm) and mean daily

total sap flow (L d-1 ) at open/closed sites for a) pre-monsoon (DOY 165-191) and b) post
monsoon (DOY 256-310) seasons during the 2003 study period. Numbers next to data

points refer to sensor locations within seep willow stands.
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3.3.3 Effects of Meteorological Forcing on Site- Level Transpiration

Individual stem sap flow was scaled up to stand level transpiration in order to

better assess how shrub transpiration was impacted by meteorological forcing. Onsite met

measurements were unavailable during the pre-monsoon, therefore solar radiation and

VPD measurements from the LSW site were used to examine atmospheric forcing upon

shrub transpiration during selected pre-monsoon and late monsoon periods (to maintain

uniformity).

Transpiration patterns at the stand level were somewhat different during the

selected pre-monsoon period (DOY 183-185) between the two sites (Figure 18).

Transpiration peaked in the morning at the open site; while, multiple transpiration peaks

occurred throughout the day at the closed site. Open stand transpiration was influenced

by VPD and declined when VPD was greater than — 4 kPa; while VPD did not appear to

impact closed diurnal flows. There was no clear relationship between solar radiation and

transpiration at either site, perhaps because LSW solar radiation measurements were not

representative of the actual canopy radiation (Figure 19). Shrubs at the open site appeared

to be more clearly influenced by high levels of VPD with transpiration decreasing when

VPD was greater than — 3.5 kPa.

During the late-monsoon period, there were brief midday declines in open

transpiration while afternoon transpiration peaks were evident at the closed site (Figure

20). VPD appeared to be less of an influence on transpiration while solar radiation
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seemed to play more of a role at both sites (Figure 21). Thus, in the post monsoon period,

transpiration at both sites appeared to be less impacted by high levels of VPD while solar

radiation appeared more limiting.

Figure 18. Open/closed transpiration with LSW vapor pressure deficit (VPD) during 3-

day pre-monsoon period (DOY 183-185).
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deficit (VPD) and solar radiation measurements from 800-1700 h during 3-day pre-

monsoon period (DOY 183-185).
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Figure 20. Open/closed transpiration with LSW vapor pressure deficit (VPD) during 3-

day late-monsoon period (DOY 260-262).
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3.3.4 Effects of Meteorological Forcing on Canopy Conductance

While transpiration can be influenced by both atmospheric and biological

controls, canopy conductance is a measure of the plant's collective response to

atmospheric forcing. Canopy conductance, calculated using onsite meteorological

measurements could only be calculated after the monsoon start (DOY 196) due to

instrument malfunction at onsite met stations. This made comparisons of open and closed

conductance limited to monsoon and post-monsoon periods only. Therefore, conductance

was examined during a selected period (DOY 196-198) hereafter referred to as an early

monsoon period as substitute for the standard pre-monsoon period (DOY 183-185)

reviewed in previous sections. Total rainfall from monsoon onset up to this time period

(DOY 191-196) was 17 mm. Examination of open and closed conductance during this

period showed unique responses by seep willow shrubs to atmospheric and radiant energy

demands (Figure 22). During this period, conductance at the open site was negatively

correlated with OMS atmospheric variables of air temperatures and VPD. At the closed

site, conductance decreased to a lesser degree in response to increasing air temperatures

and VPD.

Total monsoon rainfall that occurred from DOY 193 up to the selected late

monsoon period was 123 mm. Canopy conductance response was very similar between

the sites during the selected late-monsoon period with open site conductance reflecting a

more pronounced response (Figure 23). Both were negatively impacted by increases in

air temperature, VPD, and solar radiation with stronger relationships at the open site than



at the closed. Seep willow stomatal response to high VPD during both seasonal periods

was similar to that observed in a humid-subtropical pine-oak forest in southeastern USA

(Addington et al., 2004)

Although relationships between meteorological forcing and transpiration were

different from that of atmospheric demand and conductance, both plant functions work

together as a compensating effect. High VPD conditions function as a moisture driving

gradient to promote stand transpiration; however canopy conductance is the plant's

collective response working contrary to plant transpiration tendencies and limits plant

water loss through leaf stomata.
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fit lines and coefficient of determination (R2) to indicate general trends.)
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Figure 23. Relationship between open/closed canopy conductance and onsite
meteorological measurements of (a) solar radiation, (b) air temperature, and (c) VPD
measurements (800-1600 h) during 3-day late-monsoon period (DOY 260-262). (Also
shown are best-fit lines and coefficient of determination (R2) to indicate general trends.)
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3.4 Daily Transpiration

During the pre-monsoon period, shrub water use was steady and did not appear

responsive to daily fluctuations in atmospheric demand as represented by ET, suggesting

that atmospheric demand was not limiting shrub transpiration at either site (Figure. 24a).

Actual solar radiation across the closed site must have been higher than recorded since its

transpiration rate was nearly the same as the open site and was higher than measured

CMS solar input or ET, (Figure 10). Recall that throughout the entire study period,

reference ET, at the closed site was 26 to 40 % of LSW ET, (Figure 24a). The rates of

transpiration occurring at both sites during a time when surface soils were dry in the pre-

monsoon suggests that seep willow shrubs were accessing groundwater at around 1.8 m

depth (Figure 24c). Daily transpiration was relatively constant (— 4.5-5 mm d-I ) during

the pre-monsoon and was likely limited by the plants' hydraulic capacity. Shortly after

the start of the monsoon season, atmospheric demand was lower and shrub water use was

more responsive to its fluctuations at both sites indicating more atmospheric demand

limitations. Thus, the additional moisture from flooding and rainfall did not have the

effect of increasing transpiration rates. Multiple flood events during the monsoon may

have negatively impacted closed transpiration temporarily (—DOY 226-256) as moisture

laden soils could have led to anoxic conditions for the majority of seep willow shrub

roots. Declines in reference ET, and shrub transpiration at both sites coincided with

precipitation events (Figures 24a, 24c). Water table levels were relatively shallow

throughout the study period with several peaks due to flood events, which generally

increased groundwater levels (Figures. 24b, 24c).
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Figure 24. Relationship of (a) seep willow transpiration at open and closed sites to LSW
reference crop evapotranspiration (Etc), (b) precipitation and (c) depth to groundwater
during the 2003 study period.
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There was strong positive correlation between mean daily transpiration values at

open and closed sites with a very close fit to the one-to-one line (Figure 25). Mean daily

transpiration at both sites were not significantly different (a = 0.05). Consequently

transpiration values were averaged together to obtain mean daily values representing

overall seep willow shrub transpiration for the study site.

Figure 25. Relationship between mean daily seep willow transpiration at open and closed
sites over the 2003 study period. The solid line represents the 1:1 ratio, the dashed line
represents actual linear regression relationship.

3.5 Site Comparison Summary

The following is a summary of differences and similarities between closed and

open sites.
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• In terms of plant structure, the mean stem diameter was larger and shrubs were

taller at the open site. The closed site displayed greater canopy area, narrower

stems, and greater stem density.

• Air temperature and VPD were very similar between the two sites but noticeably

less than outside of the riparian understory.

• Solar radiation at the closed site was much less than at the open site but this point

sample was probably not representative of the average solar radiation received by

all of closed site shrubs.

• There were no discernable differences in water loss between sensors based upon

stem size or stem location within either open or closed stands.

• Differences in stand transpiration quantities between the two sites were observed

briefly during the late monsoon period. This may have been due to repeated flood

events primarily occurring at the closed site which created anoxic conditions in

the upper soil profile for closed shrub roots thus reducing transpiration.

• During the early monsoon period, conductance at the open site was negatively

correlated to all three atmospheric variables with a more pronounced response to

higher temperatures. The closed site displayed a decrease in conductance to a

lesser degree at higher air temperatures and VPD. In the late-monsoon, both sites

reflected strong negative relationships with VPD and air temperatures and a

reduced response to high solar radiation.
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• There was a strong linear relationship between average site transpiration at both

sites with the open site having slightly larger values. The differences between

average daily means was not however statistically significant (a 0.05).

3.6 Mean Seep Willow Transpiration — Seasonal Influences

In this section, the relationship between mean daily seep willow transpiration,

basic meteorological forcing and groundwater depth throughout the entire study period

was examined in order to dete 	mine if transpiration could be predicted by these more

commonly available measurements.

Shrub transpiration during the entire study period was nicely coupled with all

three atmospheric variables of solar radiation, VPD and air temperature with the tightest

relationship to solar radiation (Figures 26 & 27). These positive relationships indicated

that transpiration is mainly controlled by atmospheric demand and rarely limited by plant

water status. It is important to point out however that transpiration tended to plateau at

values of SR.> — 300 W m2 and VPD > — 1.5 kPa. On days with these extremes of

atmospheric demand, the plants' stomatal regulation (as seen in Section 3.3.4) is

sufficiently large to keep transpiration limited to these high rates. Transpiration studies of

the other dominant phreatophytes with access to near-surface groundwater (like

cottonwood growing along a perennial reach) within the San Pedro have shown similar

demand limited behavior (Gazai et al., in review). A strong positive relationship between

water loss and ground water levels implied increased transpiration as groundwater levels



dropped, but this correlation is probably spurious as days with greater depths to

groundwater also tended to occur on days of greatest atmospheric demand (i.e., during

the pre-monsoon period).
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3.7 Seep Willow Crop Factor

To evaluate the degree that seep willow shrubs influenced or controlled

transpiration loss, daily crop coefficients (1(c) were calculated by taking the ratio of

measured shrub transpiration to reference crop evapotranspiration (ETc) (Eqn. 22) over

common time intervals. The stage of plant development, water status, and prevailing

climate conditions are what influence the magnitude of the crop factor (Shuttleworth,

1993). During the pre-monsoon period, seep willow crop coefficient values ranged

between 0.5 and 0.7, having an overall mean of 0.7 for the entire study period. After

several rainfall events during the monsoon, crop coefficients increased to slightly higher

values with a mean of 0.7 during this time period (Figure 28). Peak K, values were noted

to coincide at periods of low VPD (i.e., cloudy or rainy periods). This is a likely

consequence of the conductance vs VPD behavior as shown in Section 3.3.4. Similar

trends have been observed in garlic crop coefficients with high values of garlic crop

coefficients occurring at low VPD (Villalobos et al., 2004). This suggests that high air

moisture content creates a favorable environment and less water stress on shrubs.
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Figure 28. Seep willow crop coefficients and VPD during the 2003 study period (DOY
165-310).

3.8A Simple Model of Seep Willow Water Use

As part of a multi-investigator study of riparian vegetation water needs along the

San Pedro River in southeastern Arizona, this investigation was charged with determining

the growing season water use by seep willow shrubs. In general, the active growth period

for seep willow is considered to be during the summer months (USDA; NRCS, 2004).

However, there was no local phenological data available to effectively determine when

the 2003 growing season was for seep willow. Arizona's warm climate generally has

above average temperatures in comparison to the rest of the USA. Therefore, a

conservative estimate of growing season water use was based upon visual examination of

green-up conditions during the 2003 study period.
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Figure 29. Relationship of reference crop ET, to seep willow shrub transpiration.

Cottonwood and seep willow shrubs greened up in early April, 2003 (— DOY 91),

and their dormancy seemed to begin after the fall's first hard frost (— DOY 309).

Therefore, seep willow growing season water use was estimated by applying the

regression equation (Figure 29 - 0.43*ET0+ 1.14) to 2003 computed ET, data from the

Lewis Springs meteorological site for the period of green-up (DOY 91) to DOY 165

when actual field measurements started. This quantity was then added to the total

measured transpiration recorded from DOY 165 to DOY 309 resulting in a total growing

season water use of 821 mm. A related study of cottonwood water use resulted in a total

966 mm for this same period (Gazal et al., in press). A comparison of measured shrub

transpiration values to that of modeled seep willow transpiration reflected close
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similarities in transpiration patterns with the majority of measured transpiration values

greater than modeled amounts (Figure 30).

Figure 30. Comparison of estimated seep willow water use to actual measured seep
willow transpiration during 2003 growing season period (DOY 91-309).

Data from this study served as a useful comparison to determine how seep willow,

a major understory plant, compared with overstory cottonwood water use within the

SPRNCA. Transpiration differences between cottonwoods and seep willow were greatest

during the post-monsoon perhaps indicating that seep willow shrubs become dormant

earlier in the fall (Figure 31). Several times during the study seep willow transpiration

rates were comparable to that of cottonwood. These close similarities in transpiration

rates were most obvious during late pre-monsoon (DOY 186-191) and early monsoon

seasons (DOY 192-226). Respective mean transpiration rates for cottonwood and seep
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willow were 5.4 mm d -I and 4.6 mm d -I during the pre-monsoon; 4.6 mm d -I and 3.6 mm

d-1 during the monsoon; and 4.3 mm d -1 and 2.7 mm d -I in the post-monsoon. The shallow

depth to groundwater and the relatively open understory environment at the study sites

possibly contributed to this high magnitude of shrub water loss.

Figure 31. Comparison of cottonwood and seep willow shrub transpiration during 2003
measurement period.

Cumulative transpiration for cottonwood and seep willow shrubs displayed a

continual increase in comparison to periodic increases of precipitation (Figure 32). Total

precipitation for the study period (DOY 165-310) was 182 mm, while total water use for

respective cottonwood and seep willow study sites was 671 mm and 466 mm. Both

cottonwood and seep willow transpiration were well in excess of total precipitation with
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shrub transpiration exceeding precipitation by a factor of 2.6 and cottonwood by a factor

of 3.7 during the study period. These ratios imply that groundwater served as the major

source of water for both communities. Results from this study indicate that within a

riparian setting and under certain atmospheric demand conditions, seep willow shrubs can

and do transpire water amounts comparable to that of cottonwoods trees.

Figure 32. Cumulative precipitation and transpiration from cottonwood and seep willow
shrubs in 2003 (DOY 165-310).

3.9 Total SPRNCA Seep Willow Water Use

In order to assess the importance of seep willow shrub transpiration in the San

Pedro water balance, transpiration measurements need to be scaled up to the entire river

length. The standard approach is to multiply the total amount of water use by a given
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species during its growing season by the total aerial coverage (ha) (Goodrich et al.,

2000b). This required knowledge of the approximate percentage of seep willow cover

along the San Pedro River. Vegetation maps listing the percent cover of various dominant

canopy species along this riparian river were available; however, there were no

vegetation maps that quantified understory vegetation like seep willow.

Fortunately, we can obtain a rough estimate using the recent study by ASU

(Stromberg et al., in press). This study evaluated the percent coverage of both canopy and

understory vegetation species at eighteen sites along the San Pedro River within the

SPRNCA. Two transects per site were established perpendicular to the river channel that

spanned the floodplain width and extended to the base of the mesquite-sacaton terraces.

Vegetation abundance, stand structure and size structure were analyzed at these transect

locations and vegetation populations were classified based upon the dominant overstory

and understory woody species, canopy cover class, tree size class and fluvial geomorphic

surface. Vegetation cover measurements taken at each transect per site were extrapolated

to represent uniform coverage within areas between the two transects. This basic and

rudimentary approach towards approximating the amount of land surface area covered by

specific riparian vegetation communities was based upon the assumption that actual

measurements taken at each transect were representative of uniform vegetation cover in

the area between transects per site.
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Seep willow was classified as the dominant understory woody species at fourteen

of the selected eighteen sites and was estimated to cover approximately 30 ha of riparian

ground surface along the San Pedro River (Table 3) Seep willow cover is considerably

less than that of other major vegetation types in the perennial reach of the SPRNCA such

as the cottonwood/willow forest (253 ha), and sacaton grasslands (113-167 ha) (Scott et

al., 2005)

Table 3. Estimate of seep willow coverage within the SPRNCA

Reach Reach length

(km)

Floodplain

width (m)

Seep willow

cover (%)

Seep willow

amount (ha)

1 8.1 203 2.1 3.4
2 7.6 156 2.1 2.5

3 6.1 185 3.4 3.8
4 2.3 305 1.7 1.2

5 6.5 175 1.8 2.0

6 3.0 269 2.1 1.7

7 4.1 64 1.3 0.3

8 5.8 113 3.9 2.5

9 3.1 83 4.8 1.2

10 1.9 140 1.8 0.5

11 2.1 63 4.7 0.6

12 4.7 350 4.7 7.7

13 3.9 306 1.2 1.4

14 2.5 143 2.7 1.0

TOTAL COVERAGE 30.0
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Multiplying the total estimated growing season transpiration (821 mm yr -1 ) by the

approximate coverage of seep willow vegetation in the SPRNCA resulted in a total seep

S	 -willow water use of 2.5 x 10- 3 yr I . This amount is small in comparison to

cottonwood/willow water use (3.3 x 106 m3 yr-1 ). However if total water use by seep

willow is considered along with other additional understory vegetation such as sacaton

grass, Johnson grass, bermuda grass etc., that occurs throughout the understory

floodplain, then including it in the water budget estimates may be warranted.

3.10 Lysimeter Study

A test conducted in 2004 to examine the accuracy of sap flow measurement by

gauges produced close agreement between total shrub water loss measured by sap flow

gauges and those measured by a scale (Figure 33). However, there were some problems

with the half-hour measurements recorded by the scale due to datalogger accuracy or load

cell resolution, which prohibited a comparison at the 30-minute recording intervals.

Consequently, we chose to compare only total daily sums of recorded water loss.
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Figure 33. Daytime (530-1730) cumulative water loss simultaneously recorded by sap
flow gauges and lysimeter scale.

Daily amounts of sap flow as measured by gauges were about 10% greater than

that estimated by lysimetry (Figure 34, Table 4). The mean daily sum over the four-day

period was 2752 g d-1 for sap flow sensors and 2481 g d -1 for the lysimeter. These results

agree nicely with previous studies of measurement accuracies by sap flow sensors

(Sakuratani, 1981; Steinberg et al., 1990; Ishida et al., 1991; Weibel and Boersma, 1995),

which indicates a high reliability in, though possibly biased high measurement of

transpiration by our manufactured sap flow gauges.



3000 -

"Cl

'513 2500 -
co
cn
o
- 2000 -
G)
co

1500 -
a)

*ITC
• -woo -
E

500

ca

El Sap Flow

• Lysimeter

171	 172
DOY

173170

Figure 34. Comparison of total daily water loss measured by lysimeter scale and sap
flow sensors during 2004 3-day period (DOY 170-173).

Table 4. Total sum of sap flow rates from three seep willow shrubs compared with plant
water losses determined by lysimeter scale. Analysis is for a 14-hour period from 530 to
1930 for the 4-day period.

DOY Sensor #1
Sap Flow

(g d -1 )

Sensor #2
Sap Flow

(g di )

Sensor #3
Sap Flow

(g di )

Total Sap
Flow
(g di )

Lysimeter
weight
loss (g cl -
1)

Ratio of
total sap
flow to
scale wt.
loss

170 603.8 211.4 1846.7 2661.9 2587.2 1.0

171 616.3 228.8 1970.1 2815.2 2634.4 1.1

172 602.8 235.0 2014.1 2851.9 2497 1.1

173 604.8 213.5 1861.7 2680 2204.6 1.2
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CHAPTER 4

CONCLUSIONS AND RECOMMENDATIONS

4.1 Summary

This research addressed the quantity of water used by one of the dominant

understory vegetation types within the riparian corridor of the San Pedro Riparian

National Conservation Area. This study quantified the water use of seep willow

(Baccharis salicifolia) shrubs at a well-watered site within a perennial stream during the

period of June 14 through November 6, 2003 (DOY 165-310). Also potential differences

in water use characteristics between seep willow shrubs situated underneath a

cottonwood canopy and seep willow shrubs growing on the floodplain terrace with less

overstory cover were investigated.

An examination of stand structural characteristics at both sites revealed that shrub

heights were taller and mean stem diameters were larger at the open site. Data analysis

revealed similarities in meteorological measurements of air temperature and VPD

between the two sites; however, both site measurements were lower than measurements

recorded by an adjacent meteorological tower located outside of the riparian forest

gallery. Solar radiation measurements at the closed site were considerably lower than the

open site; although it was acknowledged that this recorded data was not representative of

actual solar radiation received at the closed site.
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An analysis of individual sensor sap flow measurements showed large variations

in sap flow magnitude with no correlation between sensor stem location and magnitude

of water flux. Furthermore, there was no apparent relationship between stem diameter

and quantity of sap flow. Several of the larger stems displayed lower sap flows than

medium sized stems and it was hypothesized that sapwood areas within these larger

stems contained reduced proportions of actively conducting xylem which resulted in

these lower sap flows.

Relationships of open and closed canopy conductance with meteorological

variables of air temperature and VPD during the early monsoon period (DOY 196-198)

reflected negative correlations at the open site and lesser responses at the closed site.

During the late monsoon period (DOY 260-262) canopy conductance at both sites were

very similar and displayed a more pronounced negative correlation to atmospheric

variables of air temperatures and VPD and a reduced response at higher solar radiation.

Comparison between the two sites revealed that the open site did have slightly higher

water use rates but differences between mean daily transpiration at both sites were not

statistically significant (a= 0.05). Therefore, transpiration values were averaged and

evaluated with respect to seasonal atmospheric demand.

Mean daily seep willow transpiration on a seasonal basis remained steady and

constant during the pre-monsoon period and appeared to have no obvious relationship

with atmospheric demand. In this period, water loss was more likely determined by plant
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structural controls on transpiration to regulate water use quantities on a daily basis during

this period of large atmospheric demand. There were greater correlations between

transpiration fluxes and atmospheric variables during the following monsoon and post-

monsoon periods, with more pronounced relationships displayed during the post-

monsoon season. Shrub response during these periods indicates atmospheric demand

limitations on seep willow water use. Estimated water use during the entire growing

season for seep willow was 821 mm based upon a simple regression model of ET° and

shrub transpiration flux (0.43*ET 0 + 1.14, R2 -= 0.80) which captured much of the

variability in shrub transpiration.

Mean daily seep willow crop coefficients on a seasonal basis ranged from 0.6

during the pre-monsoon; 0.7 during the monsoon and 0.7 for the post-monsoon period.

Crop coefficient peaks were observed to occur during low VPD periods; which may be

coupled to conductance behavior at low VPD; implying less water stress on seep willow

shrubs at high air moisture content. Shallow depth to groundwater and open understory

conditions present at the study sites may have contributed to similarities in transpiration

between seep willow and cottonwood during the late pre-monsoon (DOY 186-191) and

early monsoon (DOY 192-226) periods. Cumulative transpiration for seep willow and

cottonwood communities for the study period (DOY 165-310) was 466 and 671 mm

respectively. These amounts were well in excess of total precipitation of 182 mm that

occurred during this same time period and suggests that groundwater was the major

source of water for seep willow shrubs and cottonwood trees.
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Seep willow shrubs in the SPRNCA were estimated to cover approximately 30 ha

of riparian ground surface with total riparian corridor consumptive water use estimated to

be 2.0 x 105 m3 yr-1 . This amount is small in comparison to cottonwood/willow water use

(3.3 x 106 m3 yr-1 ) within the riparian corridor; however when incorporating water use by

all other additional understory vegetation (e.g. Johnson, sacaton, bermuda, etc. ), the

amount of understory vegetation may be more sizeable and warrant inclusion into the

riparian water budget. Lysimeter testing for accuracy of transpiration measurements by

fabricated sap flow gauges was determined to be within = 10% of scale measurements

and consistent with results obtained in previous studies of sap flow gauge accuracy tests

(Sakuratani, 1981; Ishida et al., 1991; Weibel and Boersma, 1995).

4.2 Future Perspectives

Riparian understory vegetation studies in semiarid regions present measurement

challenges and the need for site-specific modifications. The following recommendations

may provide improvement in conducting future research studies in riparian zones specific

to measurement of shrub transpiration.

1. A considerable amount of data was lost and measurement problems encountered

due to intense and frequent flooding during the monsoon season. Careful selection

of research sites in perennial reaches of riparian zones where there is reduced

potential for sensor submersion by monsoon flood events is suggested.
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2. Several constraints encountered in obtaining true representation of meteorological

conditions at the closed site have been stated in this thesis. Achieving a more

representative dataset of atmospheric demand conditions at the closed site may be

accomplished by deploying additional meteorological stations evenly throughout

the length of the closed study site. This would provide evenly distributed

measurements of atmospheric variables over temporal and spatial scales and may

then be correlated with variations in shrub transpiration measurements. These

meteorological variables can then be averaged to obtain mean values of solar

radiation, air temperature, relative humidity and wind speed for the closed site.

3. One of the result of this study indicated that stem sap flow did not correlate with

stem diameter size. A suggested approach to evaluate the validity of this theory is

to examine cross sectional areas of several shrub stems and evaluate how cross

sectional xylem areas scale with stem diameters.

4. Soil moisture was not monitored during this study. Adding soil moisture

measurements at both sites would allow examination of the influence of near

surface soil moisture upon shrub transpiration. Installation of two soil moisture

probes to a depth of one meter within each site is suggested. Data acquired from

these probes would evaluate the depth of infiltration after rainfall events,

approximate length of dry-down inter-periods and how soil moisture dynamics

may influence shrub-water uptake.



5. Leaf gas exchange and carbon uptake are additional parameters suggested for

expanding studies of shrub water use. These components would provide potential

information on the leaf level conductance and photosynthetic activity. It is

suggested to conduct diurnal LICOR measurements of leaf gas exchange and

carbon uptake per shrub for one-day periods during the pre-monsoon, monsoon

and post-monsoon. Field measurements can be scaled up to the shrub and stand

level at each site and correlated with open and closed canopy conductance

computations during that same twenty-four hour period to corroborate

conductance calculations and observe the degree of photosynthetic activity on a

seasonal basis at each site.

These suggestions may serve to improve future research studies quantifying water

use by seep willow (Baccharis salicifolia) shrubs along a perennial reach of the

SPRNCA. Each recommendation is provided to assist in obtaining additional

perspectives of riparian conditions and the atmospheric influences that drive seep willow

shrub transpiration in a riparian ecosystem of a semiarid region.
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