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ABSTRACT 

The Colorado River deha in Mexico has been partially revegetated following 20 

years of water flows from the United States. This dissertation describes the extent of 

revegetation, with emphasis on the return of native cottonwood {J*opuhaJremantii) and 

willow {Salix gooddingii) trees. Low-level aerial and satellite remote sensing methods 

were combined with ground surveys to census the vegetation in a 100 km reach of 

riparian corridor from Morelos Dam to the junction of the Colorado and Hardy rivers. 

Although the invasive plant, saltcedar {TamarixramosissimaX still dominates the riparian 

zone, native trees now account for 23% of the vegetation in the delta. Based on ring 

counts of trees, major age classes were established following 1983, 1993 and 1997 water 

releases from the United States to the delta. Miihi-band digital camera images obtained 

by aircraft were used to calculate the Normalized Difference Vegetation Index (NDVI) 

values for 80 scenes that were then scored for percent vegetation cover. There was a high 

correlation (r = 0.91 *•*) between NDVI and percent cover. A Thematic Mapper (TM) 

image taken concurrently with the aerial survey was similariy classified, and by 

comparing scenes on the TM and aerials, it was possible to calibrate NDVI with percent 

vegetation on the TM image. This information was used to conduct a change analysis 

relating flows in the Colorado River with summer vegetation patterns on TM images for 

the years 1992-1999. There was a positive correlation between frequency of flows and 

total vegetation cover. The results support the importance of pulse floods in restoring the 

ecological integrity of arid-zone rivers. 
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This dissertation also compared transpiration rates of three Sonoran Desert 

riparian trees using sap flow and leaf temperature methods in outdoor experiments at the 

ERL in Tucson, Arizona, in August, 2000. Popuhafiremontii (cottonwood), Salix 

gooddingii (willow) and Tamarix ramosissima (saltcedar) trees were grown in 

constructed canopies, in which 6 large, potted plants were placed closely together and 

allowed to intergrow to form a single, dense canopy over the summer. Six canopies (two 

of each species) were measured for sap flow by the heat-balance method, and canopy and 

air temperature differential (Tc-T.) using an infirared thermometer over 11 days. Forthe 

first 8 days, all canopies were kept continuously moist with fresh water; for the last 3 

days, plants were subjected to either water stress (irrigation was withheld umil plants 

wilted) or salt stress (plants were irrigated with S g f' NaCI). The experiments had two 

main objectives; first, to determine the strength of the relationship between transpiration 

(Et) and Tc-T* to determine if Tc-T, can be a useful remote sensing method to measure Et 

for these species; and second, to compare Ei rates among spedes, to determine if the 

invasive species, saltcedar, has higher Ei rates or ecophysiological advantages over the 

native trees species. The conclusions support significant (p<O.OS) correlations between 

E( and Tc-T. for ail species but predictive power was low. Linear r^ression equations 

improved when a radiation term was included in the equation predicting Ei from Tc-T,. 

Contrary to some previous studies, we did not find major differences in Et rates among 

these species under non-stress conditions, and all species performed well under high 

temperatures and vapor pressure defichs. However, saltcedar maintained higher Et rates 

than the native trees under water or salt stress. We conchide that the Tc-T. method could 
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be useful in estimating Et by remote sensing over riparian corridors, and that native trees 

are not at an ecophysiological disadvantage to sahcedar so long as sufficient non-saline 

soli moisture is available to support E|. 
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l .l Context ofthe Study and Statement of the Problem 

The introduction to this dissertation, "Remote Sensing Applications: 

Environmental Assessment of the Colorado River Deha, Mexico" focuses on habitat used 

by endangered species of the deha, the lower river reach, and the estuary, which opens to 

the Gulf of California. This stretch of the Colorado River runs from the northerly 

international boundary (NIB) between the United States and Mexico to the Gulf of 

California - a distance of approximately 200 km and is 70,000 ha (Glenn et al., 1996; 

Glenn et al., 2001; Pitt, 2001) (Figure 1). This work follows the University of Arizona 

Graduate School recommendation for the "published paper format" which has four 

chapters; (i) the introduction, (ii) present study's most important findings, (iii) 

references, and (iv) appendices. The introduction consists of three subheadings: (0 

background (general topics pertinent to the dissertation which lead to a statement ofthe 

problem), (ii) science literature reviewed for the study, and (iiO an explanation ofthe 

dissertation format, which describes the contnbution of each author in the appended 

papers. The background subheading has 12 sections, which are divided into three areas 

of concern: (i) water and habitat requirements in the delta, (ii) methods of measuring 

habitat via land cover estimates, and (iiO water balance via measuring transpiration rates 

of riparian trees. Hence, each of these three main concerns has three corresponding 

problem statements. 



25 

The people and habitats of the Colorado River before and after the system of 

dams was built is first reviewed within Part I of the Introduction-Background, then the 

Endangered Species Act ^SA) is discussed, and this is followed by a description of El 

Nino and its effect on the lower Colorado River. Next is the first statement of the 

problem, the lack of water for viable habitat that is used by endangered species of the 

delta; suggestions on how to resolve the water issues follow the statement of the problem. 

Part n of the Introduction-Background discusses pertinent definitions, important 

past research, and methodologies for remote sensing, land cover classification and image 

processing. Although these are general discussions useful to the topic of assessing the 

spatial and temporal dynamics of vegetation in environmental studies, they are also 

necessary for discussing the next section which outlines the requiremems for ground- and 

aerial-based remote sensing surveys. This discussion leads to the elaboration of 

techniques used to measure and map riparian habitat and to determine land cover change. 

The second statement of the problem focuses on the issues related to using remote 

sensing techniques to measure and map riparian habitat, concerns with having a common 

system for land cover classification, and problems with aerial-image processing 

(georectification, georeferencing, and mosaicking). 

Part m of the Introduction-Background is a review of the physiological 

measurements used in determining transpiration rate. Inchided is an extended description 

of plant physiology and how to measure leaf transpiration and stomatal resistance, along 

with the methods for using remote sensing to estimate transpiration of riparian trees via 

crop models and the water stress index. Concluding is a statement of the problem 
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regarding how to determine the water budget for the delta. The difficulties of estimating 

transpiration in a natural setting are summarized, particularly that of measuring the 

transpiration rate of riparian species using remote sensing techniques. 

Next is the Introduction-Literature Review, which consist of a review of the 

science literature that is fundamental to the validation of the work in this dissertation; it 

describes the need for research in the delta, which deals with land cover classification and 

land use change, as well as measuring transpiration of semi-arid riparian vegetation. It is 

possible that this research could lead to a model for determining water stress in plams or 

contribute data required for detemuning the overall water balance of the delta. The 

literature reviewed is divided by topic. These include desert riparian species, land cover 

change detection using hyperspectral and/or image processing techniques to distinguish 

landscape components, problems which contribute to the error in predicting ground 

vegetation characteristics from satellite-derived VI and percent cover, agricultural-based 

methods to estimate transpiration rate (i.e., the trapezoid method), and seasonal riparian 

methods to estimate transpiration rates to help quantify the water budget in arid-land, 

riparian ecosystems. 

The last part of the Introduction is the Explanation of the Dissertation Format. 

The research presented next consists of five aspects of environmental restoration of the 

Colorado River delta region. The first paper, "Ecology and conservation biolo^ of the 

Colorado River Delta, Mecico," outlines the biogeography of the Colorado River delta 

and provides details regarding the importance of this region. The second paper consists 

of a peer-reviewed editorial that outlines the environmental and l^al concerns for 
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restoring habitat and water needs in the Colorado River delta. It is titled, ''Editorial; 

Application of the US Endangered Species Act across international borders: the case of 

the Colorado River delta, Mexico." The third and fi)iirth papers are remote sensing 

studies in the Colorado River deha. These are titled, "Assessment of spectral vegetation 

indices for riparian vegetation in the Colorado River deha, Mexico" and "Regeneration of 

native trees in response to flood releases fix>m the United States into the delta of the 

Colorado River, Mexico," respectively. The last paper, "Comparison of transpiration 

rates among salt cedat (Tanarix ramjsisima\ cottonwood {Populusjremontii), and 

willow (Salix gooddingii) trees using sap flow and leaf temperature methodsi" applies 

ground-based remote sensing techniques. 

The most important findings of the three areas of focus in the dissertation are 

under the subheading. Present Study. The first section summarizes the most important 

findings of the people and habitats of the Colorado River deha. The second summarizes 

the most important findings that used remote sensing for measuring the extent and type of 

riparian vegetation in the delta and for assessing the correlation between flood events and 

riparian growth. The third summarizes the effectiveness of estimating tnnspiraiion rate 

in three riparian species using sap flow and leaf temperature methods. 

The last subheading. References, lists those used for all aspects of the dissertatiofi, 

but the references in each publication are only included in the appendices. Following this 

is the Appendix section. Each of the five papers makes an appendix, such that 

Appendices A-E are attached after the references. 
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1.2 Background Literature Review 

1.2.1 The Altered Colorado River System: People and Habitats 

"The Colorado grows grapes in New Mexico, brews beer in Colorado, raises 

minnows in Utah, floats rails in Arizona, lights jackpots in Nevada, nurses elk in 

Wyoming, freezes ice for Califonua, sweetens cantaloupes in Mexico" (Carrier, 1991). 

The current ecological status of the Colorado River and its delta, wetland and riparian 

habitats are reviewed in Appendix A; "Ecology and Conservation Biology of the 

Colorado River Delta, Mexico." This review documents earlier studies of the delta and 

emphasizes recent research conducted by the research group at the Environmental 

Research Lab (ERL) and associates at other institutions (TTESM-Guaymas, Sonoran 

Institute (SI), Defenders of Wildlife (DoW), and Environmental Defense Fund (EOF)), 

which has been collected together in a special issue of Journal of Arid Environments 

(Glenn etal., 2001). 

The native people and environments of the Colorado River delta were much 

different before the damming of the Colorado River, which drains 244,000 square miles 

(1/12 the size of the lower 48 states) and divides the region as no other, being the most 

legislated, litigated, and debated river in the worid (Pitt, 2001; Luecke, 2000): For more 

than 70 years the delta has been drying up, which causes wildlife and human lifestyles to 

change abruptly (Luecke et al, 1999). The sustainable lifestyle of the Cocopah Indians 
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('"river people' without a river") is comprised of huming mule deer and plaming com, 

squash, and tepary beans with the summer floods; they were able to produce a robust crop 

before the mud flats dried up again (Bowden, 1977; Williams, 1983). These people, who 

still live along the river, and the ancient Mohave and Yuma peoples, previously harvested 

wild Palmer's saltgrass (DisticMispdmeri), utilized arrowweed (Phichea sericea) to 

build houses, and consumed fish each day, but these resources decnased when the water 

supply did (Felger and Moser, 198S) Both the quantity and quality of water have 

decreased dramatically in the last 70 years due to the system of dams, headgates and 

canals (Weatherford and Brown, 1986); when the water is flowing, it runs murky brown, 

salty, and contains pesticides (^A, 1998), although the agricultural contaminants are 

higher on the U.S. side (Garcia-Hemandez, 2001). Mmy species of birds, animals, fish 

and plants have disappeared (EDF, 1999) from an area that was once rich from the fertile 

silts and nutrients that flowed into the deha and which supported the diverse indigenous 

culture based on fishing, harvesting, and small-scale irrigation fanning (Glennon and 

Gulp, 2001). Two marine animals have been listed as endangered species, including the 

world' s most endangered nnarine mamnul, the vaquita porpoise {Phocoena simts) and the 

totoaba fish (Totoaba macdonaM) (Pitt, 2001). These fish used to grow as long as seven 

feet (-2.3 m) and weighed 300-pounds (136 kg) ^ostel et a!., 1998); they bred at the 

mouth of the river in thick schools and the tides sent their ^gs back into the deep, natural 

nursery of the delta (True et al., 1997; Cisneros-Mitta et aL, 199S). Another fish in the 

delta on the endangered species list is the desert pupfish (f̂ yprinodon macybarius) 

(Zengel and Glenn, 1996; Varela-Romero et al., 1998; Nagler et al., 2000). 
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Some native floral species still remain today (Glenn et al.. 1996,1999a, 1999b, 

2001; Pitt, 2001). These include Cottonwood trees (PefwA(5>!ieiifonlSfi) and willow trees 

{Salix gooddingii), the seepwillow {Baccharis saHcifoHa}, and arrowweed (Phichea 

sericea) (Glenn et al., 1996). The native people who irrigated the land by building 

ditches and dams used mesquite poles for building the dams (Felger and Moser, 198S). 

In the lowland areas of the delta there are mesquite trees (Pros(ffis gbmdulosa); in the 

higher areas, other mesquites {Prosopispubescens) exist (Glenn et al., 1996,2001). The 

low-lying regions are also filled with salt-tolerant species, such as sahbush {Atroplex 

spp.), the common reed {Phragmitesaustrah's) and sahgrass {DisticMis qricata) (Glenn et 

al., 1996, 2001). 

The riparian corridor of the lower Colorado River was historically a mixture of gallery 

forest habitat (cottonwood and willow trees) interspersed with backwater wetlands 

(dominated by cattail and other emergent pbuit species). These habitats were maintained 

by the natural flow regime, which consisted of spring floods that brought water out of the 

main channel to wash salts from the banks, germinate tree seeds, and create seasonal 

wetlands. 

Studies of the waterbirds of the deha have been conducted (Huefta et al., 1999; 

Garcta-Hemandez et al., 2000; {finojosa-Huerta et al., 2001; Pitt et al., 2000). The 

vegetation in the riparian corridor and wetland habitats provides respective breeding and 

nesting ground for the southwest willow flycatcher {Empidonax tndUii extinms) (Garcia* 

Hernandez et al., 2001a, 2001b) and the yuma clapper rail {RaUus langirmtris 

yiimanesis) (Hinojosa-Huerta et al., 2001), both of which still exist, in relatively small 
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numbers; these two species are listed as endangered by ESA. Mexico lists two other 

endangered birds that are still found in the delta; the brown pelican {JPeteamus 

occidentalis) and the peregrin fidcon (Falco peregrinus ematum); the yellow-footed gull 

(Lams livens), Heermann's gull {Larus heermami), elegant tem (Sterna elegans), and 

reddish egret {Egretta rufescem) are listed as threatened (Pitt, 2001; Nagler et al., 2000). 

An additional three species are listed for special protection: the brant (Bnmta hermcla\ 

house finch (Carpodacus mexicams), and mockingbird (Mimuspolyglottos); and one 

rare species: the great blue heron (Ardea herod'us) (Pitt, 2001; Diario OfSiciel, 1994). 

Unknown species may have disappeared. For example, Kowalewski et al. (2000) 

reported on two trillion shells at the mouth of the Colorado River. And, where 

historically abundant fresh river water mixed with the salty Gulf of Caliform'a, the delta 

clam, a bivalve mollusk {Mulinia coloradoensis), has only one small remaining 

population (Flessa and Tellez-Duarte, 2001). 

Although now considered premature, "the ectensive environmental damage 

chronicled by Fradkin and others to the region, in "A River No More (1981)" written in 

1980 after the filling of Lake Powell, led most environmentalists to conclude that the 

delta was effectively dead, or damaged beyond repair" (Glennon and Gulp, 2001). In the 

delta, the water shortage is most evident when compared to Aldo LeopoM's ''green 

lagoons" (Leopold, 1948). 

"The river was nowhere and everywhere, for he could not decide which of 
a hundred green lagoons offered the most pleasant and least speedy path to 
the Gulf.. [The river] divided and rqoined, twisted and turned, meandered 
in awesome jungles [of Cottonwood and willow], it all but ran in circles, 
dallied with lovely groves...the still waters were of a deep emerald hue...a 
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verdant wall of mesquite and willow sqMrated the channel from the 
thorny desert beyond" (Leopold, 1949). 

He described the riparian forests, wetlands, and lagoons the same year that the historic 

1922 Colorado River Compact was signed and plans were laid for the Hoover Dam. In 

1922, river regulation began in both the upper and lower basins; 7.S-maf.^. of water was 

to be provided to each of seven states (Wyoming, Utah, Colorado, New Mexico, Arizona, 

Nevada, and California) and Sonora, Mexico. Although the water helps grow food on 

approximately 3 .7-million acres of irrigated farmland, and provides domestic water for 

nearly 30 million people in the region, with projected growth to 38 million people by the 

year 2020 (Glennon and Culp, 2001; Morrison et al., 1996; INEGI, 2000a; 2000b), the 

Colorado River Compact is no longer effective in meeting the needs of the current, 

mature, and burgeoning conununities (Pitt, 2001; EDF, 1999). New rules for 

environmental concern and awareness have stemmed from Mexico and Native American 

rights and claims; the right of the Indians of the Colorado River was considered 

"negligible" in the 1922 Colorado River Compact (Welsh, 1995). Renegotiation of 

written policies to move more water in proximity of human populations and to create new 

ways to exchange, augment, conserve, and manage the hydrological and biological 

aspects of the ecosystem is underway, and still, Mexican authorfties are not considered in 

the policy-making (Department of Interior, 2001; BoR, 1999; IBWC, 2000; Hayes, 

2000). 

The 1944 Rivers Treaty with Mexico guaranteed that country 1.5 million acre ftet 

a year (maf/yr ), however, due to under-estimates and evaporation from reservoirs 
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(which removes 2 maf/yr.), annual flow has averaged only 14 million since the 1930s, so 

the Colorado cannot live up to its committed delivery of 16.S maf./yr (IBWC, 2000). 

With construction of dams and diversion of water for human use, the flow regime was 

stabilized on the U.S. portion of the river and the natural flow was disrupted (denn et al., 

1996; Glenn et al., 1998). Overbank flooding is now rare, and as a result, the gallery 

forests of cottonwoods (Populusfremontii) and willows {Sedix goodcSngii) have been 

nearly completely replaced by an invasive, salt-tolerant sahcedar (Tamarix ramosissima) 

from Eurasia and native halophytes (Ohmart et al., 1988). Without these flows, scrub 

vegetation does not get scoured out, salts do not get washed out from the river bank, and 

native trees do not get the water they need to germinate (Glenn et al., 1996; Glenn et al., 

1998). 

This is not unlike the upper reaches of the Colorado, where native fish that are 

used to warmer waters and muddy bottoms cannot handle the changes in temperature and 

sediment with this regulated river system. With the sih backed up in the dams, clear 

water is able to eat away at the existing sand and silt, which form the basis for the whole 

ecosystem. More than half the endemic fish in the upper basin are listed as endangered 

(U.S.BoR, Colorado River Fish and Wildlife, Website_l). Beavers disappeared because 

underwater entrances to their homes were exposed to the air when the water level fell. 

Finally, most cliff swallows in the canyons left because there was not enough mud for 

their nests (U.S.BoR, Colorado River Fish and Wildlife, Website_l). 

The Colorado River carried the largest sediment load of any river in North 

America (180 million tons/year) (van Andel, 1964), yet three very large dams were built 
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on the lower reaches: (I) Hoover Dam (1961) severely restricted water supply to the 

delta, (ii) Morelos Dam (1963) further reduced flow, and (iii) Glen Canyon Dam (1964) 

reduced flows such that virtually no water reached the defta (Glennon and Culp, 2001). 

Now, only 13 million tons/year are delivered to the deha (Welsh, 1995). By the time the 

river reaches Morelos Dam at the border, it retains the last load of sediment, which leaves 

little-to-no sediment to reach the Upper Gulf of California (Carriquiry and Sanchez, 

1999). Without this sediment to nourish the delta and the Gulf estuary, the native species 

are affected; thus the delta clam (MuUm'a coloradoensis), which was once the most 

abundant mollusk inhabiting the estuary of the Colorado River Delta (Flessa and Tellez-

Duarte, 2001) may soon become listed as endangered, just as the vaquita porpoise 

(Phocoena sinus), totoaba (Totoaba macihnaldii), desert pupfish {Cyprinodon 

macularius), and the bobcat {Felis rufits) have already been listed as endangered by the 

ESA. 

The Colorado River begins at elevations of 14,000 ft. on the continental spine of 

the Rockies near Mammoth Glacier in Rocky Mountain National Park and in Wyoming's 

Wind River Range where the Green River feeds into the Colorado. The Colorado has the 

greatest elevational drop in North America and carves the mile-deep Grand Canyon. 

Only the seventh longest, it runs for 1,450 miles, but the volume (14 maf/yr.) is only a 

fi-action of that of the Columbia (92-maffyr.) or Mississippi (400 mafi'yr.). It is also the 

most silty (380,000 tons/day are moved downstream) and one of the sahiest (carrying 9 

million tons a year) (Worid River Review, 1997). Federally-owned, it has been nearly 

regulated out of existence; the river has scores of reservoirs, diversion dams and 
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pumping stations, hundreds of miles of aqueducts and tunnels, thousands of miles of 

canals, and 30 hydroelectric plants (Bureau ofReclamation, 1999). 

Near Yuma, on the border of Arizona and Mexico, the Colorado River backs up 

behind Imperial Dam, which takes more than 20% of the water, the single largest chunk 

of the river, and flows through the All American Canal about 80 miles west of 

California's Imperial Valley (BoR, 1999). The Valley receives only three inches a year 

in rainfall (NOAA, 1996); hence, the valley's SOOHnillion acres of farmland would revert 

to desert without the 2.9 million acre-ft. of water drawn from the Canal (Pontius, 1997; 

Bureau ofReclamation, 1999). The Canal crosses the Imperial Sand Dunes and 1S% 

(70,000 acre-ft./yr.) soaks into the sand, while another 1 nuif of water runs off and 

beneath the Valley's irrigated, productive fields (Pontius, 1997; Bureau ofReclamation, 

1999). Altogether, 700 prosperous farmers generate about a billion dollars a year in 

produce, grain, and livestock; and they have a senior right to the river's water (Pontius, 

1997). However, the land is so salty and the river water is so saline due to being 

extracted, evaporated from the reservoirs, passed over the natural salt beds, and poured 

through soil that was once the bottom of an ancient sea, it takes extra water, poured 

through the soil, to flush salt away fh>m roots (Carrier, 1991). Pipes buried 1-5 meters 

feet deep carry the excess salty water away through 1,400 miles of pipeline carrying 

drainage to rivers that empty into the briny Salton Sea (Glenn et al., 1996). More 

efficient irrigation methods, like the drip system, are replacing these older methods of 

irrigation. 
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Based on Bureau of Reciamation statistics. Carrier (1991) describes the 

following; The California cities that receive 33% of their nninicipal water from a 242 

mile Colorado River Aqueduct receive a billion gallons of water/day. The Arizona 

aqueduct system, umbilical cord amongst the Saguaro cacti, slows the depletion of 

groundwater pumped from deep wells. The Bureau of Reclamation spent $3.5 billion on 

the aqueduct network, which includes the Central Arizona Project (CAP) that stretches 

335 miles from Lake Havasu to central Arizona farms, Indian reservations, industries and 

cities, ending in Tucson (taking 1.5 maf/yr.). A pump house at CAP draws 1 billion 

gallons/day of water for southern California and carries water for ten tribes ofNative 

Americans. It is not covered and not protected from evaporation; comparably, the 

evaporation rate offLake Powell is such that the lake decreases by 5 feet annually. Not 

counting evaporation losses, nearly a half-trillion gallons of water a year is drawn from 

the river, so cartographers no longer draw the Colorado River as a vibnuit blue line. 

Furthermore, the Bureau of Reclamation helped build a coal plant near Page, Arizona so 

farmers can subsidize economically, which taints the air over the Grand Canyon and the 

Navajo Reservation (Carrier, 1991). 

The last of the Colorado River is pushed into Canal Central below Morelos Dam 

in Mexico, south of Yuma, and the riverbed becomes shallow enough to wade across, 

giving opportunity to the border crossers. There are 15,000 or so fanners living in the 

delta area and they only farm 80% of their land because only 66% is irrigable (Sonora, 

Mexico) (INEGI, 2000a,b). In Mexico, agricuhure is the primary consumer of water, 

similarly, on the U.S. side, agricuhure draws 80-90% of the Colorado River's water. The 
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rest of the water is for industrial or urban use, which is needed for cities like Tijuana, 

Mexican, and San Luis Rio Colorado. In 1997, Tijuana increased employment by 14% 

seven times faster than in San Diego, California, due to offshore manufacturing plants 

(the maquUadora industry). These companies have profits to off set the cost of buying 

water (Calbreath, 1998 in Garcia-Hemandez, 2001); however, just as the economic 

struggle in the U.S. is between the irrigators and power interests, in Mexico, other 

Mexican industries (municipalities and ketones) are fighting for thev share (Coronado, 

1999). 

1.2.2 The Endangered Species Act 

The legal responsibility of the United States to support the delta ecosystems is in 

dispute, as detailed in Appendix B, "Application of the US Endangered Spedes Act 

across international borders; the case of the Colorado River delta, Mexico." The dispute 

centers on the reach of the Endangered Species Act (ESA) that questions the 

responsibility of the United States to take into legal account its actions, which impaa 

U.S.-listed endangered species outside the country. The Colorado River delta has 

become the first test case of this issue. A review of the philosophical background of the 

ESA is provided below. Appendix B briefly mentions how remote sensing methods 

could be used to resolve some of the technical issues surrounding the delta so that all 

sides at least have a common database from which to work. 
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Conserving entire ecosystems and the physical processes, the biogeochemical 

underpinnings, and inter-relationship between species that sustain the ecosystems must 

become the goal of preserving biological diversity. "A disregard for anthropogenic 

factors that contribute to the destruction of our natural world could soon cause us to find 

our own survival in question (ESA, 1998). Yet, it is the human capacity for empathy and 

compassion, not ecosystem management and biodiversity efforts (despite the inherently 

sound contribution of each), that drives humans to fight for the rights of non-humans, a 

future for as many as possible, and saving habitat, plants and animals before they 

disappear as species (Chadwick, I99S). 

Calilfomia gray whales, which were once listed as endangered species, mate and 

give birth in the warm and salty waters of sheltered Mexican bays in the Sea of Cortez. 

Although the ESA takes credit for recovering nearly ten species, five-hundred species 

and subspecies of plants and am'mals have become extinct since the 1500's (Gillon and 

Snape, 2000; Pitt, 2001). Prediction models show that 2S% of current species are to 

disappear by the year 20S0 (Chadwick, 199S). It wasn't until 1973 that Congress 

responded with the Endangered Species Act (ESA) that is today the most potent piece of 

environmental legislation in the world (Gillon and Snape, 2000; Pitt et al., 2000; Pitt, 

2001). The ESA is based on a two-part assumption that each life-form may prove 

valuable in ways we cannot yet measure and that each is entitled to »dst for its own sake. 

The tough and controversial law fiiels bitter debates over economic balance, nature's 

balance, property rights, and the limits to growth (Chadwick, 1995). 
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The first endangered species legislation was a 1966 bill that called for saving 

American wildlife, but like The National Environmental Policy Act (NEPA), the Clean 

Water Act (CWA), and the Federal Land Policy Act (FLPA), it mostly provided 

regulation, not enforcement. Although the U.S. Depaitment of Interior formed the 

Convention on International Trade in Endangered Species (CITES) to help control the 

trafficking of animals or animal parts worldwide, it is through the Fish and Wildlife 

Service (USMBP) and the National Marine Fisheries Service (NMFS) that the status of 

species at risk is reviewed and subsequently listed as threatened or endangered. 

More than 1,400 species are listed as endangered by the U.S. ESA (ESA • General 

Information Fact Sheet, 1998; ESA, website_l, 2001). Of these, 900 domestic and 500 

foreign species (including oceanic species) are protected through international trade 

sanctions. Yet another 3,700 species were candidates (199S) that had not yet been 

reviewed. Additionally, 200 domestic and 40 fordgn species are listed as threatened 

(ESA, 1998). Species have become threatened, endangered, or extinct through natural 

and man-made causes (ESA, 1998; ESA website_1,2001). Non-anthropogenic causes 

include poor reproduction, competition, disease, or predation. Anthropogenic causes 

include killing, harming, harassing (and exploitation of either prized (i.e., Nellie Cory 

Cactus) or hated (i.e.. Gray or Red Wolves) species) and habitat destruction and alteration 

(ESA, 1998; ESA website_l, 2001). Rates of extinction can be slowed by including the 

protection of natural resources under the ESA. 

In 1966, the endangered list consisted chiefly of birds and mammals (warm

blooded vertebrates), but, now the list contains of plants and invertebrates as well (ESA, 
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Website !; Chadwick, 199S). Habitat destruction and loss highly affects the breeding 

ranges of birds in particular, but also largely contributes to general degradation of the 

biodiversity of an area, threaterung multiple species. In 199S, the Center for Plant 

Conservation stated that 4,000 (20%) plant species in the U.S. are imperiled and perhaps 

700 could be gone by 200S (CPC, website_l). In the Colorado River delta's extensive 

wetlands (reduced to 40,000 acres from 3,800 square miles) (Glennon and Culp, 2001), 

there are two types of marshes containing important plants; (i) a cattail {Ty^u 

domengensis)) brackish marsh called the Cienega de Santa Clara and (ii) an intertidal, sah 

marsh with endemic saltgrass (Distichlispalmeri) (Glenn et al., 1992a, 1992b; Glenn et 

al., 1996; Zengal et al., 1995)). In these marshes a diversity of other plants is supported, 

including the water pennywort {Hydrocotyle vertidUata) and flat sedge {Cyperus 

laevigaius) (Glenn et al., 1992a, 1992b; Glenn et al., 1996; Zengal et al., 1995). 

Along with endangered plants, invertebrate species have been listed by ESA. 

Freshwater mussels are important for the natural ecosystem; they are a good indicator 

species for detecting water quality problems. They are a shelter for micro-oiganisms and 

are a food source for fish, birds, waterfowl, and small vertebrates. The shells are also 

economically viable, as they did once provide buttons at a time when shells, not plastics, 

were used. Additionally, they are medically viable, as the shells are being explored by 

medical researchers due to their resistance to tumors. However, in the U.S. alone, 

approximately 60 of300 freshwater mussels are listed as endangered. As 75 or more 

species are currently declining, this has severe implications for the species that feed off 



them and use them as protection, as well as for the medical treatment of humans 

(Chadwick, 1995). 

Similar to mussels, clams are also an important indicator of ecosystem health. A 

press release detailing the findings of a scientific study 'Taxonomic status and 

distribution of the bivalve molluakMulinia coloradoensis in the Gulf of California 

(Flessa and Tellez-Duarte, 2001)" conchides that a clam found at the mouth of the 

Colorado River in Mexico occurs nowhere else in the world. A related 1999 report by 

the Center for Biological Diversity (CBD) and Defenders of Wildlife (DoW) concluded 

that drastically reduced Colorado River flows from the U.S. is the likely cause of the near 

extinction of the species (CBD, 2001). 

The preservation of the diversity of species is complex. The protection of large, 

vast wildlands would help to rectify the problem faced by the ESA The National Parks 

system and public domains, such as state parks, are expected to carry out protection and 

recovery efforts. However, as the former Assistant Secretary of the Interior, Nathaniel 

Reed, stated, "it is only through the willing assistance of private landholders that 

ecosystem management may succeed" (Chadwick, 1995). This has been especially true 

in the Colorado River delta region where private landowners have applied for grants to 

use parts of their land and wato* rights for restoring riparian habitat for the endangered 

southwest willow flycditcher (Empiiicmaxtraiiliiextimus) (Briggs, M., 2001, pers.comm). 

Despite agricultural development along the delta, it is the U.S. politics that govern the 

distribution of the water, in addition to development in Mexico, that has contributed to 
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habitat loss. The willow flycatcher and other endangered bird species in the delta need 

water, and a riparian vegetation corridor for breeding ground (Garcia>Hemandez, 2001). 

Development may be allowed to proceed as long as steps are taken to ensure long-

term protection of a species (ESA, 1998). In fact, development is rarely stopped by the 

ESA; of the 100,000 or so interagency consuhations during a S-year period, all but 55 

project plans were modified (Chadwick, 1995). Wildlife man^en and land-use planners 

work together to answer questions of how much space and financial support is needed to 

accomodate both species-protection and land-use planning. Both sides of the equation 

can be appeased through planning and ecosystem management; a small number of acre 

fragments of habitat, linked by a corridor, has been a successful sohition in providing 

space to roam without consuming vast amoums of acreage to give protection (ESRI, 

2001). 

Land-use planners use a geographic information system (G1S) and data fi'om 

ecologists, biologists, and developen to superimpose maps of vegetation, rivers, drainage 

patterns, urban infrastructures, and each species' habitat extent and type. A CIS can 

include statistics relevant for determining which area is the most critical habitat for a 

particular species or group of species. Findings have shown that species-rich areas do not 

necessarily overlap with National Parks, but often do so with privately-owned land 

(ESRI, 2001). A GIS can help to identify where gaps are in protected areas and, help 

planners understand where the highest species' density in unprotected areas may be 

despite a fragmented landscape. 
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1.2.3 EI Nifio and its effect on the lower Colorado River 

The key reason that the defta still receives water is that flows of desert rivers are 

inherently variable, and when there is excess, not all can be captured. In the case of the 

Colorado River, the El Niiio Southern Oscillation (ENSO) events appear to be the nuun 

source of excess water produced by heavy snowpacks and spring floods that surpass the 

storage capacity of the reservoir system. Heavy flood releases from the reservoirs led to 

an explosion of wildlife and fisheries, and an increase in riparian habitat of up to 150,000 

acres. The El Nifio Southern Oscillation (ENSO) event begins when a low>frequency, 

oceanic Rossby wave (resulting from the rotation of the Earth) sets oft from the western 

boundary of the Pacific (NOAA Website_l,2). The reflected wave pushes down the 

thermocline that exists in the west-central Padflc; this produces warm sea surface 

temperatures (SST) and thereby reduces the efficiency of upwelling to cool the surflice. 

Winds blow towards the warmer water (in the west) and really start the '1>athtub 

sloshing" prior to the El Nifio event (NOAA Website_l,2). 

In normal (non-El Nifio) years, the trade winds blow towards the west across the 

tropical Pacific and are responsible for increased warm surface water in the west Pacific; 

SST is 8°C warmer in the west Pacific Ocean, with cooler temperatures of the west coast 

of South America due to upwdling from the deep, cold, nutrient-rich water with diverse 

lifeforms. At 110°W longitude, a thermocline of cool water (17*0) is about 50 m from 

the surface (NOAA Website_I,2,6). 
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The onset and termination of EI Niito resuk from interactions of the coupled 

ocean-atmosphere system, specifically, the unstable air-sea interaction and planetary 

scale oceanic waves (NOAA WebsitejS). In EI Niflo years, the trade winds weaken over 

the central Pacific Ocean and the piled-up water in the west sloshes back east, carrying 

the warm water with it. Also moving east, heat and moisture rises into the atmosphere, 

distorting the jet stream path and shifting weather patterns globally. This leads to a 

depression in the thermocline in the East Pacific, a depression in elevation in the west 

Pacific, and a general warming of the surface layers in the east and central equatorial 

waters. At 110°W longitude, the thermocline of cool water(I7'C) is ISO m from the 

surface. When the further the cool water is from the surface, then unusually warm water 

can appear near the surface; this phenomenon is where El Niiio gets its "warm evem" 

association (NOAA Website_l,2,3,6). The depth of the thermocline reduces the 

efficiency of the upwelling and decreases the supply of nutrient rich cold water to the 

surface (NOAA Website_3,4,S,6). There is a corresponding decrease in primary 

productivity and effect on higher trophic levels (NOAA Website_3,4,5,6). When eastern 

SST becomes warm, the east-to west temperature contrast is small, so the trade winds 

weaken even further, leading to a complete collapse with essentially flat conditions 

across the entire equatorial Pacific (NOAA Website_l,2,6). La Niiia the "cold event" is 

characterized by strengthening of the trade winds and cold SST in the equatorial Padfic 

levels (NOAA Website_l,2,6). 

These events occur irregularly at intervals of 2-7 years, ahhough the average is 

about 3-4 years and they typically last 12-18 months. La Niffa follows EI Niik) most of 
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the time, but EI Nino is more frequent, stronger. The most severe effects are found close 

to the equator. The EI Nifio Southern Oscillation (ENSO) is the breakdown of the surftce 

transport or trade winds that drive warm surface water to the western Pacific and 

subsequently cause cold, bottom waters to rise/upwell along the coast of Peru (NOAA 

WebsiteJ,4,5,6). 

In 1990, the metropolitan water district of southern California took twice (over 1-

maf/yr.) their water allowance from the river because Arizona was not using its share 

(Carrier, 1991). In fact, from 1980 until now, Arizona has had considerably nrare wet 

years than in the past due to ENSO (NOAA, website_9). The I980's and 1990's featured 

a very active ENSO cycle, with five EI Nino episodes (1982-83,1986-87, 1991-1993, 

1994-95, and 1997-98) and three U El Nina episodes (1984-85, 1988-89,1995-96) 

occurring during the period. This period also featured two of the strongest El Nino 

episodes of the century (1982-83 and 1997-98), as well as two consecutive periods of El 

Nino conditions during 1991-1995 without an intervening cold episode (NOAA, 

website_9). 

The effects of El Niiio on the weather of southern Arizona and Sonera, Mexico 

Include; precipitation increases, temperature cooling, increased forest fires from the dry 

summers following the winter rains, and a 25% increased possibility of flooding (NOAA, 

website_8,9,10,11,12). It is thought that EI Nino may stop the anthropogenic effect of 

greenhouse gas increasing in the atmosphere. Although an El Niiio event can make the 

general climate, wetter, drier, warmer, or colder than normal, southern Arizona generally 

receives more precipitation than normal during El Nifio years (NOAA, websiteJS,! 1). 
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Heavy precipitation tends to occur in December, with more precipitation occurring later 

in the spring. Historically, strong El NiAo episodes have featured above-normal 

precipitation over the state during December-March (NOAA, websiteJB, 11). For this 

period, totals have averaged about 180% of nomud precipitation in the southern part of 

the state, with actual precipitation departures of 2- to 3-inches. During February through 

April, Arizona tends to be cooler than normal, but only slightly in the western part of the 

state (NOAA, websiteS). El NiAo events in the past average about 7-in. of precipitation 

over southeast Arizona. Reviewing the 12 El NiAo years from 1914 to 1997, one report 

found that increased precipitation caused flooding to occur only during three of those 

years or 25% of the time (NOAA, website_l 1). However, the occurrence of El Niflo is 

not synonymous with flooding. Floods in Arizona result from various conditions 

including heavy summer thunderstorms, strong winter low pressure systems and 

remnants of tropical storms (NOAA, website_9,10). El NiAo, however, increases the 

likelihood of strong winter storms and causes tropical storm remnants to move into 

Arizona (NOAA, website_9,10). It is not surprising that some of the largest floods in 

Arizona history occurred during El NiAo ^ems. Any long-term increase in precipitation 

and runoff in the arid southwest potentially leads to rising water levels of terminal lakes. 

With no outlet to the sea, water leaves the lake only via evaporation (NOAA, 

website_12). 

Although inversely related to predpitation increases, corresponding changes in 

the temperatures occur, temperatures are expected to be a couple of degrees below 

average during El NiAo events (NOAA, websfte_8,10). With the likely occurrence of 
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cooler temperatures and heavy predpitation in the Southwest, deeper snowpack can be 

expected in the higher elevations. Snowpack is the source of nnich of the streamflow in 

the West (NOAA, website_l I). Since there is a delay between snow fall and meh, the 

effects of El Nifio on stream flow may not be apparent until spring or summer ^OAA, 

website_ll,12). 

It has also been shown that El Nijk) precipitation is linked with the occurrence of 

forest fires (NOAA, website_9). The precipitation associated with El Niiio years means 

the wildfire season tends to be relatively quiet. In the southwest borderlands region, the 

El Nino periods have produced a string of wet winters and springs. Summer rainfall has 

been erratic, producing more frequent dry summers. This climatic shift might explain 

recent increases in the number of fires and the annual area burned (NCAA, website_9). 

More specifically, research of El Niito's impact on winter precipitation in south-

central Arizona shows winter precipitation during El Niifo years to be almost double than 

among non-El NiAo years (NCAA, 1996; NCAA, website_8,l 1). Particularly in southern 

Arizona, the last 20 years have been exceptionally wet due to very frequem El Niik) 

events (NOAA, 1996; Glantz, 198S; NOAA, website_9). Although this time span has 

been a period of rapid growth, the water needed to support this growth may have come, at 

least partly, from El Niiio events that may not continue with the same frequency in the 

future. Because of El Niiio events since the eariy 1980's, Arizona may have a &lse 

picture of its available water resources (Liverman and Bales, 1997). 

After Lake Powell reached capacity in 1981, there have been water releases to the 

delta in 1983-1988, 1993 and 1997-1999. These recent flood releases, combined with 
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agricultural drain flows, have prompted the re-emergence of ecologically valuable 

riparian and wetland habitats (Glenn et al., 1992a,b, 1996,1999). More cottonwood-

willow {Poptilus fremontii and Salix spp.) habitat exists in the deha than in the riparian 

forests upstream (Ohmart et al., 1988), as is similar with wetland plant species Qteed, 

1988). The El Nii\o of 1982-83, which was particulariy strong (NOAA, website_l) and 

brought much snow to the headwaters of the Colorado River and flooded the drainage 

basin, sent down 16 maf to the delta, wiping-out the Mexicali Valley crops; but, this 

flooding was the first in approximately SO years and was a beneficial event for the native 

vegetation (Glenn et al., 1996). This resurgence of native cottonwood and willow trees in 

the riparian corridor below Morelos Dam now contains three times as much cottonwood 

and willow habitat as the U.S. stretch of river below Davis Dam, which is five times 

longer than the stretch in Mexico (Glenn et al., 1999,2001a, 2000b; Valdez et al., 1998). 

This greenness brought the attention of bi-national scientists and environmental groups, 

who have since been studying the delta, starting about 1990. The volume of water 

reaching the Gulf of Califoma in the years of flow (in 10 of 20 years (S0% of the time) 

since filling is approximately 20% of the river's base flow. These releases are assodated 

with 3-7 year EI Niiio cycles, and thus, are ecpected to continue into the future (Gantz, 

1995). 



49 

1.2.4 Statement of the Problem, Part I; Endangered Species and Lack of Water 

The preservation of the diversity of species is a goal that can only be achieved if 

the processes and interactions that sustain entire ecosystems are conserved, bi the 

Colorado River deha, restoration within fragmented, gridded, privately-owned farm land 

is an ongoing effort. A unified, bi-national river, conservation biology and watershed 

management system should be based on treating the whole river rather than fragmented, 

artificial units. The system contains approximately five eco>zones; i.e.. Salt Cedar-

Willow-Cottonwood, Sait-Cedar, Salt Grass, Cattail, and Marine Zones) (Glenn et al., 

200 lb; Valdes et al., 1998). Restoration work ranges from the riparian corridor for the 

southwest willow flycatcher {Empidonax traillii extimus) (Garcta-Hemandez et al., 

200 la, 2001b) to the wetland habitats for both the yuma clapper rail (Ral!us longirosOis 

yumanesis) (Hinojosa-Huerta et al., 2001) and desert pupfish {Cyprinodon macularha) 

(Varela-Romero et al., 1998). 

The reestablished riparian and wetlands habitats in the deha are the inadvertent 

creation of US and Mexico water management dedsions. They are not formally part of 

the U.S. river management plan, even though great effort by bi-national institutions and 

conservations groups is now expended to preserve smaller pockets of similar habitat on 

the U. S. part of the river. Because the habitats are in Mexico, the ESA neither controls 

the annual provision of natural resources, nor does it provide protection of the habitat for 

any of the species. Therefore, until further protection is authorized by ESA, it will 
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remain difficult to get various U.S. agencies to cooperate with Mexico to manage the 

water resources. It will take very little water to restore this habitat (perhaps a modest 

flood release of260,000 acre-ft. every 3-4 yrs), but until recently, it appeared unlikely 

that the area would be replenished by water flows. In October, 2000, the U.S. and 

Mexico federal and state agencies, as well as non-governmental environmental groups, at 

a special stakeholders' meeting on the Colorado River deha convened by Deputy 

Secretary of the Interior Hayes, concluded that a hydrological and vegetation/habitat 

model is the first research priority in understanding the responsibility of the United States 

in maintaining and enhancing this ecosystem (IBWC, 2000; Hayes, 2000). 

Notwithstanding the political uncertainty, the U.S. Bureau of Reclamation stated 

that preserving the remaining pockets of biodiversity and endangered species is a goal of 

the U.S. resource management agencies and environmental groups, such as the UNESCO 

Biosphere Reserve of the Upper Gulf of California and Colorado River Deha, Mexico, 

SI, DoW, and ED. In analyses of the delta conducted by these groups, it has been 

recommended that to preserve the Colorado River deha, it will take a minimum of32,000 

acre-ft./yr. for perennial flows and 260,000 every four years for pulse flows (Glenn et al., 

1999). Additionally, it is recommended that the agricultural wastewater should continue 

to be delivered to the Cienega de Santa Clara, which still comprises the largest (4,200 ha) 

and most critical desert wetlands in North America, rather than being diverted to the 

Yuma Desalting Plant, which has about 10,000 desahing membranes that cany more than 

70 million gallons of drainage water a day from the Welhon-Mohawk irrigation district 

(Nagler et al., 2000; Glenn, 1999; Glenn et al., 1992a, 1992b). Lastly, a water quality 
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monitoring program is needed for the delta habitats which address the problems of 

salinity and sanitation. In the 1980's, return flows from the Imperial Irrigation District 

raised salinity in Mexico to more than a 1,000 ppm, which killed crops (the U.S. EPA 

standard for drinking water is 500 ppm and salinity is SO ppm at the source of the river); 

and although an agreement was signed controlling salt levels, Congress authorized the 

$260 million desalination plant, rather than take the saline American soil out of 

production (Glenn et al., 1996; Glenn et al., 1998; Carrier, 1991). 

The problem trickles down to that area south of the U.S. border in Mexico, where 

the great Colorado River ends, seemingly because "water flows toward money; it has 

nothing to do with gravity (Carrier, 1991)." A GIS is needed to help identify the 

stretches of prime riparian habitat to provide for and protect this (often privately-owned) 

land as a species-rich area, connecting the diverse eco-rcgions of the deha. The sohition 

must come from two key negotiations that will guide the ecological status of the river in 

the future; (i) the lower Colorado River muhi-spedes conservation program ^CR 

MSCP) and (ii) the redefinition of surplus-flow criteria (Glenn, et al., 1999; Nagler, et al., 

2000). It is hoped that a guaranteed minimum water delivery to the deha will replace the 

current system of having to eke out a little more water each time. 
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12.5 Remote Sensing 

The term remote sensing was coined in I960 (Swain and Davis, 1978) to describe 

a technique which measures a distant object by measuring electro-magnetic energy 

emitted by the object without making physical contact (Wiegand and Richardson, 1992). 

Aerial platforms {i.e. aircraft or satellites) provide the vertical perspective needed to 

study the earth's surface (Colwell, 1979). Remote sensing measurements are composed 

of spectral readings from a collage of surface materials (landscape components), not 

individual objects. Thus, image interpretation and correct classification of landscape 

components are fundamental to remote sensing research and to applications that use 

landscape images. Although remote sensing research has allowed the science to progress 

rapidly over the last 40 years, one difficulty that remains is to identify specific objects 

using reflected energy and distinguish them from other objects in an integrated scene. 

To describe the delta of the Colorado River properiy, it is necessary to observe the 

region at different angles, times of year, and scale. The reflectance properties of targets 

such as the riparian cooridor along the Colorado River in Mexico have not been acquired 

at the ground- and aerial-level until this work. With the acquisition of leaf and canopy 

spectra for different vegetation types, as well as, soils, water, and mixed background 

components, validation of the satellite imagery that corresponds to this region can occur. 

And, with the ability to qualify and quantify what is recorded in each image, the 

monitoring of the delta will be fadlitated and the need for ground- or aerial-work will be 

reduced. 
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1.2.5.1 Factors Affecting Scene Reflectance 

Remote sensing studies employing spectral vegetation indices have typically 

focused on green vegetation because plant canopies are dominated by green leaf spectral 

features and key biophysiological processes occur in green leaves (Elvidge, 1990). 

However, in scientific studies of vegetated landscapes, the field of view (FOV) is 

composed of a mixture of green vegetation and non-green components. Because 

photosynthesis occurs in green leaves, remote sensing studies have typically focused on 

green leaf spectral features or reflectance data from plant canopies. Canopy reflectance 

measurements are affected by the amount, arrangement, and optical properties of green 

leaves, by atmospheric properties, by the viw and illumination angles, as well as by the 

non-green components beneath the canopy (Colwell, 1974). Non-green canopy 

components are composed of woody material (i.e., branches, bark, trunks, and stalks) and 

ground material {i.e., soils and leaf litter) (Goward et aL, 1994). The spectral reflectance 

of a scene is also affected by soil 'conditions' such as shadow, surface roughness, and the 

percentage of non-soil residue (litter) (Stoner and Baumgardner, 1981; McMurtrey ettiL, 

1993 , Ahnetal., 1996). The background components'physical attributes (/.e. moisture 

content, soil organic matter, cellulose absorptances, senescence, texture and chemical 

makeup may contribute to and change canopy spectral reflectance (Stoner et al.^ 1980; 

Daughtry er a/., 1995a, 1996; Nagler et al., 2000). Estimating vegetation parameters and 

the amount of each land cover component (i.e., vegetation, soil, litter) provides 
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fundamental information on land processes. This information is needed so it can be 

incorporated into landscape models used in global change research (Goward etaL, 1994). 

Soils are a continuous cover of the Earth's land surface. They regulate the 

exchange of materials and energy among the lithosphefe, atmosphere, hydrosphere, and 

biosphere, and are spatially variable, reflecting local geology, topography, and climate 

within the global environment (Skinner and Porter, 1987). The properties of soils are 

also determined in part by paleoenvironmental conditions (Brady, 1984). As temporally 

integrated records, soils play an important role in global change research because they 

reflect present climate and land use, record past environmental changes, and influence 

future changes (Huete, 1989; Goward and Huemmrich, 1992). Thus, discriminating soil 

types and monitoring temporal changes in soil conditions are of crucial importance in 

global change research (Huete et al., 1997, Ben-Dor et al., 1999; Huete and Tucker, 1991; 

Stoner et al., 1980). 

Litter is senescent (or dead) plant material, which gradually decomposes into soil. 

The growing season is characterized by vegetation changes, so the distribution of litter is 

constantly changing in amount, biochemistry, biophysical properties, and morphology 

from one state of organic matter to another (van Leeuwen and Ifiiete, 1996). The decay 

of litter adds nutrients to the soil, improves soil structure, and reduces soil erosion. Litter 

also affects water infiltration, evaporation, porosity, and soil temperatures (Skidmore and 

S iddoway, 1978). Thus, the presence of plam litter on the soil surfiue influences the flow 

of nutrients, carbon, water, and energy in terrestrial ecosystems (Elvidge, 1990; 

Remmert, 1980; Mason, 1976). Quantifying litter is important not only to improve 
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surface energy balance, but also to improve estimates of net primary productivity and 

nutrient turnover rates, and can help in evaluating tillage practices in agriculture 

(Daughtry et al, 1995b; Nagieret al., 1995,1996, 1998a,b; Nagler 2000). 

1.2.5,2 Optical Properties 

In green leaves, pigment concentrations, water content, and structure affect leaf 

optical properties (Woolley, 1971). Chlorophylls and other pigmems in green vegetation 

absorb in the Blue (0.45 fim) and Red (0.65 (im) wavelengths and cell structure and 

thickness control NIR optical properties; reflectance in the Green (0.55 ^ m) and near 

infrared (NIR, 0.7 -1 .1 ^m) wavelengths thereby produces a step-function reflectance 

curve. 

The absorption and scattering properties of leaves change as the leaves senesce, 

lose color, moisture, pigments, and structure, and decompose overtime. During 

senescence, leaves lose moisture and an increase in intercellular air space results (Gates 

et al., I96S; Woolley, 1971). The cell wall structure collapses, the cell wall orientation 

becomes random, and the number of cell wall interfaces that light can reflect from 

increases. Thus, reflectance increases, but spectral changes in the VIS wavelengths are 

particularly obvious due to the loss of moisture, pigments, and structure (Woolley. 1971; 

Gates, 1980). Chemical composition also changes as leaves senesce and decay. 

Celluloses and lignins remain, so NIR reflectance is high (prnnarily due to diffuse 

cellulose reflectance) (Tucker, 1978). Not only the chemical changes in aging litter, but 
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also the reduction in the size of litter that occurs during deconnposition, effects plant litter 

reflectance. 

Organic matter, moisture, texture, iron oxide content, and surfiKe roughness 

influence the reflectance of soils and change their shape (concavity or convexity) and 

magnitude (Kimes, 1991; Kimesetal., 1993;bonse/a/L, 1989). However, there are no 

absorption features present in the VIS-NIR wavelength range because hrradiance from 

soils is scattered in the VIS and the MIR (Price, 1990). Thus, soils spectrums are 

generally similar to those of plant litter (Daughtry et al., 199Sa,b, 1996; Nagler et al., 

1995, 1996, 1998a,b; Nagler, 2000). 

1.2.5.3 Spectral Signatures 

The identification and discrimination of targets using remotely sensed data are 

based largely on their spectral signatures. They are spectrally separable if their 

reflectance spectra differ significantly in shape (optical properties) and/br overall 

amplitude (brightness). For example, litter may be brighter or darker than a particular 

soil depending on moisture conditions and litter decomposition (age) (McMuitrey etaL, 

1993), but their spectra may not differ in sh^ or amplitude and thus cannot be 

distinguished fi-om one another. Target ideMiiication also depends on the spectral 

resolution (must be high enough to capture the unique shape of the target) and the 

number and location of available spectral bands on the sensor being used (Kim, 199S). 

For example, the Alters used in a particular sensor may not capture the wavelengths 
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where minerals in soils and cellulose or lignin in plant material are absorbed; therefore, 

the two targets would not be ^le to be discrimimrted. In green plants, the spectral 

signatures are very similar irregardless of species (Daughtry and Wahhall, 1997; Price, 

1992; Price, 1994a), so other contextual information, such as size, shape, and shadow, is 

needed to interpret images. 

1.2.5.4 Field Radiometric Measurements of Targets 

The spectral region, resolution (i.e. band-width), data quantity (i.e. number of 

channels), and sensor proximity are some considerations in choosing a sensor for a 

particular application (Kim, 1994; Price, 1994b; Sudduth and Hummel, 1993). The 

wavebands in each spectral region are dependent on the sensor, which vary in channel 

width and spectral coverage (Yoder and Waring, 1994). In this research, the only 

satellite sensor used is the Landsat's Thematic Mapper (TM), although the Landsat 

Multi-Spectral Scanner (MSS) could be used to evahiate the landcover that corresponds 

with floods in the years past. However, the limited spectral range and resohition of these 

instruments currently limit their use in discriminating green canopy components, such as 

spectrally discriminating between plant types. New sensors such as the Moderate 

Resolution Spectrometer (MODIS) or ASTER have the needed higher spectral resohition 

and number of viewing angles, respectively (Justice et al., 1998, Huete et al., 1999). 

For data collected in the delta region (Appendices C and D) and for the 

experiment on transpiration (Appendix E), ground-based reflectance spectra were 
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collected with a high spectral resolution sensor, the Spection SE-S90 Spcctrondiometer 

(SE-590). The SE-S90 collects reflected electromagnetic radiation (radiance) in visible 

and NIR wavelength regions (400 nm to 1,000 nm) at a nominal spectral sampling 

interval of 10 nm. The instrument consists of three parts: 0) a sensor, (ii) a 

microprocessor (Data Analyzer CE500), and (iii) a data logger (Paravant RHC44). 

Reflectance measurements were made by comparing the reflected radiation of the sample 

and reference; the reference has a coating of diffuse white reflecting powder (barium 

sulfate, BaS04) which scatters the light uniformly, but is not 100% reflective. In 

addition, reflectance can be measured using a 4-band Exotech radiometer with fibers that 

match those on the Landsat Thematic Mapper (TM) sensor In this dissertation, the 

reflectance data from visible (VTS, 0.4 - 0.7 ^m) and near infrared (NIR, 0.7 - l.l|tm) 

wavelength bands were synthesized to match the TM Landsat bands (TM3,630-690 nm; 

TM4, 760-900 nm), and then used to calculate the vegetation index (VI). 

1.2.5.4.1 Vegetation Index (VI) 

When (e.g., if the canopy is too tall or non-linear (Goodrich et al., 2000b) it is not 

practical to make fAPAR measurements using four sensors over large areas, spectral 

vegetation indices (VTs), which are either a ratio or difference of spectral bands, provide 

the canopy data. Spectral vegetation indices (Vis) are one of the means to extract or 

enhance the signal contribution from green vegetation within a fieldK>f>vtew (FOV) and 

are currently utilized to monitor terrestrial vegetation from regional to global scale as 



59 

measured from satellite remote sensors. Vis operate by contrasting the chlorophyll 

pigment absorption in the red with the high reflectance of green leaves in the near-

infrared (NIR). The most widely used has been the normalized difference vegetation 

index (NDVI): 

NDVI = [l] 
P.W« •*" Pr*i/ 

There is also the soil-adjusted vegetation index (SAVI): 

SAVI = (\ + L)- [2] 

where pnir and pred are the reflectances in the NIR and red bands, respectively, and £ is a 

canopy background adjustment factor that accounts for differential red and NIR 

transmission through the canopy. 

NDVI is used to make estimates of the amount of radiation absorbed in the 

canopy and Cvpar by green foliage and to monitor temporal changes correlated with net 

primary production (Prince, 1991). NDVI has been correlated not only with LAI, green-

leaf biomass, and canopy coverage, but also with I^ar *nd seasonal atmospheric carbon 

dioxide variations (Colwell, 1974; Tucker, 1979; Mynent etaL, 199S). Additionally, 

since NDVI responds primarily to green vegetation, it has been incorporated into 
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photosynthesis, evapo-transpiration, yield, pnxiuctioii, and canopy models which are 

used in predicting biomass (Daughtry ef a/., 1992). 

1.2.5.4.2 Photosynthetically Active Radiation^AR) 

Photosynthesis is the conversion of solar energy to chemical energy by plants to 

synthesize carbohydrates. This interaction between electromagnetic energy and plants is 

of great interest because biomass is accumulated and produces grains, fruits, and other 

economic products. Carbon dioxide is stored for plant production. However, the balance 

between the sources and sinks of carbon is upset at the global level due to amhropogenic 

changes in the atmosphere from the burning of fossil fiiels (CO2: coal and oil) and the 

clearing of land (CHi; forest to agriculture and urban areas). The loss of riparian 

vegetation due to plant water stress contributes to the offset carbon balance because less 

carbon is taken out of the atmosphere. Riparian corridors, such as our study area in the 

Colorado River delta, are among the most sensitive ecosystems to global change and, as 

hotspots of productivity, they are important components of dryland caibon cycles (Huete, 

2000; Glenn et al., 2001, Nasa Grant Af̂ iication). 

Plant productivity depends on the energy efficiency of plants and how each 

species utilizes visible light in photosymhesis. Biomass production of vegetation 

communities is directly related to the amount of Absorbed Photosynthetically Active 

Radiation (AFAR, 0.4-0.7)im). Production and yield (APAR) are correlated with green 

biomass (phytomass), canopy structure, and leaf area index (LAI, leaf area per unit 
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ground area) (The literature that documents these relationships is described in 

APPENDIX C). These measurements are important determinants of Net Primary 

Production (NPP) estimates; the net difference between carbon fixed during 

photosynthesis and that released through respiration (Ranson et aL, 1986). As Nouvellon 

(2000c) stated, the currently used ways to determine the gross, net, and aboveground 

primary produaivity are derived from the parametric model of Monteith (1971,1977X 

such that they are calculated as the fraction of incident photosynthetically active radiation 

(flP AR) absorbed by the canopy (fAPAR) times the gross, net, and aboveground net 

production (radiation-use) efRciences. Nouvellon (2000c) describes fAPAR derivation 

from satellite channel ratios of visible and near-infrared. 

Production per day of green vegetation is a function of (i) the total inddent PAR 

integrated over time, (ii) the proportion intercepted (fAPAK.0.4 - 0.7 ^m), and 0>0 ^ 

efficiency of conversion of solar energy to phytomass (Monteith, 1977; Steven and Clark, 

1990). Four radiation fluxes must be measured to determine the fraction of 

photosynthetically active radiation (fAPAs): 0) incoming PAR radiation at the top of the 

canopy (PARo), (ii) energy transmitted through the canopy to the ground (Tc), 0>0 dwrgy 

reflected fi-om the ground (R«X and (iv) energy transmitted back through the canopy and 

reflected upward to the sensor (Rc) (Daughtry et aL, 1992). 
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i. lo 

ii. Tc 

iii. Rs 

iv. Rc 

Thus, Tap.^r is computed as: 

fAPAR = [(PARo + R.)- Cr+R)l/PARo [3] 

PARg- incident PAR (upward and above canopy) 

transmitted PARunder canopy (upward but under canopy) 

soil reflectance PAR (downward measured over soil area) 

canopy reflected PAR (downward, but above the canopy) 

SOIL SURFACE 



APAR is an important quantity to validate the vegetation index (VI) response, 

since the performance and sensitivity of a VI to plant cover can be related to fAPAR. 

Although PAR energy is absorbed by green leaves of plants and ground components, 

only the PAR absorbed by green vegetation contributes to the accumulation of dry 

phytomass produced. When both green vegetation and non-green components are 

included in the measurement of fAPAH, the amount of energy used in photosynthesis and 

productivity is over-estimated. Plant litter also absorbs a significant amount ofPAR, 

however, it is not used to produce biomass, so PAR absorbed by plant litter influences 

estimates of green vegetation, biomass, productivity, and yield (Nagler, 2000). When 

using VI, background contributions are significant barriers to the determination ofLAI, 

energy absorption, and NPP (Daughtry, 1990; Prince, 1991; Asrar et al. 1992; Nagler, 

2000), particularly in arid ecosystems ^aret and Guyot, 1991; Huete et al., 1992,1994; 

van Leeuwen et al., 1997; Asner et al., 2000). Nbuvellon et al. (2000c) ellaborates on the 

consequences for remotely sensed estimation of primary production in a shortgrass 

ecosystem and Ross and Sulev (2000) define sources of erron in PAR measurements. 

12.5.4.3 Leaf Area Index (LAI) 

Leaf area can be measured both destructively and with a non-destructive 

instrument, the Licor LAI-2000 meter. Ground-based biophysical measurements of 

global and local Leaf Area Index (LAI) using the LAI-2000 need to be calibrated by 

some physical measurement of LAI. This is often the destructive method wherd)y the 
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leaves are stripped away from the branches. The dry weight (g) of the leaves and 

branches are taken and compared with their photographed area (m^). A regression can be 

made between these biophysical measures and the data collected with the LAI-2000. 

The LAI2000 has a fisheye lens with five concentrK sensor rings which view the 

target at different angles. The sensor first views the incoming energy in an open space 

about 30 m away from the target. Then, the sensor is heM, leveled, under the canopy for 

approximately five measurements at different places within the canopy. A final open sky 

measurement is taken at the end. LAI readings are an important biophysical parameter 

that are comparable with percent cover and VI and act as a further descriptor of a canopy. 

However, it has been shown that most traditional Vis, including NDVI, are sensitive to 

soil background effects, mostly in scenes with low leaf area (Huete, 1989; Huete, 198S). 

For biomes with high LAI values (>3), oithogonal-based vegetation indices like 

S AVI are better than NDVI because they do not saturate, but for biomes with low LAI 

values, NDVI behaves linearly with fAPAR and is sufficient. Essentially, knowing the 

biome, or landcover type, is necessary to estimate biophysical parameters from 

radiometric data. A combination of VI data and biome characteristics will provide more 

accurate estimates of LAI and fAPAR. 

12.5.4.4 Target-Sensor Geometry 

This "Bidirectional Reflectance Distribution Function" section is taken from 

Boston University's Explanation of BRDF (website_l) who describes BRDF as the 
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measurement of the reflectance of a target as a function of illumination geometry and 

viewing geometry. "The BRDF depends on wavelength and is determined by the 

structural and optical properties of the surface, such as shadow-casting, multiple 

scattering, mutual shadowing, transnussion, reflection, absorption and emission by 

surface elements, facet orientation distribution, and ftcet density. 

BRDF is needed in remote sensing for the correction of view and illumination 

angle effects (for example, in image standardization and mosaicking), for deriving 

albedo, for land cover classification, for cloud detection, for atmospheric correction, and 

other applications. It gives the lower radiometric boundary condition for any radiative 

transfer problem in the atmosphere, and is hence of relevance for climate modeling and 

energy budget investigations. 

However, the BRDF simply describes what we all observe every day; that objects 

look differently when viewed from different angles, and when illuminated from different 

directions. For that reason, painters and photographers have for centuries explored the 

appearance of trees and urban areas under a variety of conditions, accumulating 

knowledge about "how things look." As modem painters, image processing specialists 

and those who write the land cover models also need to be concerned about the BRDFs of 

the surfaces they use." 

Using a BRDF instrumem such Don Deering's Parabola, which can take 

photographs of a target at different angles, one can observe differences in the target 

appearance. For example, if the target is a canopy of riparian trees and the sun is behind 

the observer (backscattering direction), then there is a bright region (hotspot) where all 
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the shadows are hidden. If the sun is opposite the observer (forward-scattering direction), 

then what is depicted is the shadowed centers of trees and the transmission of light 

through the edges of the canopy (specular reflection). Measurements are taken along the 

principal and orthogonal planes; it is important to understand how VI appears at different 

angles and as a function of view and azimuth. 

"The disadvantage of the BRF apparatus is that it is designed to measure only one 

point and this point may be biased. Normally, several locations are sampled. As with the 

sun angle, in this case we can obtain the reflectances as a function of multiple view zenith 

angles and azimuthal angle conditions. With a series of multi-angular measurements, one 

can use models to derive the reflectance (or radiance) values that match the sun-target-

sensor geometric observation. Satellites normally make observations at azimuths 

between the principal and orthogonal planes, so in some cases, one may try to align the 

BEIF apparatus to the satellite-viewing plane" (Huete, 2000, remote sensing of 

environment laboratory). 

1.2.5.5 Remote sensing of riparian habitat in the Colorado River delta 

"Arid and semi-arid zone riparian corridors are among the most important yet 

threatened natural ecosystems on Earth. They are important because they provide water, 

food and migration routes for wildlife in otherwise dry habitats; they are threatened 

because diversion of water for human use and flow-regulation to control flooding have 

severely degraded the habitat value of virtually all the worid's perennial dryland rivers 
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(Glenn et al., 2001b, 2001)." Riparian corridora are linear landscape features that 

connect ecosystems across regions (Dynesius and Nilsson, 1994). Hence, the 

deterioration of riparian habitat may affect populations of migratory species at 

continental or even hemispherical scales (Huerta et al., 1999; EDF, 1999). Remote 

sensing should be among methods of choice for monitoring riparian zones, since these 

corridors stretch over thousands of kilometers, cross national borders and are difficult to 

survey on the ground (Nagler et al., 2001,2001). However, remote sensing and 

monitoring for the management of riparian zones has primarily taken place for the San 

Pedro watershed (Ckx)drich et al., 2000a) and the Rio Grande (Coonrod, 2001). 

Measurement of riparian plant cover is an important tool in evaluating the 

effectiveness of water conservation practices in the Colorado River delta and serves to 

protect biologically diverse natural resources and habitats for endangered species. 

Current methods for measuring plant cover in the delta are difficult due to inaccessibility 

in the vast, desert areas, and tedious due to the variability and number of plant transect 

surveys required, and also subjective due to inherent human error. Remote sensing 

methods for estimating plam cover have largely replaced manual methods of determining 

vegetation percent cover (including other factors such as plant type, height, and density), 

but this conversion of methods has primarily been for non-riparian biomes, such as 

grasslands, coniferous and dedduous forests, and agricultural settings. Although remote 

sensing provides consistent, large-area coverage of riparian r^ions, which are difficult to 

access by land due to a lack of roads, Huete et al. (1992) state that the technique in such 

areas is hampered by large areas of bare soil, shadowing effects, and nonlinear 
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relationships between the measured signal and the areal extent and leaf density of shrubs. 

They describe the difficulty of making accurate quantification estimates of percem 

vegetation cover in semi-arid environments is mostly due to the effect of bare soil on the 

tneasurement of green leaf area and density (these problems are cited in detail in section 

3.3). Furthermore, riparian cooridors have been considered difficult targets for analysis 

by satellite imagery because they are narrow features with complex nuxes of vegetation, 

water and soil. 

Although difficult to access, Glenn et al. (2001) were awarded a NASA Gram 

(CARBON-0000-0114) to study carbon cycle science and the biology and 

biogeochemistry of ecosystems and applications, specifically for studying aspects of the 

delta of the Colorado River in Mexico using remote sensing. As part of this proposal, 

Glenn et al. (2001, NASA application) imend to use ground-, aerial- remote sensing 

techniques, and satellite images, to develop vegetation and habitat maps of the Colorado 

River delta in Mexico and to model the sur&ce hydrology of the flood plain and delta in 

different flood stages. They proposed using geographically comprehensive data 

acquisition strategies at the ground, aerial and satellite levels (e.g., imegrating locational 

data (i.e, GPS), transect data, ancillary maps at differem spatial and temporal scales in a 

GIS, laser altimetry, multi-band digital cameras and radiometers from aircraft, and 

satellite sensors). The GIS is in cooperation with the curremly used Bureau of 

Reclamation (BoR) Lower Colorado Accounting System (LCRAS). The satellite sensors 

are the Enhanced Thematic Mapper ^TM+) and the Moderate Resolution Imaging 

Spectrometer (MODIS). They will produce the hydrological model using ground data. 
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historic flow data, laser altimetiy from affcraft ^>resent) and LightSAR from satellite 

(future), and higher spatial resohition sensor data to include both ETM+ and MODIS for 

comparing flood magnitudes at different scales. 

Additionally, the remote sensing plan includes the analyses of the change in 

vegetation response (consequence) to flood flows (cause) (Glenn et al., 2001, NASA 

application). They proposed using ground vegetation surveys, historic flood flow event 

reports, and vegetation indices from satellite images to determine not only the extent and 

magnitude of vegetation change, but also to create a predictive nKxIel of these land-cover, 

land-use change dynamics and to make assessments of endangered species habitat. 

A remote sensing method to validate the estimate of water stress and evapo-

transpiration of vegetation in the delta is inchided in this proposal to NASA. They intend 

to obtain a water balance map product u»ng ground-based sap flow meters and sensors 

on aircraft and satellites which have visible, near-infrared, and thermal channels. The 

objective of this application is to produce a predictive surface hydrology - vegetation -

habitat model that uses as input flow releases from the United Stales to Mexico and has 

output predictions of extern of vegetation cover and of q)edfic vegetation units 

associated with wildlife habitat values (Glenn et al., 2001, NASA appttcationy 

As with many land cover and land use change applications, the remote sensing 

component includes an on-going monitoring protocol. In the deha, this includes 

monitoring to (i) improve the managemem of this semiarid ecosystem for both 

sustainability and resilience of the natural resources (i.e., water) and (ii) further the 

understanding of the consequences of land-cover and land-use change on habitat value 
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using remote sensing methods (Glenn et al., 2001, NASA apf̂ catian). 
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1.2.6 Image Processing 

The objective of most remote sensing studies is the accurate quantification of 

percent land cover by component class. Schowengerdt (1997) provides a detailed review 

in his textbook. Remote Sensing Motkb and Methodsfor Image Procesang. Most of 

what is described here comes directly from his text. If the spectral signature of a given 

surface material is not characterized by a single, deterministic, spectral vector, but rather 

the distribution of vectors, then the separation of discrete component classes in the 

imagery is difficult and leads to an inaccurate, unrealistic portrayal of landscapes 

(Schowengerdt, 1997). The theories on how to resolve sub-pixel mixtures stem from 

feature extraction classification techniques that include traim'ng the classifier 

(supervised/unsupervised training), spectral separability, non-parametric and parametric 

classifications, and spatial-spectral segmentation. However, new mixture models have 

been developed specifically to improve sub-pixel classification. This section on image 

processing first discusses classification techniques and VI, and states some of the 

problems inherent in their ability to discriminate land cover classes accurately. There is a 

brief summary of how sensor resolution affects the ability to discriminate sub-pixel 

mixtures and applications for high-spectral resolution, sub-pixel discrimination are then 

described. Recent methods for discriminating classes from sub-pixd mixtures are 

discussed; these will include linear (and non-linear) mkture models, variants of this 

model/estimators, and calibration models (post-classification) for testing the unmixed 

end-member targets. The problems intrinsic in selecting end-members will be discussed 
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using several studies that chose them from field data, image data, and/or library spectra. 

The last section reviews the need for and the difficulties in classifying riparian areas, 

elaborates on some of the mapping systems being used, and provides ideas on the future 

work needed in the Colorado River delta. 

1.2.6.1 Classification Techniques 

Schowengerdt (1997) also describes classification techniques, which have been 

most useful for separating the image imo categories. The training classifier, or 

classification algorithm, can be either supervised (pixels are already labeled by ancillary 

field data (ground-truthing), image data, or library spectra) or unsupervised (pixels are 

not labeled and are thought to have intrinsic distinguishing properties). A separability 

analysis is used to estimate the expected error in the classification for given feature 

combinations (Swain and Davis, 1978). In supervised classification, separation of the 

means is performed using city block, Euclidean, or nearest-mean distance. In 

unsupervised classification, k-means clustering is used. Hybrid training is a combination 

that accounts for both the "non-separable" (supervised) and "meaningless" (unsupervised) 

classes. 

There are non-parametric and parametric algorithms that make assumptions about 

the probability distribution of the classes. The non-parametric algorithms are more 

robust and work for a greater number of class distributions, but the signatures have to be 

relatively distinct. The non-parametric classification methods include Level-Slice, 
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Histogram Estimation, Nearest-neighbor, and the artificial neural network (ANN) 

classifier. The parametric classification methods are "hard classifiers" (1-label / pixel) 

that minimize error based on the rules of probability; these classification methods 

estimate model parameters and include the maximum-likelihood algorithm, the class-

conditional probability density functions, and discriminant functions (Bayes decision 

rule, the normal distribution model, and the nearest-mean classifier). These can also be 

"soft classifiers" (more than I-label / pixel which is a fiizzy or ill-defined classifier), 

defined as such because they accept that class signatures overlap. There is also the 

spatial-spectral segmentation classification, which works best for homogeneous objects 

of several pixels, such that "region growing" occurs (several similar pixels are grouped 

together into an image region). Thematic classification also includes sub-pixel (which 

will be discussed further in this paper in terms of the linear mixture model for an 

unmixing) and fuzzy set classifiers (which use a fiizzy C-means clustering algorithm). 

Image classification is the most widely used method for extracting information on 

surface cover from remotely sensed data (Settle and Drake, 1993). Showengerdt (1997) 

ellaborates on this technique in his text; the technique alk)ws each image pixel to be 

allocated exclusively to one of a small number of known categories, producing an image 

containing thematic information for each land cover class. This kind of map can be 

appropriate as an interpretive aid when the number of boundary pixels is small and the 

scene is nicely partitioned into regions of homogeneous cover types, giving a fiur 

estimate of acreage. These thematic maps are often poor representations of reality 

because the piece of ground that is viewed by an image pixel is larger than the natural 
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size of the ground cover unit (e.g., using 1km data to measure a rice paddy field). Not 

only are they not realistic, they are also inadequate for measuring regions of natural or 

semi-natural vegetation or whenever there is continucus variation on the percent ground 

cover. Furthermore, they are not useful for measuring compositional data, such as 

geological surface materials. A larger number of thenurtic applications of satellite data 

are only based on statistical linear regression, relating digital counts of different images. 

This approach has not been able to suppress the image-to-image variability and the errors 

introduced in the interpretation of satellite data (Guyot and Gu, 1994). 

Understanding the ecology of the landscape and vegetation-landfi>rm-soil 

relationships is fundamental to interpreting images (Tueller, 1989). Therefore, accuracy 

in the location, extent and magnitude, and change of land cover classes is necessary for 

most applications, especially since it is an input to many surface process models (NPP, 

atmospheric fluxes of energy, carbon, water) (Moody, 1997). These models require land-

cover data to provide variables or physiologically or structurally meaningful parameters 

like leaf area index (LAI) or fAPAR (Townshend et al., 1991). Global models operate on a 

coarse-grid, but the models may employ area-estimates of surface variables that can be 

inferred from low spatial resolution remote sensing. The pioblem is that subgrid-scale 

heterogeneity can be handled well (with errors within the error range of coarse-scale 

models), but there may always be significant bias in the target area estimates because the 

original data are coarse resolution. As finer grids are implemented with improved nndels 

of the Earth system, proportional bias may become increasingly important (Strahler et aL, 

1995). 
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The classification process (a compression tool) described by Showengerdt (1997 

and 1983) involves feature extraction, training, and labeling to produce a thematic map. 

Before there was spectral mixture modeling, the classification of map components was 

separated into themes using the following approach: first, the muhispectral image was 

. transformed through spatial or spectral transforms; then pixels were extracted to be used 

for training the classifier to recognize classes (supervised, unsupervised or hybrid) and 

assigned a class label to each pixel using discriminant fonctions (different non-parametric 

or parametric classifiers); lastly, these were applied to the whole image to produce a 

thematic map. 

Image processing and classification algorithms may be categorized according to 

muhispectral image space or muhidimensional spectral space (in which the spatial 

information is ignored). Thematic classification, which is useful for determining the 

aerial extent of a particular land cover class, incorporates both spectral and spatial 

transformations (vectors defining a "feature space"). It is important to consider the 

geometry of feature space - the Euclidean space defined by the components of 

measurement vectors (Settle and Drake, 1993). Each endmember is just a point in space. 

In 2-D feature space, there may be three endmembers that are pure; (i) in the absence of 

noise, a mixed point will lie on the line between the endmembers, (ii) a mixture of three 

endmembers will lie on the plane, and (iii) they will lie inside the triangle if the 

proportions are not negative. The class fivctions determine the location of the mixed 

pixel vector in feature space (Showengerdt, 1997). Spectral features can be transformed 

into a linear or non-linear matrix. The first feature extraction techniques used 
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multispectrai ratios or dififerences, known as vegetation indices (VI). These Vis have an 

advantage over the original bands because, they can redistribute the information so it is 

more useful although no new information is depicted. The use of Vis only provides an 

informational description of the given area, i.e., a thematic map, where the cat^ories 

selected are distinguishable in the image data. Problems arise when (i) spectral 

signatures cannot be distinguished, or (iQ topography, shadowing, atmospheric 

variability, and sensor calibration changes imerfere with the imerpretation of the class, or 

(iii) class mixing occurs. Class mixing occurs when the overlap between class signatures 

is great and the ability to accurately classify a multispectrai image is inhibited. 

Foody and Cox (1994) state that mixed pixels especially occur with coarse spatial 

resolution remotely-sensed imagery. Remote sensing imagery is usually resampled at 

some point for geometric correction and registration (Showengerdt, 1997). This 

resampling induces additional spectral mixing, which will occur even if the bands of a 

multi-spectral image are not r '̂stered (Townshend et al., 1992). As the target mixtures 

change from pixel-to-pixel, the net spectral vector changes, as was recognized early on in 

the analysis of Landsat MSS data (Horwitz et al., 1971). Land cover data are derived 

from imagery through a supervised image classification. Each pixel is allocated to the 

class to which it appears most spectrally similar. Problems in mapping occur because 

image classification routines assume pure or homogeneous pixels. Inaccurate estimates 

in the areal extent of the land cover classes are due to the presence of mixed pixels, a 

result of the sensor's spatial resolution and the "fabric" of the landscape; mixed pixels are 

most common near the boundaries of two or more discrete classes. The amount of 
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mixed pixels is dependent on the spatial resolution of the imagery, i.e., as the spatial 

resolution coarsens, there is an increase of mixed pixels (Townshend and Justice, 1981). 

However, there is also the possibility of an increase in mixed pixels with finer spatial 

resolution as additional detail may be resolved with the spatial frequency of the terrain 

and sensor resolution (Townshend and Justice, 1981). The use of hyperspectral sensors 

has prompted renewed interest in techm'ques for estimating mixture components due to 

the heritage of traditional spectroscopy (Adams et al., 1993). Since most targets are non

uniform spatially, the signature mixing does not go away with higher resolution imagery. 

For some classes that are inheremly um'form (roads, buildings), an increase in spatial 

resolution may reduce the percentage of mixed pixels, but mixed pixels will still occur at 

the boundary between objects regardless of their size or the sensor resolution. This will 

always be true because all real earth scenes have spatial detail with smaller dimensions 

than any given field of view (FOV) (Shoewngerdt, 1997). Another problem occurs when 

the mixed spectral response may be dissimilar to each of its component classes, so the 

pixel may not be allocated to any of the classes. A reasonable solution to the problem is 

unmixing, the separation of each pixel into its component parts to obtain a more accurate 

estimation of the areal extent of different land cover classes. 

1.2.6.1.1 Spectral Transforms and the use of Vegetation Indices 

In addition to classification approaches, spectral vegetation indices (Vis) have 

(Showengerdt, 1997). The diflicuhies in radiometric corrections led to a number of 
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spectral transforms being developed in an attempt to nunimize atmospheric effects on 

satellite data (Guyot and Gu, 1994). They include these; (0 the Tasseled Cap for Landsat 

MSS and Landsat TM and the (ii) statistical normalization of the perpendicular 

vegetation index (PVI) for monitoring vegetation change using non-corrected 

(Showengerdt, 1997). Ratios and differences using energy from the visible (VIS, 0.4 -

0.7 ^m) and in the near infhved (NIR, 0.7 - 1.1 ^m) wavelength ranges have been used to 

assess spectral features in green vegetation for estimating energy accumulation in plant 

canopies, biomass, and the leaf area per unit ground (LAI, leaf area index). The GV and 

non-photosyntheticaily active vegetation (NPV) components of a canopy can be 

separately identified using two wavebands because their spectral reflectance curves have 

uniquely different shapes. However, Satterwhite and Henley (1987) evaluated the use 

TM two-band ratio combinations and transformations for discriminating soil (NPV) and 

vegetation and found that ratio techniques can separate most pure vegetation samples 

from pure soils, but the degree of separation varies whh the technique. The brightness 

index discriminated many of the soil sur&ce conditions but did not separate many soils 

from vegetation. The greenness transform separates surfaces with high NIRrVIS 

reflectance contrast (mostly vegetation), but it does not separate surfaces with low 

VIS ;NIR reflectance contrast (soils). The study concedes that the normalized difference 

vegetation index (NDVI) is effective when a surface has a high reflectance contrast 

between bands, but not effective for surfaces with low inter-band contrast Vis have been 

somewhat ineffective, and they tend to suppress topographic variation (Showengerdt, 

1997). 
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Plant litter and soil are just two NPV components that are difiicuh to discriminate 

from an integrated scene. Neither soils nor leaf litter has pigment or mineral structures 

that absorb radiation in the VIS-NIR wavelength range. All NPV components have the 

same basic curve shape; these show a monotom'cal increasing pattern with increasing 

wavelength throughout the VIS-NIR wavelength range (Stoner et al., 1980; McMurtrey et 

al., 1993; Ahn et al., 1996). Problems in image analysis arise when two different ground 

components have similar spectral curves in the same wavelength range and thus, the 

signatures cannot be used to define each target. As a result, their spectral reflectance 

measurements of NPV in vegetation landscape studies have been indistinguishable, even 

though soils are radiometrically different from plant litter with unique signatures or 

shapes in the spectrum corresponding with each component's chemical, biophysical, or 

structural makeup. (Coward et al., 1994; Roberts, 1990). 

1.2.6.1.2 Changes in Sensor Resohitions 

The limited spectral range and resolution of Landsat sensors (the Muhi-Spectral 

Scanner (MSS) and the Thematic Mapper (TM)) currently inhibit their use in 

discriminating, mineral species, chemical properties (N, lignin, cellulose) of plants, liquid 

water thickness, and separating soils from NPV. The bandpasses are too broad for 

measuring the absorption features of dry plam materials (arid environments); they lack 

the ability to spectrally discriminate between plant litter types (Bvidge, 1990) and amoi^ 

NGV canopy components. Althoi^ costly and logistically difficult, higiwspatial 
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resolution data such as Landsat MSS or TM can be used to perform global scale land-

cover assessments. It is more realistic to use high-temporal frequency and low spatial 

resolution data. The limits of using coarse-resohition data to accurately quantify the area 

of exiting vegetation types at the global-scale are due to the quality and characteristics of 

the sensor itself, spectral resohition, radiometric calibration, and pixel distortion ^oody 

and Strahler, 1994). A relatively new space-borne sensor, the Moderate-resohition 

Imaging Spectrometer (MODIS) has enhanced spectral resolution and will reduce many 

of these issues, but area estimates will still contain erron resuhing from aggregation 

effects at the coarse scales of observation. These effects depend on the true proportions 

of the component cover types in the landscape, the spatial organization of the classes, and 

the statistical and spatial properties of the sampled surface-leaving radiance (Moody and 

Woodcock, 199S). Hyperspectral resolution sensors, such as the High-Resolution 

Imaging Spectrometer (HOUS), Probe-1, or the Advanced Visible InfraRed Imaging 

Spectrometer (AVIRIS), detect small absorption features throughout the 0.4-2.S ^m 

range because they collect data in continuous narrow bands (lOnm). 

Due to its availability for constructing a history of cover change from archived 

data at low cost and an appropriate scale, coarser MSS data is useful and attractive for 

monitoring changes in vegetation, land condition, and processes of land degradation 

(Pickup et al., 1993). However, the success or accuracy of the classification depends on 

the separability of classes in each image dataset Qtoberts et al., 1993). Hyperspectral 

data has fewer mixed pixels and is better for distinguishing sub-pixel features. Roberts et 

al. (1990) attempted to discriminate woody plam material from soils using broad TM 
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bands, but concluded that it is impossible to distinguish senescent plant material from 

soils, and suggested that AVDUS bands in the SWIRnmge would be better to use in 

discriminating this type of plant material from soils. Robinson et al. (2000) remark that 

AVTRIS is ideally suited to spectral unmixing applications due to the requirement that 

there be more spectral bands than constituents to be unmixed. In McGwire et al. (2000X 

Vis performed worse than mixture models using Probe-1 hyperq)ectral imagery phis 

three Vis to test for best estimates of percent cover of sparse vegetation in an arid 

environment. This conclusion was concurrent with Smith et al. (1990a) who found that 

PVI, NDVI and RVI are not sensitive to the subtle variations of vegetation abundance 

typical of arid and semiarid regions. 

Until the mid-1980's, there was a lack of interest in unmixing mixed signals 

(Smith et al., 1985, 1987; Pech et al., I986a,b). More than 20 aerial hyperspectral 

imaging systems exist (Roberts et al., 1990). As more become available, change-

detection applications are expected to increase, producing a greater need for enhanced 

processing tools and spectral unmixing methods to be developed for the area of each land 

cover class to be better quantified. Settle and Drake (1993) evahiated a number of 

developed methods for signal mixing using linear models to estimate the proportion of 

land cover classes. Mixture modeling as a more appropriate approach to extracting 

information from scenes than common classification techniques and vegetation indices 

(VI), which have primarily been used to map vegetation in agricuhural and forest lands 

(Smith et al., 1990a). 
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1.2.6.2 Methods for Discriminating Sub-pixels from High-spectral Resohition Data 

There are several variations on the spectral linear mixture model, inchiding non

linear mixtures and direct/classical/inverse/regularized/optimized estimators. Methods 

that have been used to separate classes have been applied in an effort to unmix land cover 

components for a better areal estimate. Among these other methods are factor analysis 

(Huete, 1986), principal components analysis (PCA) (Hirosawa, 1996), physical 

principles such as radiosity and fuzzy classifiers, empirical fitting techniques, spectral 

matching, multiple endmember spectral mixture analysis, image fusion, and ANNs. 

Calibrated models can be applied in a post-classification mode to improve area estimates 

from coarse resolution data if the relationship between tnie and measured proportions can 

be modeled (Moody, 1998). 

1.2.6.2.1 The Spectral Linear and Non-Linear Mixture Model and Assumptions 

Gross and Schott (1998) describe spectral mixture analysis to be when you take 

the reflected radiance in a finite area and model it as the linear combination of radiance 

from each material spectrum in the FOV. If there are inter-material interactions due to 

scattering, then the 'intimate mixtures' require a non-linear model. Non-linear mixing 

occurs when there is transmittance through one material (such as a vegetation canopy), 

followed by reflectance from a second material (such as a soil); or if there are muhiple 

reflections within a material or between objects within a FOV (Ray and AAirray, 1996). 
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In Gross and Schott (1998X the radiance takes this linear form: 

dci(x,y) = gaini*Li(x,y) + biasi [ij 

The digital counts are recorded by the detector, the gain and bias are band-
dependent sensor values, and L is the effective radiance at the sensor. The 
radiance reaching the detector is modeled as a linear sum of radiance due to K 
different endmembers: 

K 
U= s • Ue 'fe + El PI 

where the fraction f« is the eth endmember in a pixel and Li,e is the effective 
spectral radiance of the particular endmember seen by the ith band of the detector. 
Gain and bias terms are measured as preflight or onboard corrections. 

Moody (1998) use landscape spatial relationships to improve estimates of land-

cover area fi-om coarse-resolution remote sensing. They apply a two-stage modeling 

strategy to vegetation classification type information in supervised classification of TM 

image at both fine (30 m) and coarse (1020 m) resohitions to improve land cover area 

estimates from the low spatial resolution data. They define mixture models as those that 

provide estimates of sub-pixel composition. Linear mixture modeling assumes that the 

signal received at the satellite sensor depends on the proportion of individual surftce 

components such as soil, water, and vegetation present in a partkular pixel and on the 

properties of the mixing process (Smith et al., 1990a). ft can similarly be modeled as a 

linear combination of pure componems (endmemben): 

in which estimating the proportion of the vector f can be done given an 
observation Ri for unmixing such that (Moo<fy (1998): 

Ri  =  Z^*RE^ +  ei  and  2§  =  l  
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or, similarly, linear mixing is described mathematically as a linear vector-matrix 
eqn. (Showengerdt, 1997): 

DNjj — E fjj Eq 

where fij is the Lxl vectorofL endmember fractions forthe pixel at ^ and E is the 
KxL endmember signature matrix, with each cohimn containing one of the 
endmember spectral vectors. The left-hand side DN^ is the K-dimensional 
spectral vector at pixelThe added tenn e^ represents the residual error, i, the 
fitting of a given pixel's spectral vector by the sum of L endmember spectra and 
unknown noise. 

The spatial area of integration for mixing analysis is usually assumed to be that of 

the FOV of the sensor, with a uniform weighting of radiances over that area or according 

to their location, while the spectral combination of components is another source of 

mixing (Showengerdt, 1997). The linear mixture model also assumes that there is no 

significant amount of multiple scattering between the different cover types; each photon 

that reaches the sensor has interacted with only one cover type (Settle and Drake, 1993). 

Furthermore, they assume the following: that (i) linear or other mixing assumptions are 

adequate, that the mixing of the surface components within one pixel must be linear, such 

that when radiation interacts with only one material type on its path between the sun and 

the sensor, requiring the surface components be distributed in patches large enough to 

allow such a unique interaction, (ii) that the classes are spectrally separable - having 

sufficient spectral contrast to allow their separation, and (iiQ that surface components 

present within the image must exist in a pure state in at least one pixel, which can be 

properly identified and spatially located, so that the pure class spectra are known or can 

be estimated (Roberts et al, 1993; Adams et al.,1986; Smith et al., 1990a; Settle and 
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Drake, 1993). Linearmixture models have been used to invcit spectral reflectances of 

targets at the Earth's surface into proportions of plant and soil components (van Leeuwen 

et al., 1997). 

1.2.6.2.1.1 Endmembers, Residuals, and Unmhcing 

Unmixing is done by inverting the linear mixing equation (i.e., through least 

square regression (Smith et al., 1990a), singular value decomposition (Boardman, 1990, 

1993) or Gram-Schmidt orthogonolization (Adams et al., 1993)). Spectral unmixing 

estimates the fractions of each class from a given pixel vector (Showengerdt, 1997). 

Unmixing generates several material maps; each map is an estimate of the percentage of a 

specific material, or endmember, within pixels of the scene (Adams et al., 1993). 

Endmembers are the features recognizable in a scene as being meaningfiil to the observer 

and constitute abstractions of real objects that can be regarded as having uniform 

properties (Strahler et al., 1986) and they vary with both the scale and the purpose of the 

study (Garcia-Haro et al., 1999). In order to solve the linear mixing problem, the fit of 

the unmixing model needs to be assessed by using either the residual term or the root 

mean square error (RMS). Calculation of the 'residual spectra' was one of the first 

feature-extraction specifications for hyperspectral data; it involves (i) dividing the 

spectrum of each pixel by a reference band, and (ii) calculating the average normalized 

spectrum for the entire scene and subtracting it from the normalized spectrum (Marsh and 

McKeon, 1983; Showengerdt, 1997). Spectral unmixing involves searching a library of 
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candidate endmembers for the endmembers that wOl minimize the residual error (Gross 

and Schott, 1998). For example, Roberts et al. (1993) used AVIRIS data in 

discriminating two NOV componems (dry grass leaf-litter and woody material) and shade 

using residual spectra containing lignin and cellulose absorptions that were finrnd 

between 1S11 - 23SS nm. They found that the senescent vegetation endmember could 

not be reliably modeled but could be distinguished from the soils using residuals. 

A unique solution is possible as long as the following occur (i) the number of 

pure-pixei endmembers or surface components is equal or less than the number of 

spectral bands used, (ii) the endmembers are selected by choosing relatively pure pixels 

based on each reference endmember being a best fit (RMS error) and Qii) that its 

corresponding image endmember, when unmixed, produces positive fractions (the sum of 

the f fractions in the pixel are constrained to one), and (iv) that they produce fractions 

that match estimates derived from field work, aerial photographs, or other sources 

(Roberts et al., 1997). After the bands are chosen, endmembers may be extracted from 

the image data, or are selected from a spectral library (which should contain a set of 

spectra that fully characterize the scene components) consisting of field- and laboratory-

measured spectra corrected to reflectance. 

1.2.6.2.1.2 Calibration Models (post-classification) 

Two approaches are used for handling aggregation effects. One is the extraction 

and preservation of sub-pixel information by integrating spectral mixture models into the 
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image classification procedure, and the other is the use of post-classification techniques 

that correct biased area estimates using training sites from high and low spatial resohition 

datasets (Moody, 1997). 

Settle and Drake (1993) state that the linear mixing model cannot always be 

inverted unambiguously; there may be more than one mixture that can give rise to a given 

signal. A problem arises when we have more ground cover components than spectral 

bands, so one is seemingly asking for more information from the image than what is 

present. In adequate calibration of an image and atmospheric contamination often mean 

that data cannot be reduced to reflectance values and so laboratory reflectances are of 

limited value. More likely, there will be detailed field knowledge of proportional ground 

cover for a number of pixels. Then, the solution is to solve the statistical multivariate 

calibration problem using one of the following three methods of multivariate calibration: 

(i) a "non-linear method" of estimating proportions, (ii) a "classical" method, which is 

equivalent to assuming a linear model for the generation of the composite signal, then 

using training data to find the constant of this model, and then using that model to predict 

proportions for other pixels (linear functions of the elements of observation), and (iii) an 

"inverse estimator" method, which carries out a linear regression on the traim'ng data. 

The model is based on a sensible physical model of composite reflectance (the mhcture 

model) and it looks specifically for a model for the proportions (that which is a linear 

function of the signal) and aims to find the best such model. 

Moody (1997) shows that the inverse estimator perfomned better than the direct 

estimator at coarse scales when tested on independent test sites, but worse than it at fine 
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scales. A problem/weakness of the inverse model is that 0) it may break down when 

used in an extrapolative sense and produce spurious resuhs if the training site either has 

very different intcrclass associations or if the traim'ng site contains different component 

classes from other areas in the region where the model is applied (poor estimates are 

likely to occur if the region, or areas within the region, do not have the same class 

composition, or the same patterns as the training site); and it could be improved if (ii) 

variables that characterize the spatial characteristics of the landscape are incorporated 

into the model, and if (iii) the direct estimator is independent of (a) class type, (b) the 

number of classes present, and (c) the specific interclass transitions, that is, provided it 

can be made to accommodate spatial characteristics of landscape units regardless of their 

class, and (iv) that prior probabilities of imerclass transitions across scales are required, 

necessitating the availability of both fine and coarse resohition data. A goal of this work 

(and many other studies) is to work toward the development of an invertible area 

correction model that can provide improved area estimates using only coarse resohition 

data and not requiring 30m traim'ng data. 

1.2.6.2.2 Problems in selecting endmembers from field, image data and library 

spectra 
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Smith et ai. (1987) describe the quantities that we need to know to carry out a 

maximum likelihood classification or a supervised classification, which are precisely 

three endmember points. The ideal situation would be to have laboratory-based 

measurements to define the end-member spectra, but there are substantial problems in 

correcting satellite data sufficiemly well for atmospheric effects to allow dvect 

comparison between laboratory data and the digital numbers of an image. Smith et al. 

(1987) solved for the proportions by using laboratory qpectra and adopted a linear mixing 

model together with a form of correction for the gains and offsets brought about by 

atmospheric scattering and absorption. He states that "it is more likely that for remotely-

sensed data, we will use a supervised classification - selecting a number of training pixels 

from which the endmember spectra must be inferred. However, we do not ahvays have 

useful ground cover information when we set but to classify an image (may resort to 

using unsupervised classification methods) or we may have imperfect ground reference 

knowledge (may have to estimate ground cover proportions). Both of these last two 

scenanos describe situations where it will be extremely difficult to infer endmember 

spectra from the image data." 

Problems arise when endmembers are to be extracted from the image data or are 

selected from a library of field- and laboratory-measured spectra. For example, when the 

dimensionality of the data does not support the number of endmembers that need to be 

unmixed firom a scene. Furthermore, problems arise in the selection of endmembers (faie 

to them being influenced by scattering by the surftce material, or by the illumination 

geometry, which could be considered as additional noise. The biggest problems are: (i) 
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that most studies assume that the true endmembera are contained within the data set, 

which is not realistic, as most pure targets cannot be found at the spatial resolution of the 

satellite sensor, and (ii) that endmemben are not represented by the samples • but are 

external (Mettemicht and Fermont, 1998). 

A general list of the problems encountered in selecting endmembers inchides; (a) 

one is never sure that a sufficient number of endmembers has been defined for a given set 

of data (Showengerdt, 1997), (b) the seasonal changes in the abundance of a fixed set of 

materials may be slightly different than their assodated spectra (Roberts et al., 1997), (c) 

the false identification of some targets, (d) too much error in the proportions estimates / 

too much noise in the imagery / too many bands (c^: Drake et al., 1999; d: Garcia-Haro 

et al., 1999), (e) spectra can only be considered as spectral proxies for the actual material 

(Price, 1994),and (f) soil moisture in particular wavelengths (Huete, 1986), (g) changes in 

slope and aspect (Gao et al., 1993), (h) shadow and litter (Wilson and Tueller, 1987), 0) 

not being able to discriminate between soils and NGV (Roberts et al., 1997); and 

importantly; (j) the evaluation of the techm'que and validation of the VI maps are still 

required (Roberts et al., 1998), (k) there is a lack of biophysical interpretation of the 

results (van Leeuwen et al., 1997), (I) finding a site that is independent from the training 

site is necessary, (m) testing estimates of land-cover area on a grid-cell and/br regional 

basis is important (I+m; Moody, 1998), and lastly (n) assumptions should be tested under 

a wider variety of landscape scenarios (Moody, 1997). 

1.2.6.3 Applications 
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The first work (1971) that attempted quantitatively to amass percent cover used 

Landsat MSS in agricultural comexts (Smith et al., 1985). Coarse resohition remote 

sensing has been used for hydrology, biogeochemistry, drought monitoring, land 

conversion, forest succession, desertification, and fire hazard prediction (Roberts et al., 

1997). Multispectral data have been used to characterize land cover and land use change 

(Roberts et al., 1993). For instance, one bioclimatological-ecological study's purpose is 

to better visualize and characterize land-cover at regional scales using principal 

component analysis (PCA) to distinguish dissimilar vegetation communities in terms of 

density and phenology (Hirosawa, 1996). Monitoring surface cover suppoits a range of 

research related to modeling and understanding the response of vegetation to natural and 

anthropogenic forcings; climate change, pollution, deforestation, cuhivation, and 

watershed distribution (Moody, 1997). In agricultural or forest land studies, the 

argument that there is a single scene component or class represented in a pixel is rarely 

the case in areas of sparse vegetation. Because soil and vegetation in semi-arid regions 

can mix in varying amounts, theoretically, an infim'te number of classes are possible even 

when only two components are presem (Smith et al., 1990a). The inversion of the 

mixture model provides information on the heterogeneity of the surface and is usefiil for 

retrieving biophysical parameters such as LAI, vegetation abundance and percem cover 

(Roberts et al., 1993). Although imaging spectrometry has not been used much for 

change detection, Roberts et al. (1997) used AVIRIS bands to monitor seasonal changes 

in atmospheric water vapor, liquid water, and surface cover fi)r three dates. Spectral 
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mixture modeling has also been performed for esdmating erosion features (Mettemicht 

and Fermont, 1998) and has recently been applied to long sequences of hypertemporal 

imagery (not the type of spectral features present, but the time domain) (Piwowar, 1998). 

1.2.6.3.1 Future goals: resolving the classification dilemma and showing land use 

change 

One of the future goals of this research is a system of mapping, not only 

vegetation by species, but also vegetation communities, so that the habitat for each 

endangered species may be determined and protected. Another long-term research 

priority is to develop a hydrological and habitat model of the delta, so the effects of water 

releases on the riparian and wetland habitats and the wildlife that use those areas, can be 

predicted. Land cover and land use information in the deha is also needed to target the 

most produaive area for restoration projects. The need for land cover classes is 

necessary to determine the extent and magnitude of land cover change and to solve a 

range of environmental problems. Land cover change, espedally the growing extent of 

agriculture and human settlements, impacts the habitability of Earth and is fundamental 

to changes in climate, carbon and biogeochemical fluxes, hydrologic cycling, surfine 

energy balance, and the overall functioning of the ecosystem (Townshend et aL, 1991). 

They showed that traditional classifications are deficient and conventional methods for 

collecting ground data are time-consuming, not easily repeatable, and oqiiensive. 
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Biome characterization is a bit of a paradox. The landscape is a contimiiim of 

vegetation types and ecological communities that is arbitrarily divided by people with 

opposing perspectives; either those who want spedfic land cover classes or those who 

want to group together the landscape into general categories. To invent a new biome 

classification systems, the classifications in current use must be proved to be unworthy, 

but this worthiness depends entirely upon the application. In the fight fiw which system 

best fits the research's need, there have literally been hundreds of classifications 

determined. Two problems result from having a spedfic classification for each research 

need; one is that too many classifications exist, the other is that researchers in other fields 

will use predetermined classifications without accounting for the bias in those divisions 

to their specific research interests. 

In addition to the problem of lumping or splitting vegetation conununities into 

specific classifications, the lack of agreement over the Earth's vegetative cover is due to 

incomplete global assessments, i.e., the extent of the surface measured is lacking, and 

maps are outdated and cannot be compared. The criteria used for making classifications 

vary enormously because they depend on what scale is used, or what spedes, fauna, 

season, climate, people, topography, or soils are targeted (Townshend et aL, 1991). For 

ten land cover classes, Townshend et al. (1991) compared sixteen global studies, 19S4> 

1985, only to show the considerable differences in area for each class. The reason for 

such differences is not likely to be true land cover change, but rather difTerences in the 

biome descriptions and thus what was measured in each classificatran. Although biomes 

are natural land covers, the histoiy of land use and land cover change cannot be encoded 
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on a single map to provide fiirther information on an area. A. series of maps showing land 

use change, such as from the effects ofburm'ng or fire activities, defi)restation, grazing, 

fanning, wood consumption, urban sprawl, natural disturbances, and drought, is needed 

because temporal and spatial contexts cannot be depicted simuhaneously. 

Discussed in the philosophy of science is how the world and objects within it are 

perceived. The world cannot be known by the mind without considering the intrinsic 

components of space and time; these are fcunes of reference necessary for thought 

(Haines-Young and Fetch, 1986). In statistics, the Bayesian approach to spatiotemporal 

data considers both rational methodology and subjective intuition (Howson and Urbach, 

1994). Moreso, Immanuel Kant believed that human knowledge is determined 

subjectively, but that scientific content is mathematically derived. Because mathematical 

applications are innately spatially related, they can describe the empirical world, and thus 

they involve this context of space and time (Tamas, 1991). 

Knowing how energy interacts with objects allows us to build sensors. These 

sensors can provide for us a perspective and view (e.g., aircraft and satellites) which we 

could otherwise not see with our own eyes. In the fiiture, more "eyes" and "perspective^ 

of the Earth will become available. It is important to eounine the current approaches to 

mapping/representing geographical information and to conceptualize a way to display 

image data with spatiotemporal dimensions. Accurate representation of an object is one 

of the most challenging goals of remote sensing. Although we can identify an object by 

the way energy interacts with it, this alone is not as useful as being able to sense the 

object in space and over time. 
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In Peuquet (1994), a two-fold concept of displaying integrated data in a GIS 

framework is described. She first describes data that is viewed in a dual form, where 

location-based (raster/grid) or object-based (vector) representations prevail. Next, she 

describes data that is viewed in a triad form, where a third, time-based view, is added to 

the dual, location-object displays, to make a three-way representation of "when, where, 

and what." 

In the dual framework, she fiirther discusses how raster and vector approaches are 

related to objective and subjective views, respectively, of space and time. Two important 

points are made; (i) "objects" are measured on a geometric- or location-based data 

structure, while "subjects" are defined on the basis of "objects" and the relationships 

between them (i.e., in a topological structure), and (ii) vector data structures can be 

precise with regards to boundaries and networks, but are, in ftct, limited by the inherent 

precision of the operating system. Of primary imerest is her remark that the dual system 

(raster and vector) is complimentary and interrelated, and therefore usefiii for answering 

location and object-based queries. In relation to this, mapping the riparian vegetation of 

the Colorado River delta is an "object" that is stored within a GIS, but mapping how the 

vegetation in the future appears, e.g., due to increases in available water, is a "subjecT 

within the GIS. Thus, the dual framework allows for the object to appear in different 

instances in time. 

In the triad framework, Peuquet (1994) depicts both (0 a GIS dual-framework in 

which the object (e.g., land cover of salt cedar trees) will change identity with change 

over time (e.g., to become land cover of cottonwoodAwiltow trees), and (iO a thnd 
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information component (e.g., habitat for endangered species). A GIS of this dimension 

could do two things; first, it could store vegetation types in a taxonomic hierarchy to 

explain not only time-space distributions, but also patterns and processes of change, and 

second, it could describe associated information (e.g., social and economic relevance to 

the change). Using her example, a basic entry, the object "forest" would have four 

attribute classes that can be attached to the object, such as, CO the location (bounded by 

coordinates), (ii) the temporal interval (e.g. plam stress based on time between available 

water), (iii) non-spatiotemporai data (a textual description of specific environmental 

policies - e.g. percent of habitat loss that affects endangered species), and (iv) knowledge 

(overall characteristics or patterns related to the "forest" - e.g. sodal or legal response to 

this habitat loss). She suggests using a transform model in a GIS environment to store 

dual (location- and object-based information) and triad (location, time, and object-based 

information) data. A transform model operates on objective, historical data, but 

incorporates subjective, intuitive, and predictive data. Peuquet's (1994) conceptual 

framework has not been applied to the Colorador River delta. 

1.2.6.3 .2 Current mapping systems used for vegetation on the Colorado River 

In the case of the Colorado River, there are two vegetation classifications used to 

assess land cover and land use. The first is the Anderson-Ohmart system and the other is 

the BoR's Lower Colorado River Accouming System (LCRAS) (Figure 1, APPENDIX 

A). The Anderson-Ohmart system (Ohmart et al., 1988) is based on a series of studks 
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that described the "community structure" of the riparian corridor from Davis Dam, bekm 

Grand Canyon, to the Southerly faitemational Boundary at San Luis. Mapping units are 

approximately 2 ha in area. Using aerial photography and ground-truthing methods, each 

map unit is classified into one of several vegetation types based on the dominant species. 

Then, it is classified into one of six vertical complexity classes based on the proportion of 

understory, midstory and overstory vegetation. This sytem purportedly captures the 

major habitat types in terms (primarily) of bird usage. However, it is only semi

quantitative and cannot be used to actually calculate how many acres of riparian zone are 

covered with particular species, such as cottonwoods and willows. 

The LCRAS system, by contrast, relies on satellite imagery and attempts to be 

quantitative at least in terms of water use by crops and phreatophytes along the river 

(Congalton et al., 1998). However, the resolution of the TM inuiges on which LCRAS 

relies is too low to capture differem community types in the riparian corridor - river 

vegetation outside the agricualtural areas is simply lumped together as "phreatophytes". 

Furthermore, the ET estimations for phreatophyte vegetation is based on an assumed 

(untested) crop coefficient that lumps all plant types together and has only a single step 

between summer and winter ET. A new mapping system, more quantitative than the 

Anerson-Ohmart system yet containing biologically sigm'ficant mapping units, is needed 

not only for the delta of the river but for the entire lower Colorado River. 
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1.2.6.3.3 Future monitoring and database managemem needs for the Colorado River 

delta 

Ground-work to collect biological data on the Colorado River delta is certainly 

time-consuming and difficult; it is also difficult in terms of matching difTerently scaled, 

transborder map data. If successful, monitoring the Colorado River delta using remote 

sensing tools (and constructing a hydrological and habitat model in the delta) can provide 

broader coverage in a more timely, accurate manner. A series of remote sensing imagery 

over time could help in the management of these sensitive areas and emphasize the 

impact of U.S. water releases. Monitoring the delta will further the understanding of the 

consequences of land-cover and land-use change on habitat value; knowing the amount 

and type of changes will allow decisions to be made about the fiiture sustainability and 

resilience of the natural resources (i.e., water). Monitoring this ecosystem will also 

provide information to be used to assess vegetation spatial variability, economic models, 

and societal responses to land cover change. 

A GIS of the delta can be used to predict consequences of flow releases to the 

delta in terms of flooding and vegetation response. Inputs into the ecosystem model will 

include regression equations relating vegetation, evapotranspiration and flooded area to 

flow volumes and frequencies. 

"Hydrologic analysis tools may be implemented in a raster-based GIS, such as 

Arclnfo's Grid module or ArcView's Spatial Analyst, to yield flow direction, flow 

accumulation and watershed layers within the floodplain. From the elevation data it may 
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be possible to construct a three-dimensional surftce nnodei of the delta region and 

perform a volumetric analysis of past floods. These data can then be used to model other 

flooding scenarios using different configurations of elevation within the floodplain 

(elevations change temporally due to sihation and channel-clearing activities). These 

results can then be overlaid on the habitat and vegetation maps to predict consequences of 

flooding or channel alteration on areas of environmental concern. 

A custom-built, simplified interface may be developed in ArcView to altow 

managers and researchers to use the GIS to predict the extent and duration of flooding as 

a function of flow releases, and predicted effects on vegetation and habitat. Predictions 

of the GIS may be tested against future flow releases, allowing this product to be verified 

and refined, similar to LCRAS (Glenn et al., 2001c)." 

1.2.7 Requirements for ground-, aerial-, and satellite-based remote sensing, image 

processing, and classification techm'ques for surveys of the Colorado River 

delta. 

Biological diversity is the variety and variability among living organisms and the 

environments in which they occur, it is recognized at genetic species, ecosystem, and 

often landscape levels of organization. Biodiversity is linked to the persistent heahh and 

vigor of the biosphere, so that biodiversity is not only recognized as an indicator of the 

condition of the global environment, but also as a regufattor of ecosystem functiom'ng 

(Solbrig, 1991). A common goal of the researchers in the deha area is to interpret the 
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spatial patterns of vegetation communities and their relationship to broad ecological 

patterns. Scale is an important feature of biodiversity and how species richness can be 

measured in complex ecosystems. A continuum of species richness exists across broad 

geographic gradients, along environmental gradients between communities within a 

landscape, and between micro-gradients or pattern diversity that measures the change in 

composition between points within a community (Whhtaker, 1977). Remote sensing and 

field census are the basic methods to collect, model, and map species richness across this 

array of ecological dimensions. 

1.2.7.1 Ground-level data 

There is a need for understanding the vegetation structural properties of biomes to 

translate data acquired from a vegetation index to the biophysical parameter on the 

ground. Canopy reflectance and vegetation indices tend to vary across biomes, while 

green leaf optical properties remain very similar to one another regardless of species. 

Physiological and structural canopy parameters, such as phytomass, LAI, chlorophyll 

density or content, leaf angle distribution, inclination, plant water status, foliage cover, 

leaf morphology, species, vertical or lateral hetero/honnogeneity, and high or low ground 

cover, affect the radiometric measurement 

A natural resource invemory that includes the presence, class, distribution, and 

normal variation of plants and animals, and such important a-biotic components as water, 

soils, landforms, and climate is needed. Maps of geophysical features, water chemistry 
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and air quality data should be gathered and evaluated. Data collected for each biome 

should contain a "core" set of data needed with acquisition of other, specialized 

inventories made for critical sites. There should be clearly defined protocols and 

quality-assurance standards so that data will be compatible to allow for synthesis at 

ecosystem levels, and among researchers, and locations. 

It is important to keep an inventory of biological and geophysical natural 

resources and be able to maintain a database for monitoring the ecosystem status and 

recording trends over time at various spatial scales. It is recommended that a 

program/protocol for monitoring the delta should contain the following: 

1. Natural resource studies that have occurred within a site's boundaries. 

2. All historical records, maps, photographs, manuscripts, specimen collections. 

3. A list of the biota currently known to occur within the site's boundaries; biota 

groups might include: 1) vascular plants, 2) vertebrates, 3) endangered species, and 4) 

species of special concern, including endemic and non-native species. 

4. Field surveys are to be conducted to confirm the existence of repotted plant and 

animal species and to document the presence of new ones. 

5. A vegetation map should be produced from adopted vegetation classification 

schemes of ground-based measurements and should be correlated with those based upon 

aerial photography or remotely sensed imagery no more than five years old. The 

vegetation map should be suitable for input into an automated GIS. 

6. A base map component should inchide digital devation models, site 

boundaries, hypsography, hydrography, and transportation networks (in the dS). 
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7. Soils and geology maps may be obtained through federal agencies. 

8. Hydrologic maps should identify the location of streams, lakes, wetlands, and 

groundwater supplies (wells), while including any existing data for water quality 

parameters (i.e., salinity, pH, conductivity, dissolved oxygen, rapid bioassessment 

baseline (EPA/state protocols, involving fish and macroinvertebrates), temperature, and 

flow, toxic elements, clarity/turbidity, nitrate/nitrogen, phosphate/phosphorous, 

chlorophyll, sulfates, and bacteria). 

9. Air quality monitoring stations in close proximity to each site should 

provide information on annual precipitation, relative humidity, wind speed and direction, 

and maximum and minimum daily temperatures, daily evapotranspiration (EtX solar 

radation. 

10. Ground surveys of the delta may include GPS points for the beginning and 

end of ground transects from which LAI, fAPAR, and spectroradiometric data is 

collected. 

1.2.7.2 Aerial-level data 

Aerial surveys of the delta may be flown in transects around the core study areas 

with a MODIS Quick Airborne Looks (MQUALS) package consisting of Exotech 

radiometers with TM and MODIS filters, an infrared thermometer, and a muhispectral 

(blue, red, NIR) camera, mounted on a small aircraft (Huete et al., 1999). "The 

MQUALS sensor package may be used to acquke overlapping 1,000 m, aerial imagery 
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and "calibrated" top-of-the-canopy reflectance measurements of the Colorado River 

floodplain. Moran et al. (1997c) review techniques for converting airborne imagery to 

reflectances. To the extent possible, these airborne data may be collected concurrently 

with ETM+/ MODIS overpasses and ground data collection. "Processing of the 

radiometric data may rely on ground measurements made over a calibrated "spectralon" 

reference panel and cross-calibration of the sensors to a standard reference panel housed 

in the Optical Sciences Center at the University of Arizona. The MQUALS package, not 

only documents surface conditions at fine spatial resohition (< O.S m), but also enables 

the determination of percent vegetation cover, soil type, soil salinity, and spedes 

composition. MQUALS also provides a mechanism for up-scaling ground measurements 

and aircraft-based 'reflectance' and 'omittance' measurements to image-based resohitions 

(e.g. ETM+, MODIS) for region wide monitoring purposes (Glenn et al., 200lc)." 

1.2.7 3 Satellite imagery 

"Through the Terrestrial Biophysics and Remote Sensing' computing facility, we 

will acquire 16-day composited MODIS surface reflectances and vegetation indices on a 

continuous basis starting from June 2000. This data will be at the enhanced, 250 m pixel 

resolution with some of the bands (blue, green, and nuddle-infrared) sharpened from 

SOOm to 250 m. Preliminary analyses of this area has shown the tremendous value of 250 

m data in capturing the seasonal- temporal dynamics of the overall floodplain. The 

MODIS data is already calibrated and corrected for atmosphere effects, particularly with 
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its narrow near-infrared bandpass, which is essentially free ofwater vapor influences. 

The temporal sensitivity of the 16-day MODIS time series will allow us to monitor the 

Colorado delta and floodpiain on a continuous basis for the detection of "hotspols" fi)r 

more detailed analysis. In such cases, we will purchase and utilize Landsat ETM+ 

imagery for the more intensive analysis. Depending on the severity and type of'change', 

we may also employ the rapid response, MQUALS light-aircraft, sensor package for a 

flyover within I - 2 weeks. 

The combined ETM+/ MODIS data monitoring protocol, integrated with the 

MQUALS package, becomes a powerful methodology for studying the dynamics of 

water flow and vegetation responses along the Colorado River floodpiain (Glenn et al., 

2001c). 

1.2.8 Techniques to measure and map riparian habitat and detemune landcover 

change in the delta in 2002 

1.2.8.1 Measuring and mapping riparian habitat 

"Preliminary research (Nagler et al., 2001c, 2001) established a strong correlation 

between percent vegetation cover measured on the ground and the normalized difference 

vegetation index (NDVI) of Red/NIR band images taken from a k)w-level 

(150 m) airplane survey of the flood plain (r^='0.84XRgure3, APPENDIXE). Further, 

the major plant associations (groundcover species, sahcedar-arrowweed, emergent plants 
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and native trees) contributing to difTerent habitat vahies could be visually difTerentiated 

on the images. Comparison of NDVI values for common landscape features (water, soil, 

vegetation) for aerial images and a TM of the same scene taken near the time of the flight 

gave nearly identical values (Figure 4, APPENDIX E), showing that results can be 

accurately scaled from ground, to aerial and then satellite images (Zamora, Nagler et al. 

2001, 2001). 

We will build on this data to develop vegetation maps and habitat maps at four 

seasons of the year, corresponding to summer (June 21), fall (Sept 21), winter (Dec. 21) 

and spring (March 21), each year for the three years of the study. We will use the 

MQUALS sensor package (Huete et al., 1999) to acquire overlapping, 1,000 m aerial 

images of the floodplain, using multi-band (blue, red and NIR) and visible-band digital 

cameras. The MQUALS system incorporates pair^ ground and airborne sensors such 

that voltages can be converted into actual reflectance values for radiometric 

measurements. We will use visual interpretation of the images to construct a vegetation 

base map, dividing each image (representing ca. 100 ha) into 100,1-ha mapping units, 

categorizing each unit as soil, water or vegetation, and if vegetation as groundcover, 

shrub, native tree or emergent aquatic species. Using NDVI and other vegetation indices 

and cluster analyses, we will develop methods to accurately map units based on spectral 

properties, then we will scale up to larger-scale mapping units for TM images of the same 

scenes. Ground truthing will consist of locating representathre sample areas on the 

ground and quantifying vegetation (by type), soil and water using line-intercept methods. 

Other biophysical measurements on the ground will include: gk>bal and k)cal Leaf Area 
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species and, reflectivity spectra of leaves of each plant type as well as soil, water and 

litter at 490-990 nm in 10 nm increments by hand-held radiometer. 

A larger scale habitat map will be developed by classifying each image 

representing 100 ha into habitat classes as defined by Ohmait et al. (1988) for the lower 

Colorado River. These classes include open and closed gallery forest, shrub-dominated, 

aquatic and emergent marsh associations, each divided into sub-categories and each with 

particular wildlife habitat values for relevant species. This type of mapping has been 

conducted for the lower Colorado River in the United States using visual interpretation of 

conventional aerial photographs, but has not been done by spectral methods or scaled to 

satellite images. 

Within two weeks of each seasonal flight, a TM-3 and MODIS image of the 

floodplain will be acquired. Digital numbers will be converted to exoatmospheric 

reflectance values, and NDVl values calculated for each pixel of the image. The TM will 

not have sufficient detail to differentiate differem plant associations, but when overlaid 

on the photomosaic there will be a correspondence between NDVl values and underlying 

vegetation units. The photomosaic base map and corresponding classified ETM+ and 

MODIS images can then be used for subsequent change analysis, over seasons and yean. 

This analysis assumes that the basic vegetation structure in the delta changes only slowly, 

an assumption which has proven valid over twenty years of monitoring on the US stretch 

of the lower Colorado River. Therefore, an aerial-based photomosaic used to classify 

vegetation types will be valid for many years, while more frequently acquired satellite 
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images can be used to detect changes in biomass coverage and intensity with vegetation 

units (Glenn et al., 2001c)." 

1.2.8.2 Change detection 

"Change detection involves the use of muhitemporal data sets to discnninate 

areas of land cover and/or soil-related change. We are interested in separating out the 

changes of interest from all changes taking place. We expect that the use of vegetation 

indices will isolate changes in temporal and spatial vegetation variations. We will also 

search for the appropriate band combinations and to differentiate flooding events and 

vegetation responses. Careful attention will be placed to ensure that the changes in 

spectral reponses and/ or indices are indeed attributable to a change in land cover and not 

due to extraneous factors such as solar angle (time of day) or atmospheric conditions. 

BoR reports of the historic flow events in the last 20 years will provide 

information on the period and magnitude of the anthropogenically-caused flooding. 

Correlating these pulse floods with images of the delta in the post-flooding period gave 

an overview of the effect of the flooding on semiarid riparian v^etation extent and 

habitat, and provided a high correlation (r' = 0.931) between percent vegetation and the 

years of flow (Fig. S) (Zamora and Nagler et al., 2001). That stu(fy conchided that less 

than 1% of the base flow of the river is required to support the regeneration of nat^ 

trees by washing salts from the banks and allowing mesophytic species to be established, 

and thus it is possible to maintain a biodiverse ecosystem in this inherently variable 
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semiarid zone. However, in years between flood events, when there is little to no water 

available, salts build up in the soils producing a salinity effect which reduces 

biodiversity; salt tolerant species such as the exotic Tamarix ramosissma (salt cedar) 

begin to fill the delta in a uniform pattern. We will produce maps of semiarid, riparian 

vegetation (habitat) land cover and land use change in response to available water (3-D 

model) contained in the flood plain at different flood stages. A predictive model of these 

land-cover, land-use change dynamics (cause and effect) will be buih on the last 20 years 

of available data (historic flood flow event reports, and vegetation indices from satellite 

images). It will be used to make current assessments of endangered species habitat and a 

mosaic showing areas of fragmentation. The model will be usefiil for predicting the 

future status of biodiversity in the delta based on a mim'mum water requirement (Genn et 

al., 2001c)." 

1.2.9 Statement ofthe Problem, Part n: Issues and concerns with remote sensing 

measurements, classification of riparian habitat, and image processing 

The issues related to using remote sensing techniques to measure and map 

riparian habitat, concerns with having a common system for land cover classification, and 

problems wth aerial-image processing (georectification, georeferencing, and mosaicking) 

are discussed. First, ground-work to collect biotogical data on the Colorado River delta is 

certainly time-consuming and difficult; remote sensing tools can provide broader 

coverage in a more timely, accurate manner. However, ground studies are still needed. 
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and in the desert, these are difficult due to the vastness of the area, the severe climate and 

the lack of roads. U.S. scientists do not have routine access to the study area, but the 

entire ecoregion is dependent on flows of water released from the United States to 

Mexico. It is important that both nations have a common database from which to woric, 

as one of the main problems has been matching differently scaled, transborder map data. 

Remote sensing methods could be used to resolve some of the technical issues 

surrounding the delta so that all sides at least have a common database from which each 

information layer is available from a GIS. The next problem to be addressed is that 

people do not necessarily agree on the landscape classifications, as it is a continuum of 

vegetation types and ecological communities that is arbitrarily divided by people with 

opposing perspectives. Finding a uniform method of mapping the vegetation in the 

biome, such that descriptions and what was measured in each classification, fit the overall 

purpose for each interested party. 

Aerial surveys of the delta have been somewhat problematic in that ciitkal target 

areas have been missed (plane not over the target), sensors have failed (the high 

temperatures in the plane have causal shorts in the equipment), images are difficult or 

impossible to georeference (not flying flat (pitch, roll) or north (off-transect) or the tilting 

of plane has caused distortion in the images), and thus, the quality of the georectification 

and mosaicking of the images is decreased. 
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1.2.10 Physiological Measurements used in Determining Transpiration Rate 

1.2.10.1 Plant Physiology 

Numerous investigations have been conducted on the transpiration of crop plants. 

The challenge for ecophysiologists is to extend or adapt those concepts, methods and 

findings to natural ecosystems. Some ecosystems, such as natural grasslands, have 

sufficient similarity to agricultural fields that the extentions are relatively straightforward. 

Riparian zones are at the opposite extreme. For example, micrometeorological methods 

for estimating transpiration do not work for cottonwood and willow ecosystems due to 

the height of the trees and the extreme patchiness of the habitat (Goodrich et al., 2000). I 

attempted to apply the canopy - air temperature differential method for estimating 

transpiration or stress in crop plams (Inoue and Moran, 1997) to three of the most 

common plants in the Colorado River delta: cottonwood, willow and saltcedar. The 

results are in Appendix E. The following sections present the background on plant 

transpiration that went into the design of experimetts in Appendix E. These are for the 

most part text-book definitions (sources are cited); however, they are important in 

understanding the problems associated with estimating ET in riparian as opposed to 

agricultural ecosytems. 
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1.2.10.1.1 Stomata 

Background information on stomata is found in Monteith and Unsworth (1990X 

Taiz-Zeiger (1998), Schlesinger (1997) and Oke (1987). Stomata are the fiindamental 

control point of plant transpiration. Dq)ending upon the physiological status of the plant, 

the stomata can be completely closed, blocking nearly all water toss ftom the leiC or 

wide open, in which case evaporation approaches the rate theoretically possible from a 

completely wet surface. Stomata vary with species, but are typically 10-30 ^m long, 

occur on either the underside or both sides of leaves, and open to about 10 Mm during the 

exchange of water vapor and CO; with the atmosphere. Stomatal control serves to 

maximize photosynthesis while minimizing transpiration. In sunlight, the turgor pressure 

on the guard cells increases and opens the stomatal aperture, but only opening the pore to 

a degree that depends on light intensity, ambient temperature, humidity and CO2 

concentrations. The stomata are closed at m'ght because they do not need to take in CO] 

for photosynthesis. They may also close during the day when there is little water 

turgor/reduction in available water. Anything that produces plant water stress such as 

excessive transpiration losses, excess salinity or depletion of soil moisture will result in 

closed stomata. The stomatal activity therefore provides differing degrees of resistance 

to the exchange of water vapor and CO2. The primary factors affecting stomatal 

resistance are light, leaf temperature, vapor density deficit of the air, CO2 concentration, 

leaf water potential, and the age of the leaf Generally, stomatal resistance increases with 
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increasing light, leaf temperatures, vapor pressure deficit, and CO] concentration. The 

stomatal resistance decreases with increasing leaf water potential. 

1.2.10.1.2 Diffusion and Mass Flow 

The rate of water loss from leaf to air through stomata is determined by Pick's 

law for diffusion. This law states that the rate of difRision with time is proportional to a 

diffusion coefficient (for water vapor in this case) and the gradient, the change in 

concentration with distance. This law can predict the rate of evaporation from a water 

surface ('pan evaporation') to the atmosphere. In the case of water inside a leaf, the rate 

of water vapor transfer is diminished from the maximum possible value from a pan due to 

stomatal resistance. Stomatal resistance is a difficult thing to measure because you would 

need to compare the actual state of water loss in the plant relative to the potential water 

loss state and then take the difference to be the resistance. Inoue and Moran (1997) 

estimated potential ET from the pan evaporation using empirical coefficients and stated 

that they could calculate ET from formulas that were calibrated against data collected by 

ly si meters. A crop coefficient, kc, (which varied with percent cover and depended on 

plant, soil, and atmospheric conditions) was used to estimate actual ET by multiplying 

* potential ET. Stomatal resistance is determined from estimates of ET by dividing vapor 

pressure deficit change by ET. It seems that the dtfficulty in solving fi)r stomatal 
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resistance would be in separating out the boundary layer resistance, other resistances (of 

surfaces that do not have stomata, e.g. cuticle or mesopi^ll resistances), and mass flow. 

12.10.1.3 Soil-Plant-Atmosphere Relationship 

The definition of stomatal resistance (r., s/cm) comes from Plant Physiology 

(Ting); it is a variable resistance of the leaf stomata to resist water vapor flow; r. is low 

when the stomates are open and r. is high when the stomates are closed. The average 

range for agricultural plants with stomata open is 1-2 s/cm. 

In Oke (1987), there is a discussion of the daytime flux of CO2 that is supplied to 

the vegetation by the atmosphere and the soil. The passageway between the atmosphere 

and the interior of the plant is the leaf stomata. These pores on the leaf surface are open 

during the day to capture and expel CO}, and in this position they also expose the moist 

interior of the stomata to the air. Evaporation of moisture ("transpiration") is therefore an 

inevitable by-product of photosynthesis. A transpiration ratio depicts the effectiveness of 

the stomata in maximizing photosynthesis while minimizing water loss. Transpiration is 

thus an important process to monitor since the water loss induces moisture and nutrient 

movement through the plant and the assodated uptake of latent heat is a major means of 

dissipating the energy load on leaves (Oke, 1987). 

As described by Taiz-Zeiger (1998), in the soil, water crosses the root and is 

absorbed radially via the apoplast, transmembrane and symplast pathways until it reaches 

the endodermis. The conducting cells of the xylem are adapted for the transport of water 
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under tension. The source of tension in the xylem is the negative pressure that develops 

in the leaf cell wails when water evaporates. Water vapor moves from the leaf to the 

atmosphere by diffusion through stomata. The stomatal complex includes the pore, guard 

cells, and subsidiary cells. The driving force for water loss from the leaf to the 

atmosphere (transpiration, kg of water/mVs) is the absolute concentration gradient of 

water vapor (flow rate, kg^m^) divided by the resistances (s/m) (both the leaf stomatal and 

boundary layer resistances). Transpiration or ET is also the absolute concentration 

gradient of water vapor (flow rate, kg/m^) times the conductances (m/s). Stomatal (rs) 

and boundary layer (rb) resistances serve to regulate rates of water loss from the leaf and 

therefore provide the coupling for latent energy exchange. Stomatal resistance is a 

function of the diameter and density of stomatal pores. The boundary layer resistance 

depends in part on leaf size and shape and arises because of the presence of a thin layer of 

laminar air flow above the leaf which increases the path length for water vapor diffiision. 

1.2.10.1.4 Resistance vs. Conductance 

The following is from the Handbook of Chemistry and Physics ( ). Resistance 

(s/m) is the property of conductors depending on their dimensions, nutterial, and 

temperature, which determines the current produced by a given difiference of potential. 

The practical unit of resistance, the Ohm, is that resistance through which a difference of 

potential of 1-Volt will produce a current of l-Amp. Ohm's Law states that flow rate = 

driving force * conductance. Conductance (m/s) is the redprocal of resistance and is 
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measured by the ratio of the current flowing through a conductor to the difference of 

potential between its ends. Conversion of conductance in units of cm/sec to molar units 

(mol/m^/s) is done if pressure and temperature are known. Resistance of conductora in 

series is the sum of the separate resistances. For conductance that are in parallel, i.e., fix* 

two sides of a leaf or for stomata and the cuticle, the conductance is additive; thus the 

resistance is the reciprocal of the additive (total) conductance. In other words, the larger 

the resistance to flow, the smaller the flow rate for any given driving force. 

12.10.1.5 Measuring and Calculating Stomatal Conductance 

Conductance to water vapor loss through the cuticle conductance (gcw) is small 

relative to that through the stomates (giw) when the stomata are open; however, when the 

stomata are closed, such as in low light or under conditions of water stress, a significant 

fraction of the transpiration may occur across the cuticle, leading to erroneous estimates 

of stomatal conductance (giw). These errors are most important when calculating 

intercellular CO2 pressures; however, there is no readily apparent way to evahiate 

cuticular conductance (gcw) independent of the stomata because, although it can be 

measured for the abaxial surface of a hypostomatous lea^ there is no easy way of 

knowing if this value would apply to the abaxial cuticle as well. Similarly, conductance 

measured in the dark (giw) may be close to the cuticular conductance, but one would not 

icnow if the stomata were fiilly closed. Additionally, the boundary layer conductance 

(gbw) is an important component in the path for water vapor loss. In a well-stirred 
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chamber the boundary layer conductance is larger than the stomatal conductance, so that 

the primary component in total conductance (g^) is due to stomatal conductance. The 

boundary layer conductance can be evaluated using wet filter paper replicas of the leaf 

and taking the reciprocal to get the boundary layer resistance. Because of the series path 

through the stomata and boundary layer, the gas exchange through the two sides for a leaf 

should ideally be measured independently in a double-sided chamber, unless the 

boundary layer conductance is large relative to the stomatal conductance. Then, average 

conductance from measurements where both surfaces are enclosed with the single 

chamber can be taken (p. 143, Plant Physiological Ecology). 

1.2.10.1.5 .1 Measuring stomatal conductance 

Measurements of leaf transpiration and calculations of leaf conductance to water 

vapor are important in almost ail investigation of plant water relations. Transpiration is a 

primary determinant of leaf energy balance and plant water status. Together with the 

exchange of CO2 it determines the water use efficiency and has allowed for improved 

water management in agricultural production. Inoue et al. (1994) state that the 

measurement of evapotranspiration (both evaporation from the soil surftce (E) and 

transpiration (T) from the plant) has been estimated based on lysimeter measurements 

and energy balance methods (Penman) which employ meteorological data (net radiation, 

air temperature, vapor pressure, wind speed). These measurement techniques do not 

allow for the two quantities to be separated, ahhough there is a desire to do so because 
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canopy transpiration is affected by stomatal aperture in addition to the 

micrometeorological faaors. The separation will help to better quantify water and 

energy exchange processes in the soil-plant-atmosphere cycle. However, the problem of 

using transpiration (T) measurements alone is that most methods are limited in use 

because they do not provide a viable means of mapping the spatial distribution of 

transpiration losses. Remote sensing methods for measuring transpiration are still being 

investigated, although CWSI was well correlated with measurements made using heat 

balance-stem flow gages (Inoue and Mbran, 1997). Nevertheless, non-remote sensing 

methods of measuring transpiration are discussed here in addition to the limited methods 

of measuring stomatal resistance. Transpiration rate measurement techniques nuy be 

more necessary to know than how to measure stomatal resistance, as stomatal resistance 

(or conductance) is more convememly inferred from estimates of transpiration rather than 

measured in the field using porometers or pan evaporation techniques. 

1.2.10.1.5.2 Calculating Stomatal Conductance 

The stomatal conductance per unit leaf area can be measured in each leaf layer 

with a diffusion porometer and the conductance of the layer found by multiplying the 

average stomatal conductance value by the area of the leaf in the layer per unit ground 

area (i.e., LAI). The stomatal conductance (^) is based on the concentration differences 

(mm/s) or the concentration gradiem (g^m^ (dependent on temp.and pressure). 
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gsw = [(gtw*gbw)/(gbw-glw)] [4] 

Stomatal resistance is mathematically the reciprocal of the stomatal conductance, so to 

measure it, you take 1/ giw. 

Conductance to water vapor loss (gw) via diffusion alone is derived from Picks 

law of diflusion (although the diffusion through stomata deviates substantially from 

Pick's Law which describes diffusion within in a tube (Plant Physiology, Ting). 

Conductance to water vapor loss (gw) can be expressed as the rate of transpiration (E) and 

tiie driving force for evaporation (the gradient in water vapor from the intercellular 

spaces in the leaf to the atmosphere) (AW), such that: 

gw(m/s) =E/AW [5] 
where, 

gw = conductance to water vapor loss (mol/mVs or m/s) via diffusion. 
AW = water vapor gradient (mol/mol or ^m') and is measured by the 
difference in vapor pressure in the chamber and the saturatron vapor pressure 
in the intercellular air spaces. 
Et = rate of transpiration (mol/mVs or 
and, 

where, E is determined from equation [3]; 

ET(g/mVs) = Dw,[Ap/AXl [6] 
where, 

Dwa - binary diffusion coefficient of water vapor in the air (mVs), 
Ap = water vapor density gradient fit>m leaf to air 
AX = effective length ofthe diffusion path (m) 

resulting in. 

gw (m/s) = Dwa / AX m 
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However, the total conductance to water vapor (gbr) can be calculated using both 

the evaporation rate through the stomatal pore by diffiision and mass flow (also, ge = 

canopy stomatal conductance). When water evaporates in the intercellular spaces, it 

displaces air causing a small mass flow through the stomatal pore. This flow carries with 

it a small amount of water vaporthat must be added into the strictly diffusional 

movements of water vapor. Additional transpiration occurring because of mass flow is 

significant and is equal to the mean water v^r mole fraction along the stomatal and 

boundary layer path times the evaporation rate. So, equation [8] is the final equation for 

calculating stomatal and boundary layer diffiision conductance to water vapor phis the 

mass flow portion (the mean water vapor concentration along the diffiision path from 

inside the leaf to the atmosphere, (oi + oa / 2)); 

gtw (mol/mVs) = E (l-[(oi + ©a / 2) / oi • osa [8] 

1.2.10.2 Measuring leaf transpiration 

1.2.10.2.1 Inferring from transpiration estimates 

There are several instnimems necessary for measurement of leaf transpiration and 

the calculation of leaf conductance to water vapor exchange. Dvect measurements of 

CO2 and H2O are required. Accurate measurements of vapor pressure, air flow, and leaf 

temperature are needed. Generally, transpiration can be estimated from the product of 

the vapor pressure deficit and canopy conductance. Transpiration from plants can be 

measured two ways: 
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(i) heat pulse (use heat as a tracer of water flow through the stems) or 
(ii) heat balance (where you have heat input that is continuous and the 

sensor is wrapped around the stem). 

Both the measurement of transpiration and the calculation of water vapor 

conductance of single leaves are nearly always based on a closed system, where the 

measurement of vapor added by transpiration into the air inside a chamber enclosing the 

leaf or a leaf surface (Jarvis and Catsky, 1971). In an open system, a flow of air passes 

through the chamber and the leaf transpiration rate is calculated from the difference in 

water vapor content of the air entering and leaving the chamber, the flow rate, and the 

leaf area. Open systems are preferred to closed systems. The leaf transpiration 

mol/m^/s) is a function of the amount of water vapor and the flow rate of air (mol/sec) 

entering and leaving the chamber, the air pressure from humidity sensors outside the 

chamber, as well as measurements of pressure, air and leaf temperatures inside the 

chamber. The mole fractions of water vapor emering and exiting can be measured from 

vapor pressure or relative humidity. The equation takes the form: 

ErCmol/rnVs) = Uc(Q)0-<De)/L(l-<oo) or [9] 
= Uo«(ao-Ue*<Qe)/L [10] 

where, 
Et = rate of transpiration (mol/mVs) 
Ue = flow rate of air leaving the chamber (moi/sec) 
Uo = flow rate of air emering the chamber (mol/sec) 
Q)e = water vapor entering chamber (mol/mVs) 
(0 o = water vapor exiting chamber (mol/mVs) 
L = Leaf area (m^) 
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Leaf temperature can be measured using Infrared Thermometers or IR Imaging 

techniques, air flow can be collected from micro-meteorological data, and humidity 

sensors include lithium chloride dew cells or carbon resistance elements, where the 

electrical output is a function of relative humidity or dew point of the air. The humidity 

sensors are often not accurate for transpiration measurements due to being slow, 

temperature dependent and have considerable hysteresis. Psychrometric systems based 

on wet and dry bulb thermocouples were used in the past, but currently, infrared water 

vapor analyzers, dew-point mirrors and thin-film capacitance-type sensors are used to 

measure transpiration. 

Xylem flow measurements and lysimeter measurements can be made to estimate 

whole plant transpiration. The Heat Balance Stem Flow Gage method and the Sap Flow 

Gage method can also be used to measure flow through a cross-sectional area of the plant 

(based on a Pick's Law model). The first measures the amount of energy it takes to heat 

a section of the stem 1°C using a thermocouple. Differential thermocouples are used to 

measure sensible heat loss, such as that when measuring the difference in leaf and air 

temperatures. The second measures the velocfty of flow by sending a heat pulse and 

measuring the time it takes to get from point A to B. There is also a constant-heating 

method and a null-balance method. 
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1.2.10.2.2 Measuring Stomatai Resistance 

Three approaches for measuring stomatai resistance are the aerodynamic 

approach, the Bowen ratio energy balance approach, and the Eddy correlation approach. 

Aerodynamic approach; 

QE (latent heat) = -LvkV (Au/iz • Apv/Az) * (^m • ̂ v) [11] 
where Ap v = vapor density gradient, [0.00217 * (vapor pressure ^a) / temperature (K))] 
where = (({im * (j>v) ' dimensionless stability factor (fi'Ri) 

The requirements for this approach are that it has (i) a large homogeneous surftce, 

(ii) steady-state condhions, one^imensional transport, (iii) sensora within fully adjusted 

boundary layer, and (iv) Kr = Km (momentum) (similarity assumption). The limits are 

(i) Au/Az -the change in wind speeds is difficult to measure, espedally at m'ghttime, (iO 

the application is usually for transport above plants, and (iii) another transport theory is 

need for describing heat flow between plants and soil within the plant canopy. 

Bowen ratio energy balance approach [P = Bowen's ratio = QH / QE] 
QE (latent heat) = Q* - Qo / 1 + P [12] 
QH (sensible heat) = (P /1 + P) • (Q* - Qo) [13] 

Or Rn-G = C + XE 
A£ = Rn-G/I+P, 

where P = C/XE, from measurements of temperature and vapor pressure at a series 
of heights within a constant flux layer. 
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The requirements for this approach assume Kv=Kh and that it has (0 «large 

homogeneous surface, (ii) steady-state conditions, one-dimensional transport, (iiO senson 

within fully adjusted boundary layer, and (iv) Kr - Km (momentum) (similarity 

assumption). The limits are that (0 equations for QE and QH are undefined when P = -1, 

and (ii) measurement of Ap V is difTicuh to measure when QE is small. The advantages 

over the Aero-dynamic approach are that (I) u-bar is not measured and (ii) that 

(({im * (j)v) •' is not needed. 

Eddy correlation approach: 
QE (latent heat) = U ca'pv' [14] 
-or- C = pCpw'T' 
where o' = vertical wind speed, 

Pv' = vapor density; both are mean fluctuations from average 

and where C = sensible heat flux, and pcpw'T* is the vertical flux of dry air 
using wind speed and temperature. 

The requirements for this approach assume (0 large homogeneous surfiKe over 

large fields, (ii) steady-state conditions, (iii*) fast response sensors. The limits are fragile 

sensors; they need to be very level. 

From the above discussion, it is apparent that these approaches are not likely to succeed 

in riparian ecosystems, due to their patchy, non-homogenous nature. 



124 

1.2.10.2.3 Aerodynamic resistance 

Stomatal resistance (r.) is dependent upon stomatal density, stomatal opening, and 

cuticuiar resistance. Aerodynamic resistance (r«) is dependent upon the size and shape of 

leaves. These properties of the resistances affect the response of plants' temperature and 

water loss. Since the aerodynamic resistance is an integral part of the CWSI, it should be 

accurately evaluated and quantified, and this mainly means selecting the right parameten 

to evaluate depending on the target. These parameters may include height, surface 

aerodynamic' roughness, wind speed, atmospheric stability, surface-air temperature 

differences and perhaps even the number of stomata on the plant surface. A formula by 

Baitsaert (1982) is given in Inoue et al. (1990) which also lists the roughness lengths and 

stability corrections for heat and momentum because these transfer mechanisms are 

controlled by different principles, diffusion and pressure gradients, respectively. 

Generally, the result is that an additional resistance to heat transfisr may be added to the 

aerodynamic resistance, but this is neglible if the vegetative surface is um'form. 

As stomatal resistance increases and the stomates b^n to close, the aeroifynamic 

resistances decrease, i.e., wind speed, water content of the air (humidity), and both av 

temperature and incoming radiance (which heat the leaves) are high, creating a high 

conductance around the leaf Thus, as windspeed increases or humidity rises or leaf heats 

up, the aerodynamic resistance (m/s) decreases and the stomatal conductance in plants 

decreases (evaporative water flow is slower because of a lowered concentration gradient 

between the inside of the leaf and the atmosphere), resulting in increased stomatal 
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resistance. 

There are three methods of measuring aerodynamic flux above vegetation are 0) 

aerodynamic measurement of mean potentials and their gradients in the atmosphere 

(aerodynamic), (ii) bowen ratio methods, and (iii) eddy correlation (the direct method) 

and requires simultaneous measurements of rapid fluctuations of vertical windspeed and 

the entity in question. 

I 2.10.2.4 Canopy resistance 

Stomatal resistance appears to be just a partial contributor to the canopy 

resistance, which incorporates all the resistances of the leaf (stomatal, cuticle, and 

mesophyll resistances), the boundary layer resistance, and the aerodynamic resistance. 

Canopy resistance (rc) is mathematically identical to an amphistomatous leaf with canopy 

resistance (rc) replacing the stomatal resistance (r,) and r,v replacing ry. Based on the 

fact that Environmental Soil Physics (Hillel, 1998) reported input parametera needed to 

estimate canopy conductance to be the effective leaf area index (L), the incoming solar 

radiation (I), the canopy temperature, and the soil-water availability factor BD, which 

depends on the matric potential in the soil and the root density Fr, I expect that these are 

the same parameters that are required for the measurement of canopy resistance. 

Monteith (1973) suggested that canopy resistance values assodated for nearly 

complete stomatal closure (fcx) and stomatal opening (rc^) could be obtained from 

measurements of stomatal resistance (r«) and LAI (as long as LAI > 0): 
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Tcp / LAI 
^nd Tex " rnt^ LAI 

[15] 
[16] 

where, 
rsp = minimum value of stomatal resistance 
fsx = maximum value of stomatal resistance 

Values of canopy resistance for a given stand can be derived either directly from 

profiles of temperature, humidity, and windspeed or indvectly firom Penman-Monteith 

equation when the relevant climatological parameters are known and X£ is measured or 

estimated independently (Monteith and Unswoith, 1990). 

"Measurements of fluxes by micrometerological methods are of relatively 

little value to the agricultural scientist or ecologist unless they can be associated 

with some factor that describes how the surface controlled or responded to the 

flux. A useful way of extending the study of transfer firom single leaves to 

complex canopies, and of pointing out the shortconungs of certain approaches, is 

to consider the canopy as an electrical analogue, where the rate of exchange of an 

entity between a single leaf and its environment can be estimated (a) when the 

potential of the entity (Vapor Pressure or CO2 concentration) is known at the leaf 

and in the surrounding air, and (b) the relevam resistances (stomatal and boundary 

layer) can be measured or estimated. In the same way, the bulk exchange of any 

entity between the canopy and the air above it can be estimated by measuring the 

potentials at two or more heights above the canopy if the resistances across these 

potentials are also known. Within the canopy, resistances corresponding to the 

stomata and boundary layers of individual leaves have clear piqrsical 



significance. .. It is possible to derive a parameter for canopy resistance (rc) 

which plays the same part in equations fi)r the water vapor exchange of a canopy 

as the stomatal resistance plays in similar equations for a single leaf" (p.24S, 

Monteith and Unsworth, 1990). 

Monteith and Unsworth (1990) point out that there are two objections to 

this method of separating aerodynamic and physiological resistances of a crop 

canopy. "First, canopy resistance values derived from measurements are not 

unique unless the sources or sinks of sensible and latent heat have the same spatial 

distribution. In a closed canopy, fluxes of both heat and water vapor are dictated 

by the absorption of radiation by the foliage and, provided the stomatal resistance 

of leaves does not change violently with depth in the part of the canopy where 

most of the radiation is absorbed, the distributions of heat and vapor sources will 

usually be similar but will seldom be identical. Conversely, anomalous values of 

canopy resistance are likely to be obtained in a crop with little foliage if 

evaporation from bare soil beneath the leaves makes a substantial contribution to 

the total flux of water vapor. Secondly, the analysis cannot yield vahies of 

canopy resistance which are strictly independent of aerodynamic resistance unless 

the apparent sources of heat and water vapor, as determined from relevant profiles 

are at the same level (height - d and zo) as the apparent sink for momentum. The 

resistence to the exchange of momentum between a leaf and the surrounding air is 

smaller than the corresponding resistances to the exchange of heat and vapor 

which depend on molecular diffiision alone. It follows that the apparent sources 
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of heat and water vapor will be found at a lower level in the canopy than the 

apparent sink of momentum. Atmospheric resistances to transfer may therefore 

be described in terms of aerodynamic resistance, the resistance to momentum 

transfer and boundary layer resistance which is assumed the same for heat and 

water vapor." 

1.2.11 Methods for using Remote Sensing to Estimate Transpiration of Riparian Trees 

1.2.11.2 Crop Models 

There are also three crop models to measure ET or Qe which contain the 

aerodynamic resistance term and are pertinent to the following discussion. 

(i) Penman: 
ETo (mm/day) = wRn + (I-wXe*,-e,)FU2 (17) 
where FU2 = wind fonction (hourly) 
requires the radiation input term and aerodynamic (vapor pressure) term 

(ii) Penman-Monteith approach, big leaf model (a combination method) 
QE(Iatentheat) = A/A+y[Q*-<Jo + C, •VPD/rj|/ l+(rc/rji)J 
-or-
LE = [A(Rn-G) + C* (VPD) / rj / (A + y (1 + rc/r.)] [18] 
where rc(canopy resistence)~ mean r. / Lt= 

mean stomatal resistance / total LAI 

(iii) Crop CoefBciem Approach 
ET=„, = kc*ET, [19] 

where kc = aop coefficient (determined experimentally) 
where ETo = reference crop ET (this is usuiUly the evaporation that comes 

from an area that is well watered, and is determined statistically or through a 
combination of methods). 
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"Low plant covers with relatively large aerodynamic resistances are relatively 

poorly coupled to the bulk for the boundary layer, hence their evapotranspiration regime 

tends to be more closely tied to the available energy term, especially Q*, than to the 

vapor deficit. Tall vegetation systems are strongly coupled to a deep layer of air and QE 

can be closely related to the variations of vdd«" (Oke, p. 389). "Windspeed is also needed 

to estimate boundary layer conductance. It can be estimated using a wind profile or 

windspeed in conjuntion with aerodynamic characteristics of the canopy, namely z» and d 

or the low-level drag coefficient). And again, for tall crops or trees, the boundary layer 

conductance is considerably underestimated; yet, for smooth surfiice or short crops, the 

estimate is valid (Mathematics and Plant Physiology, year)." 

The Penman equations for sensible and latent heat exchange can be applied to a 

leaf, provided resistances for heat and water vapor transfer are distinguished. Resistance 

to vapor transfer for each side of a leaf is the sum of a boundary layer resistance Ov) and 

a stomatal resistance (r,). There is also the resistance to convective heat transfer Oth) for 

both sides of the leaf Stomatal resistance (s/m) and heat resistance (in sunlight) (s/m) 

increase with differences in leaf-air temperatures. In the dark, the temperature difference 

decreases with the heat resistance of leaves. Furthermore, as windspeed (m/s) decreases, 

relative humidity decreases and transpiration rates increase (g/m'/h). These next sections 

were described in Monteith and Unsworth (1990). 

The dependence of transpiration rate on raeBation and saturaUon d̂ cit 

For leaves in their natural environment, stomatal resistance depends strongly on 
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solar radiation and, in the absence of light, stomata are usually closed so that transpiration 

is effectively zero. Nevertheless, evaporation may occur slowly through a waxy cuticle. 

Much research has shown that plants close their stomata as saturation deficit increases, 

presumably as a mechanism for conserving water. When this response is evinced, 

transpiration rate will not inCTease in propoition to saturation deficit and may even reach 

a maximum value beyond which it decreases as the air gets drier still. The physical basis 

for this response must lie in the behavior of the guard cells which open and close the 

stomatal pore but the mechanism is still a matter of debate. 

The dependence of transpiration and temperature on windspeed. 

With increasing windspeed, the rate of evaporation from a wet surfiwe always 

increases and surface temperature decreases. For a lea^ when XE C ( '̂Rn) an increase 

in windspeed increases the latent heat loss at the expense of the sensible loss in such a 

way that >£ + c is constant. This behavior is intuitive because the evaporation fit>m a 

free water surface always increases with windspeed. 

Transpiration rate and stomatal resistancê  

Increasing the stomatal resistance of a leaf decreases the rate of evaporation and 

increases the sensible heat loss when Rn is constant. Stomatal closure therefore increases 

the temperature of leaf tissue. 
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1.2.11.2 Crop Water Stress Index (CWSI) and the Water Deficit Index (WDI) 

The Crop Water Stress Index (CWSI) (Jackson et al., 1981; Idso et al., 1981) 

correlates water stress to temperature difTerences between the foliage and air with 

reference to the vapor pressure deficit and a crop-specific baseline. CWSI assumes 100% 

vegetation cover (no bare soil- a measurement not of evaporation, just transpiration 

because the difference between ET and T is minor for full-vegetation canopies) and is a 

good indicator of crop stress and thus water deficit. However, CWSI also assumes that a 

measure of canopy temperature is available and that no soil background is showing 

because that would change the temperature measuremem and give a fidse indication of 

water stress. Application of the CWSI is inhibited by its inability to measure foliage 

temperature of partially vegetated fields. Moran et al. (1997a) state that the use of remote 

sensed crop coefficients (the ratio of actual crop ET and that of a reference crop) 

combined with readily available meteorological information is a useful application for the 

estimation of actual site-specific crop ET rate. Monitoring CTOp ET rates is importaitt 

because transpiration decreases are indicative of stressed, diseased, or water deficient 

crops. All input parameters can be computed using theoretical and/or empirical 

equations; the aerodynamic resistance is very important and there are many simple to 

complex equations available to solve for it. 
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CWSI=l-T/Etp [20] 
where, 
T = Transpiration (actuaO 
ETp = Evapotranspiration (^entiaO 

and, CWSI = [Y(l+r</r,-y)-y*]/[A+y(l+r./rc)] [21] 

where, 

re/r. = [Yr,Rnc/(Cv)-(Tc.T.XnA)-VPD] 
y = psychronwtric constant OcP* /^C) 
Y* =y(l-rcp/r,) 
Tcp = canopy resistance at potential transpiration 
r, = aerodynamic resistance 
A = slope of the saturated vapor pressure vs. temp, curve (kPa /**C) 
Cv = volumetric heat capacity of air (J/m^/"C) 

When temperature differences (**€) are plotted as a function of vapor pressure 

deficit, two theoretically-derived, distinct baselines for the maximum transpiration 

(stomates open) and minimum transpiration (stomates closed) conditions provide the 

upper and lower limits for a crop's water stress. Canopy and air temperatures are 

measured with an Infrared Temperature (IRT) Gun (no soil background should be visible 

and radiometric temperature measurements should be corrected for surface emissivity). 

Also IR bands on a radiometric sensor or an airborne thermal imager can be used. Vapor 

pressure deficit is the difference between the moisture inside and outside a leaf When 

the vapor pressure inside and outside are the same, the deficit is zero (i.e., a humid 

environment); when the leaf is moister than the outside air, the deficit is negative. The 

greater VP deficits occur more frequently in places like the SW USA where you have 

very arid conditions and field-irrigated agricultural pk)ts. Such a greater deficit would 
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give you a larger range in the Surface - Air Temperature (Tc - Ta) vahies. Mbntehh and 

Unsworth (1990) state that transpiration rate will not increase in proportion to saturation 

deficit and may even reach a maximum value beyond which it decreases as the air gets 

still drier. Furthermore, they say that the excess of leaf temperature over air temperature 

in bright sunshine is small (or even negative) in hot climates O^onteith and Unsworth, 

1990, p. 192) like what is reported in the CWSI figure. Hence, the more n^ative 

temperature difTerence values come with high vapor pressure deficits (much hotter, drier 

outside the leaf than inside). 

The Water Deficit Index (WDI) (Moran et al., 1994) can be used for evaluating 

evapotranspiration (ET) rates (evaporation from the soil surfine phis leaf transpiration). 

It can be computed using remotely sensed measurements of surface temperature and 

reflectance with limited micro-meteorological data needed (only net radiation, vapor 

pressure deficit, wind speed and air temp). WDI is the ratio of actual to potential ET and 

provides estimates of the relative water status of a field having varying percent cover (0-

bare soil to I-full cover vegetation). This percent cover estimate is often approximated by 

a vegetation index, which is most often in the literature Soil Adjusted V^etation Index 

(S AVI) because SAVI is insensitive to soil brightness (Huete, 1988). The range of VI 

values falls between ~0.1 bare soil to 0.8 fiill cover v^etation. WDI is illustrated as % 

vegetation cover as a function of canopy - air temperature differences (Clarke et al., 

1994). As stomata open and conductance is high, more transpiration occurs and the plant 

is cooler relative to air temperatures, i.e., Tc < Ta (negative or lower values) representing 

non-stressed conditions. The opposite occun when stomata are closed; conductance and 
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transpiration are not happening, and the plant wanns relative to the air, i.e., Tc > Ta 

(positive or higher values) representing high-stressed conditions. Some research has been 

devoted to monitoring transpiration rate by measuring crop ET using the approach of a 

near-linear relation between VI and canopy stomatal conductance O'foran et al., 1997a). 

WDI= 1-ETa/Etp [22] 

where, 
ETa = surface EvapoTranspiration (actuaO 
ETp = EvapoTranspiration (potential) and, 
0 < ETa/ETp <l 

1.2.11.3 The relation between CWSI and WDI 

Jackson et al. (1981) derived a new theoretical approach which used the Penman-

Monteith Equation combined with the Energy Balance Equation in terms of Canopy - Air 

Temperature, rearranged the equation, and solved for the resistance (canopy) / resistance 

(aerodynamic) to get CWSI. As previously shown, Y* ~ Y (I which involves 

the canopy resistance at potential ET / resistance (aenxfynamic). The parametera that 

they need to solve for to measure Tc-Ta, are as fi)ilows; 

a. r* = aerodynamic resistance (s^m2) 
b. Rn = net radiation heat flux density (w/m2) 
c. G = soil heat flux density (W/m2) 
d. Cv = volumetric heat capacity of air (J/C/li«D) 
e. Rc = canopy resistance to vapor transport (s/im) 
f. VPD(air) = lcPa 
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The Penman-Monteith equation is useful for computing evaporation and 

transpiration rates of uniform surfaces, either dense vegetation or bare soil, but is less 

useful for evaporation rates where the landcover is mixed, hence at regional scales. It 

requires some difficult-to-measure micrometeorological parameters, such as wind speed 

(U) and estimates of canopy and aerodynamic resistances (rs and ra) (see equations for 

crop models). Other parameters are easier to obtain, such as vapor pressure deficit (VPD) 

and air temperature (Ta). A simplified method to obtain crop water stress was needed, so 

Moran et al. (1994) used the relationship between Tc-Ta and VI to produce a water 

deficit index for all combinations of canopy and soil composites and for all crops and 

meteorological conditions (based on Nemani and Running (1989) and Price (1990)). For 

the WDI, new variables were named; Ts = surftce (mixture) temperature. To = 

Temperature Soil Alone, Tc === Canopy Temperature. When there is bare soil only, Ts = 

To; and, when there is 100% covo-, Ts = Tc. All four points on the trapezoid were 

defined by physical properties of the energy balance equation. Those conditions were (0 

well watered and 100% vegetation cover, Oi) dry (water stressed) vegetation at 100% 

cover [total canopy resistance; nearly complete stomatal closure], (iii) watered bare soil 

[wet bare soil; resistance = zero], and (iv) dry soil (ro = infinite and is the same as for 

complete stomatal closure]. The idea behind the WDI is application based; (Qto 

compare actual to potential ET, and (ii) to estimate canopy temperature fix>m mixtures of 

soil and vegetation temperatures. With the trapezoid, trend vectors can be used to 

estimate canopy temperature given variable percent cover, VI. and surfiice temperature. 

It is expected that SAVI vs. Tc-Ta would be a linear form, but it is difficult to obtain 
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uniform soil surface moisture conditions. A general trend observed in Clarke et al. 

(1994) is that WDI decreases over the growing season. 

1.2 .11.4 Water Stress 

The physical meaning of the line from the point at 1 to the point at 4 (wdl-

watered to zero % Cover) is "a non-stressed crop with a completely dry soil sur&ce." 

Since the WDI is based on the CWSI and the CWSI is based on the non-water-stressed 

baseline, this may indicate that the line from 1-4 is representative of conditions of non-

limiting soil moisture, when the plants in question are transpiring at the potential rate. 

Transpiration (potential) is the transpiration rate of healthy plants without water shortage 

when the vaporization rate at the plant leaves is based on the available energy. Water-

stressed plants have a decrease in transpiration and an increase in leaf temperature, which 

is a parameter that can be measured and monitored. 

The importance is that you always want your crops to fall under these conditions, 

but it is difficult to determine where your plants may fall in the trapezoid based on 

remotely-sensed measurements alone. Actual measurements of soil moisture conditions 

ahead of time would be necessary to determine if a transpiring crop fidls on the actual M 

sloped line or a more vertical line, fai both theory and application, it may occur that 0) 

transpiring plants will exist on a completely dry soil-surface, or 00 physiologically-

depressed (decreased transpiration) plants will occur on completely wet soil. One would 

want the soil conditions in an agricultural field to be unifonnly dry, but in reality, it is 
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difficult to find uniform soil sur&ce moisture conditions. Typically, surface-irrigated 

crops will dry unevenly, so unless one waits for some period of time after the last 

irrigation for the surface to dry, the soil moisture conditions will be variable. The same is 

true with flood irrigated systems, and always, areas with sparse %ccver will dry faster. 

With sub-surface drip irrigation, it is more likely that uniform soil surface conditions will 

exist. 

If a plant rneasuremem fiUls above the 1:4 line, the plam would be showing some 

degree of water stress and the background would be completely dry soil. Below the 1:4 

line, the plant would not be stressed, but the soil moisture would vary from dry at the top 

to wet at the bottom/lefl side. As the plant moves from the 1:4 line to the left 1:3 line, the 

Tc < Ta, which likely indicates that the stomata are open and conductance is high, so 

more transpiration is occurring and the plant is cooler relative to air temperatures; these 

are non-stressed conditions. Above the 1:4 line, the opposite occurs, temperature 

differences must be very high between plant canopy and soil, i.e., Tc > Ta representing 

high-stressed conditions where stomata are closed, conductance and transpiration are not 

happening, and the plant is much warmer relative to the air. Above the 1:4 line, no bare 

soil can exist, but very low fractions of cover couM, ahhough the plants would be dry and 

stressed. 

From the CWSI, for high values of VPD (arid environments) there is an 

associated large range (i.e., S to -10) of Temperature Difference (Ts - Ta) vahies that 

corresponds to a wide range of stress (i.e., if Ts -Ta is tow (near -10), then the plants are 

probably not stressed; if Ts-Ta is high (near S), then the pfamts are probably very 



138 

stressed). For humid environments where the VPD is low, associated Temperature 

Difference (Ts - Ta) values have a smaller range (i.e., near 2) of only a few degrees that 

corresponds with a very narrow range of stress. These physical properties are depicted 

in the line from 1:4 below. First, in arid environments, you will have higher VPD vahies 

which correspond to a large range of Temperature Difference vahies; such is represented 

by the line from I -2 (due to full vegetation cover) or from line 3-4 (bare soiO. So, if your 

plant values in an arid environment exhibit Ts-Ta values of+5 (i.e., closed stomata, less 

transpiration, and warmer plants relative to the air temperature), then they are highly 

stressed and should correspond to the upper-right (section m) of the 1:4 line, your 

plant values in an arid environment exhibits Ts-Ta values of-10 (i.e., open stomata, more 

transpiration, and cooler plants relative to the air temperature), then they are not stressed 

and should correspond to the any of the area below the 1:4 line (section I and II). 
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1.2.11.5 Considerations for riparian ecosystems 

The traditional approaches to estimation of ET that have been applied to oops do 

not seem especially promising for riparian systems. Microemeteoiolgodal methods 

require a smooth, homogeneous surface, which characterizes many crop fields, some 

grass ecosystems, but not Cottonwood and willow groves (Goodrich et al., 2000). On the 

other hand, two methods of direct estimation of ET have promise in riparian ecosystems. 

First, sap flow techniques, in which transpiration through intact tree branches is 

measured, have been validated for Cottonwood and willow patches on the San Pedro 

River in Arizona (Schaefer et ai., 2000). Second, sap flow measurements combined with 

remote sensing of the canopy - air temperature differential, can potentially extend the 

ground results to large areas of landscape (Inoue and Moran, 1997). The first steps 

toward combining these two methods for estimation of transpiration by cottomvood, 

willow and saltcedar are described in Appendix E. 
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1.2.13 Statement of the Problem, Part HI: Estimation of Transpiration in Riparian 

Species 

The problem is that although much work has been done to better quantify the type 

and extent of riparian vegetation in the semi-arid riparian areas along the Colorado river 

for habitat delineation, it is not yet possible to utilize aerial monitoring for assessing and 

finding stressed vegetation regions. Remote sensing methods have been applied during 

the Semi-Arid Land-Surface-Atmosphere Program (SALSA) campaign to develop a 

validation method for the seasonal estimate of water stress and evapo-transpiration of 

vegetation (Goodrich et al., 2000a, 2000b). If both the extent/magnitude of each riparian 

tree species in the delta, and the rate of transpiration for each species, could be estimated 

from remote sensing techniques, then field work could be reduced and limited to simpler 

quality assurance and/or validation checks. The problem is that we have not yet made the 

effort to obtain ground-based sap flow data or acquire visible, near-infirared, and thermal 

data from aircraft. 

The hypothesis is that if the transpiration rate of each land cover plant type could 

be estimated from remote sensing methods on the ground, then, it may be possible to 

extend the relationship between transpiration and percent cover and infrared temperatures 

so that assessments at the aerial level can be made. The goal is to produce a water 

balance map produa using satellite-derived coverages of visible, infrared, and thermal 

bands from ETM+ and MODIS. Quantifying water balance in the Colorado River delta 

in Mexico serves (i) to protea biologically diverse areas and habitats for endangered 
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species, and (ii) to protect human livelihood, which is dependent on pioperiy managed 

water supply, by providing advanced notice of the water amoimt and availability, and (iiO 

to manage the social, economic, and demographic changes associated with land use. 

White et ai. (2000), among others, state that many climate and ecosystem models 

are strongly influenced by leaf area index (LAI) (Bonan, 1993; Chase et al., 1996). Thus, 

accurate field estimates of vegetation cover are critical for determining whether rainwater 

becomes runoff or transpired. Field measurements of shrublands in semi-arid regions 

have been deemed necessary to provide a context for the interpretation and quantification 

of satellite data (PROVE, Jornada campaigns) (White et al., 2000). Inherent in their 

statements is that VI and percent cover, derived from satellite, must be validated with 

field work, including accurate estimates of transpiration from ground-based sap flow 

meters. 

Important considerations of the goal include the accurate estimation of 

transpiration rate of major riparian species (cottonwood, willow, salt cedar and 

arrowweed) of the delta using the stem heat balance method (DynaMax, Inc., 1990). 

Also necessary; (i) ground-based biophysical measurements of global and local Leaf 

Area Index, by LiCor2000, that have been calibrated by physical measurement of LAI fi>r 

subsamples of each species, and (iO reflectivity spectra of leaves of each plant type as 

well as soil, water and litter at 490-990 nm in 10 nm increments by a hand-held 

radiometer, and (iii) making measurements at one or nnore sites correspondii^ to aerial 

images and acquiring precise measuremeMs of Tc-Ta using an IRT gun to monitor WDL 

The WDI, which generally gives a rate of evaporative water loss from an area (mostly 
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crop regions), will need to be collected in riparian zones which have a range of species 

and varying percent cover Problems may occur if tests on plots of pure riparian species 

are not carried out. These tests should show that sap flow is well correlated with ground-

based canopy-air temperature changes using an IRT gun as was done in Nagler, et ai. 

(2001, unpublished). For validation purposes, these relationships would need to be 

extrapolated to mixed scenes as observed from light aircraft by measuring canopy and air 

temperature from the air and sap flow at the ground on different species. An aerial-

based photomosaic used to classify vegetation types would be valid for many years, while 

more frequently acquired satellite images could be used to detect changes in biomass 

coverage and intensity with vegetation units. 

This early detection fleld/aerial method for determining stress may validate 

satellite data anomalies, such as out of season VI, that may be corrdated with water stress 

detected from MODIS or other products (VI, Vegetation Cover Convenion or Land 

Cover Change). Stressed areas determined using the GVSI method from ground and 

aerial measurements may be detected far before the disappearance of vegetation is seen. 

Such a method will alert the public to the environmental risks of water stress before the 

livelihood of the citizens becomes a crisis. This public outreach would help in the 

planning for sodal, economic, and demographic change that usually follows from water 

loss - vegetation/habitat degradation. 

With estimates of consumptive use (evapostranspiration), the rate of surface flow, 

and the storage capacity (volume) of the aquifer, we will have a better understanding of 

the overall surface water balance in the deha. Although we cannot measure the aquiftr 
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directly, remote sensing methods for measuring transpiration rate could provide an 

estimate of the water used by phreatophytic vegetation. If such a water budget product 

could indicate the status of water in the river basin by the heahh of the vegetation and the 

magnitude ofland cover change, then, in times of a water stress alert, the acquisition of 

higher resolution satellite, aerial measurements, and field data would be initiated to 

quantify both the decline in total vegetation cover over time and the loss of native tree 

species. Highly validated data and fast tum-around on a water budget product in this 

sensitive area will ensure that the water requirements to support the ecosystem are 

fulfilled. 
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1.3 Literature Review of Southwest Riparian Ecosystems 

The literature reviewed contains aspects of arid and semi-arid riparian vegetation, 

land cover change detection using hyperspectral and/or image processing techniques to 

distinguish landscape components, problems which contribute to the error in predicting 

ground vegetation characteristics from sateilite-derived VI and percent cover, 

agricultural-based methods to estimate transpiration rate (i.e., the trapezoid method), and 

seasonal riparian methods to estimate transpiration rates to help quantify the water budget 

in arid-land, riparian ecosystems. 

1.3.1 Desert Riparian Vegetation Species 

In Matthews (1983), arid ecosystems are defined to include shrubland, arid 

grassland, and dry savannas, and are said to cover more than 25% of the terrestrial 

surface of Earth. Dirmeyer and Shukia (19%) and Myneni et al. (1996) have shown that 

these environments are highly sensitive to climate fluctuations. More specifically, 

riparian areas are rare in the western U.S. as they occupy less than 1% of the landscape 

(Knopf et al., 1988). The extent of riparian vegetation in arid lands changes both 

temporally and spatially with water flows and as a result of human intervention in the 

natural flow regime (PofTet al., 1997). Not enough is known about vegetation patterns 

and spatial changes in species composition of interconnected riparian systems (Nilsson et 

al., 1994), although they are valued for recreation, watershed protection, and water 
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quality in the southwest (EPA, 1998; Carothers, 1977; Patten, 1998). In the last 100 

years, the riparian habitat has been reduced to <20% ofv^ it was before impoundments 

and diversions of surface water and removal of ground-water (Swift, 1984; Rood and 

Mahoney, 1990; Stromberg, 1993; Stromberg et al., 1996; Busch and Smith, 1995; 

Patten, 1998). 

Riparian vegetation is often in areas with imermittent and ephemeral streams 

(Malanson, 1993; Sala et al., 1996; Zimmerman et al., 1999; Hoiton etal., 2001; Kolb et 

al , 1997). Schaeffer, et al. (2000) describe the cottonwood/willow forests as discrete, 

even-aged vegetation patches, arranged in narrow strips along active and abandoned 

stream channels of alluvial flood plains. Elevation change is a donunant ftictor 

controlling species distribution and composition of ripahan plant communities (Szaro, 

1989; DeBano and Schmidt, 1990); the most floristically diverse areas occur between 

1000-2500 m (Medina, 1996). At lower elevations (<1250 m), riparian habitats are 

dominated by Popultis /remonliiSalix goodcSngii forests, noted as one of America's 

rarest forest types (Brown, 1982). The low-elevation southwestern riparian ecosystems 

are phreatophytic; the trees depend on alluvial groundwater (Turner, 1974; Busch and 

Smith, 1995; Mahoney and Rood, 1991,1992,1993,1998; Shafit>th et al., 1998). A 

decline in mature trees of lowland riparian systems is due to decreased water availability 

(Reily and Johnson, 1982; Smith et al., 1991; Shaftoth et al., 1998, Scott et al., 1999). 

Subsequent to a decline in native species is the increase of the invasive exotic species 

such as Tamarix chinensis and Tamarix ramosissima imo many desert riparian 

ecosystems; salt cedar is more tolerant of drought and salinity than native species and is 
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more tolerant of the systems that have altered river hydrology (Robinson, 1965; Cleverly 

et al., 1997; Smith et al., 1998; Horton et al, 2001). 

In addition to elevational zones, the fluvial geomorphic processes, stream 

direction and gradient, flow regime, and geology afTect riparian plant community 

characteristics (Zimmerman, 1969; McBride et al., 1988; McBride and Strahan, 1984; 

Szaro, 1989; Scott etal., 1996). Mahoney's (1996) dissertation contributed to the 

icnowledge of how river hydrology helps the establishment of riparian poplars. The study 

of hydroecoiogy and geomorphology contribution to the understanding of the 

distribution of riparian species as effected by groundwater interactions (Harris et al., 

2000; Asplund and Goch, 1988; MacNish et al., 1998; 2000). Mbreso, wandering gravel 

bed rivers and their natural floodplains constitute one of the most dynamic components of 

a landscape, where frequent disturbance creates a complex mosaic of landforms and 

biological communities (Marston et al., 199S; Hughes, 1997). However, 

geomorphological characteristics of a particular stream may not always be useful to 

characterize plant diversity across an entire interconnected riparian ecosystem 

(Zimmerman et al., 1999; Nilsson et al., 1994). River channel and stream beds are 

geomorphologically, hydrologically, and ecologically complex, matched only by the high 

sensitivity and vulnerability to environmental change (Bryant and Gilvear, 1999). Our 

understanding of environmental change within river reaches and associated floodplains is 

constrained by an inability to quantify spatial variation and change in fluvial landforms 

and land cover along the reaches (>20 times the channel width) (Bryant and Gilvear, 

1999). They believe that remote sensing at a range of qntial and temporal scales can 
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provide the means to overcome the quantification problem, but only in association with 

suitable field validation, can the floodplain channel and vegetation change be mapped 

and monitored (Bryant and Giivear, 1999). 

The ecology of riparian systems is dramatically effected by climate and land use 

changes (Schlesinger et al., 1990), but little is known about the ecophysiolgical 

mechanisms that cause these conununities to change (Hofton et al., 2001; Smith et al., 

1991; Buschetal., 1992; Busch and Smith, 1995). Land cover land use changes are 

often linked to hydrological (Bryant and Giivear, 1999) and biogeochemical changes 

(Schlesinger, 1997; Connin et al., 1997), which can lead to a change in the material 

composition of plant canopies across landscapes (Friedel, 1997). Changes in riparian 

systems are not easily measured at large spatial scales (Asner et al., 2000; Bryam and 

Giivear, 1999). Therefore, most studies that have assessed changes within riparian 

vegetation have constrained their focus to local scales (Asner et al., 2000). For example, 

Flores and Martinez (2000) discuss how to acquire detailed information about land cover 

and land use in small areas in order to implement environmentally sensitive policies and 

how to monitor and control such policies. 

A number of studies focus only on a particular river reach to documented the 

ecophysiological response of vegetation to climate and land use changes; 

Tyree et al. (1994) suggested drought-induced xylem dysfunction (cavitation) as a 

possible decrease for the decline in riparian trees following a decrease in available water. 

However, they state that the influence of groundwater and streamwater availability is 

needed to determine if this is a possible reason for riparian tree decline. 
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Horton et al. (2001) investigated the physiological response to groundwater 

availability at different depths along a gradient &om shallow to deep of two native riprian 

trees, cottonwood (PopulusJremontii) and willow {Salixgooddingtt)^ and one exotic 

species, salt cedar {Tamarix chinensis). They tested this theory using two rivers, the Bill 

Williams (BW) (altered) and the Hassayampa River ^R) (fiee-flowing). Depth to 

groundwater at the BW is constant and shallow (<4 m); using predawn water potential, 

cottonwood did not experience reduced water availability as willow did (although it did 

not affect photosynthetic rate), but leaf gas exchange was sensitive to high vapor pressure 

deficit (when surface flow was reduced). Depth to groundwater at the HR is much 

greater than at the BW, and it declines rapidly in the ephemeral reaches; both species 

showed reduced water availability (using predawn water potemial) and reduced leaf gas 

exchange where the depth to water was greatest Canopy dieback for all three species 

was greater at HR than at BW, and for depths to groundwater that were >3 m, the risk of 

mortality increased. Lastly, branch sacrafice could improve water status of the exotic 

species, but not the two native species. Salt cedar showed no change in water potential, 

leaf gas exchange, or canopy dieback. They concluded that deep groundwater is more 

detrimental to the cottonwoods and willows than to salt cedar, and that dam regulation 

can increase water availability to mature riparian trees. Fuithermore, estimates of the 

range of depths to groundwater needed to sustain the native species are provided in their 

study (Horton et al., 2001). 

Sala et al. (1996) examined water use by Tamarix ramosisama and associated 

phreatophytes along the Virgin River in the Mohaje Desert fkxxiplain. They used the 
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stem-heat balance method to measure Tamarix ramosisama (exotic), Phtchea sericea, 

Prosopis pubescens, and Salix exigua (native) to detennine whether lea^area-based 

water use of the exotic plant was higher than that of co-occunnig native vegetation and to 

assess the role of the high LAI of Tamarix on the plant's water loss, and lastly, to verify 

whether Tamarix is capable of using large amounts of water under high vapor pressure 

deficits. They found that sap flow rates based on LAI did not differ significantly for the 

four species, although their leaf area and total water loss did vary. They also found that 

on a ieaf-area/plant basis, water uptake was linear with water use. During high potential 

evapotranspiration (PET), sap flow rates (leaf basis) were higher where LAI was lower; 

Sala et al. (1996) suggest that the evaporative demand Oe*f-level) is reduced in highly 

transpiring plant stands. Futhermore, they stated that in dense stands, (LAI>3.SX the 

daily ET exceeded the PET which confirms that mature stands lose high quantities of 

water due to having to maintain high leaf area. Structural properties such as LAI and 

density control water use by riparian stands when the water table is moderate to high 

(Salaetal., 1996). 

Devitt et al. (1997a) found that transpiration rate (on a stand vohime basis) of 

Tamarix ramosissima on the Virgin River, during a hot, dry summer, had three 

components that accounted for 87% of its variability; irrigation vohime, leaf area 

density, and average ratio of height to distance to the nearest trees. They concluded that 

Tamarix growing in closed stands transpired more than those in open stands (Devitt et al., 

1997a). Furthermore, a similar study also conducted by Devitt et al. (1997b) on the 

Virgin River showed that during a month long dry-down period, Tamarix did not reach 
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zero sapflow until day 26, indicating that relative soil water in storage could decline by as 

much as 90% and still respond rapidly to the presence of applied water. Daily sap flow 

totals (leaf area basis) were higher along the river's edge than the interior of the stand or 

the desert's edge, although water table levels were maintained at 60 cm for two-years 

until drydown, when water table levels and soil moisture declined O^evitt et al., 1997b). 

Furthermore, Devitt et al. (1998) estimate evapotranspiration for Tamarixramoassima 

using the Bowen ratio method. 

Schaeffer, et al. (2000) used heat-pulse velocity techniques, from April to October 

1997, to estimate transpiration in 12 forest patches along the San Pedro River, a perennial 

river in the southeast of Arizona. On average, daily tran^iration at the canopy scale was 

4.8 mm/day, ranging from 5.7 mm/day in the youngest patches along the primary channel 

to 3.1 mm/day in the mature stands along the abandoned channels. They found that for 

Cottonwood, the larger trees found in the outer channels had consistently higher 

transpiration (per unit sapwood) than for the smaller trees; but for willow, the newer trees 

found along the primary channel had the higher transpiration rate (per unit sapwood). 

Transpiration was not only calculated on a sapwoodrground area ratio basis, but also it 

was calculated on a leaf area basis. They include that these estimates cannot be projected 

to other areas along the river without accounting for the chai^ in structural varmtion, as 

the dominant tree population will shift. 

Additionally, Schaeffer and Williams (1998) estimated from sap flux the 

transpiration rates of desert riparian forest canopies. Smith et al. (1998) describe the 

water relations of riparian plants from warm desert regions, while Slider and Williams 
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(2000) used sap flux to estimate transpiration on riparian species along the San Pedro 

River. Vandersande et al. (2001) provide the tolerance level of five riparian plants from 

the lower Colorado River to salinity, drought, and inundation. Horton et al. (2001) also 

used Sonoran desert riparian tree species, but examined their leaf gas exchange 

characteristics. Zimmerman et al. (1999) quantified plant species distribution, 

abundance, and diversity within and among ephemeral, riparian canyon streams 

(Pumphouse Wash). The patterns of distribution, spedes composition, and annual 

changes in riaparian vegetation have also been investigated in the lower Rio Grande 

Valley using aerial color infrared (CIR) photography (Lonard et al., 2000). 

1.3 .2 Land Cover and Land Use Change (LCLUC) using Remote Sensing and Image 

Processing Techniques 

Because of the difficuhies inherent in measuring the extent and magnitude of 

riparian vegetation in arid or semi-arid regions, remote sensing can provide the tool for 

linking vegetation change to climate variability and land use (Asner et al., 2000). Miuiy 

arid lands studies have focused on estimating changes in vegetation extent (Graetz et al., 

1988; Smith etal., 1990a,b;Chehbounietal., 2000). Smith etal. (1990a,b) wrote a two-

part series on vegetation in deserts; the first describes a how to use muhispectral images 

to quantify and measure regional abundance and the second details the environmental 

influences on regional abundance. Chehbouni et al. (2000) summarize their findings 
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related to grassland ecology and competition for water between native grasses and 

invasive mesquite species. 

To sufficiently estimate change, most literature has either used methods that 

include high spatial resolution sensors (Filiberti et al., 1994) or robust data processing 

techniques, such as the spectral mixture analysis technique. This processing technicpie 

has been applied extensively (Marsh and McKeon, 1983; Adams et al., 1986; Strahler et 

al., 1986; Smith et al., 1987; Smith etal., 1990; Boardman, 1990; Roberts et al., 1993; 

Settle and Drake, 1993; Adams et al., 1993; Ray and Murray, 1996; Roberts et al., 1997; 

Moody, 1997; Showengerdt, 1997; Gross and Schott, 1998; Gross and Schott, 1998; 

Mettemicht and Fermont, 1998; Moody, 1998; Garda-Haro et al., 1999). Hirosawaetal. 

(1996) descibe one method for better visualizing and characterizing land cover at r^onal 

scales through the application of standardized prindpal component analysis ^A) using 

multitemporal AVHRR data. 

The EOS-MODIS sensor was designed with smaller bandwidths, among other 

sensor design changes, to more accuratdy measure the landsurfiice component Qiistice et 

al., 1998; Huete et al., 1999). Running et al. (1994) were responsible for the sdence and 

algorithms, while Strahler et al. (199S) wrote the ATBD for the MODIS Land Cover 

Product. Huete, et al. (1997) compared vegetation indices over a global set of TM 

images for EOS-MODIS. Van Leeuwen et al. (1998) evaluated the MODIS vegetation 

index compositing algorithm using SeaWiFS data. Miura et al. (1998) assessed MODIS 

band passes to detea vegetation depicted in smoke-filled AVIRIS images. For the 

Colorado River delta, Zamora and Nagleret al. (2001,2001) quantified land cover 
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change on small, riparian stretches, using aerial - visible and infrared - sensors, at a scale 

for comparison with more traditional field data, and for comparison with TM images over 

time. However, future work will require using the more robust, spectral satellite sensor, 

MODIS. 

One main consideration in using remote sensing to study river environments is the 

size of the river: rivers with basins > 100,000 km' and channel widths > 500 m have 

utilized aerial photographic surveys alone (Lonard et al. 2000) or in combination with 

Landsat TM and MSS data (Salo et al., 1986; Philip et al., 1989; Ramasamy et al., 1991; 

Mertes et al., 199S), while smaller river systems have used airborne remote sensing with 

high resolution advanced sensors and improved temporal/spatial flodbility ^ryant and 

Gilvear, 1999. For the latter, there are several studies that have mapped in-stream 

habitats (Gilvear et al., 1995; Winterbottom and Gilvear, 1997; Gilvear etal., 1998; 

Nagler et al., 2001,2001) using aerial photography or muhi-spectral/hyper-spectral 

sensors (Hardy and Shoemaker, 1995); Hardy, et al., 1994; Gilvear et al., 1993; Acomley 

et al., 1995; Malthus et al., 1995; Winterbottom, 1995; Wimerbottom and Gilvear, 1997, 

and Nagler et al., 2001,2001X but there have been few studies that address the 

quantification and validation of change in river and stream habitats (Bryant and Gilvear, 

1999). 

Of course, there have been numerous remote sensing studies of landscape change 

(e.g.. Tucker et al., 1986; DeFries and Townsend, 1994; Dories et al., 1995, 1997). 

However, the studies whose objective was to quantify land cover change on small, 

stream/river habitats using aerial, visible and infrared sensors^ at a scale for rqnd and 
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easy comparison with more traditional field data, were those studies done on the San 

Pedro River (Goodrich et al., 2000a; Goodrich et al., 2000b; Snyder and Williams, 2000; 

SchaefTer, et al., 2000; Qi et al., 2000a; Cooper et al., 2000; Qiehbouni et al., 2000; 

Stromberg, 1998; Qi, 1998), Rio Grande (Lonard et al., 2000; Coonrod et al., 2001); Gila 

River (Wilson et al., 2001), Pumphouse Wash (Zhnmerman et al., 2000), Bill Williams 

River (Horton et al., 2001), Hassayampa River Norton et al., 2001), and the Virgin River 

(Sala et al., 1996; Devitt et al., 1997a; Devitt et al., 1997b, Devitt et al., 1998). 

Futhermore, land cover change on vegetation in river deltas has been conducted from 

1992-1999 in the Colorado River delta (Zamora and Nagler, et al. (2001,2001)) and, 

from 1988 to 1996 of the Pearl River Deha, Guangdong Province, China (Song et al., 

2001) using a multitemporal dataset consisting of Landsat S Thematic Mapper (TM) 

images. Historical change in an urban riparian habitat was also mapped using archival 

Landsat MSS and ancillary data in a GIS environment (Lee and Marah, 1995). 

1 3 3 Problems which contribute to the error in predicting ground vegetation 

characteristics from satellite-derived VI and percent cover 

Inferring vegetation condition from biophysical remote sensing measurements 

allows the researcher to represent spatial and temporal variability in a canopy (using VI 

or LAI) (Asner et al., 2000). Various studies have shown correlations between the 

Vegetation Index (VI) and LAI, standing biomass, green-leaf biomass, canopy coverage, 

net primary productivity and the fraction of absorbed photosynthetically active radiation 
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(f^PAR) (Baret etai, 1995; Chen and Cihiar, 1996; Wulder elo/l, 1998; Tucker, 1978; 

Daughtry et ai, 1992; van Leeuwen and Huete, 1996; Zhang etaL, 1997; Prince, 1991; 

Prince et ai, 1995; Loseen et al., 1995; Peterson, 1992; Roujean and Brcon, 1995; 

Tucker and Sellers, 1986; Wellens, 1997; Asnexetal., 1997; Choudhury, 1987; Hall et 

al., 1990). In combining ecology and remote sensing. Field et al. (1995) looked at 

estimating global NPP from measurement ofLAI and PAR. The potential and limits of 

LAI and PAR were assessed by Baret and Guyot (1991). Assessments of ecological 

change in arid ecosystems have been attempted by estimating the LAI integrated over 

pixel area in a scene (Duncan et al., 1983), but for the most part, there are significant 

problems with using VI methods in arid environments (Asner et al., 2000). The d^ree of 

accuracy can depend upon: the VI algorithm used and atmospheric effects (Huete et aL, 

1994, 1997; Song et al., 2001; Qi et al., 2000b), the bandwidths of the sensors ^m, 

19994; Elvidge and Chen 1995; Kimes et al., 1993; Gitelson and Kaufman, 1998), the 

target-sensor configuration (Sun and View angles) ((^ et al., 1995a,b; Qi et al., 2000b), 

and the spectral properties of the vegetation (Baret etoL, 1995; Colwell, 1974; (jamon et 

al., 1995; Gowarde/a/.. 1994; Loseen e/a/., 1995;Myneniela/.. 1995; Zhang efa£. 

1997). 

Asner et al. (2001) state that the problems are extended to using LAI methods in 

arid environments as well. In Asner's work with White et al. (2000X they used several 

methods to measure LAI, including deriving a stem area index (SAI) and plant area index 

(PAI), utilizing measurements with the Licor LAI-2000 Plant Canopy Analyzer (Li<or 

Inc., Lincoln, NE, USA), and using a digital camera to measure LAI as in Law (1994). 
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Law et al (2001) characterizes leaf area index in a forest stand of ponderosa pine and 

describes the evaluation of leaf area as chaHenging, due to the openness of the canopy 

and the clumping of the needle, shoot and tree. There are many papers regarding the 

arid-land HAPEX-Sahel experiment; one that outlines the problems with making direct 

and indirect measurements of LAI is by Levy and Jarvis (1999). In Lopez-Serrano et al. 

(2000), a non-standard sampling technique for measuring LAI indirectly, using the LAI-

2000, is reviewed since indirect methods of estimating LAI have been less successful 

than more costly, allometric methods. Other LAI research has inchided the leaf area 

density function as another parameter of canopy foliage area ^oss et al., 2000a). 

Among the problems, which contribute to error in predicting ground vegetation 

characteristics fi-om satellite-derived VI calculations, are the background scene 

components; bare soil (Aase era/.. 1991; Ben-Dor and Banin, 1994; Gaoetal., 2000; 

Huete et al., 1985; Huete, 1986; Huete and Jackson, 1988a; Aiete, 1988b, Huete, 1989; 

Huete and Tucker, 1991; Huete and Escada&l, 1991; and Irons etaL, 1989), standing 

litter (Kondoh and Higuchi, 2001; Chehbouni et al., 2000; Nouvellon et al., 1998,2000a, 

2000b; van Leeuwen and Huete, 1996; Huete and Jackson, 1987; Wilson and Tueller, 

1987), residue within the target area (Daughtryef a/., 199Sa, 199Sb;NaglereldL, 1995, 

1996, 1998a,b; Nagler, 2000); and brightness (Kondoh and Higuchi, 2001; Huete, 1989; 

Graetzetal, 1988). Scaling issues also fiustrate attempts to corrdate satdlite vegetation 

analyses with data obtained from ground surv^s. Because of their low resohition, 

satellite images usually combine several landscape features (soil, water, and different 

types of vegetation) within each pixel. It is therefore difficult to select biophysical 
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ground measurements that can link specific features to satellite imagery, especially in 

complex systems like riparian corridors. 

In semi-arid and arid riparian regions, such as the Colorado River delta, 

significant amounts of exposed litter, wood, and bare soil are often present. Roberts et al. 

(1990) attempted to discriminate woody plant material from soils using broad TM bands, 

but concluded that it is impossible to distinguish senescent plant material from soils, and 

suggested that AVIRIS bands in the shortwave infrared (SWIR, 1.1-2.5 um) range would 

be better to use in discriminating this type of plant material from soils. Among the few 

studies that have used the SWIR range to study the reflectance variability among these 

NP V and green landscape components, there are those by Asner et al. (1998b) and Nagler 

et al. (2000). Roberts et al., (1997) describe methods to determine land cover change 

detection using temporal and spatial patterns in vegetation and atmospheric properties 

from AVTRIS. In many applications involving classification and change detection, 

atmospheric correction is unnecessary as k>ng as the training data and the data to be 

classified are at the same relative scale; however, in other circumstances, corrections to 

put multitemporal data on the same radiometric scale are mandatory in order to monitor 

terrestrial surfaces over time (Song et al., 2001). They concluded that simple dark object 

subtraction, with or without the Rayleigh atmosphere correction, or relative atmospheric 

correction are recommended for classification and change detection applications. Qi et 

al. (2000) also concluded from their study on the spatial and temporal v^etation 

dynamics in the San Pedro basin, that remote sensing imagery can provide reasonable 
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estimate of vegetation dynamic using multitemporal imagery without atmospheric 

corrections. 

Pixel-level reflectance is also impacted by the amount and architectural placement 

of tissues within canopies, including the variation in v^etion structural properties (Asner 

et al., 2000; Myneni et al., 1989; Sala et al., 1996). Therefore, in addition to canopy 

structural analysis, landscape analysis, tissue type and optical properties, improvement in 

data-accuracy of pixel-level reflectance must be made (Asner, 1998; Asner et al., 2000). 

With the new generation of satellites, such as the ERS2/ATSR2, VEGETATION, and 

ETM+, new methods to aggregate water and energy fluxes in arid or semi-arid regions 

from patch to grid scale are being developed (Chehbouni et al., 2000). In measuring 

fractional cover and LAI in arid ecosystems. White et al. (2000) experimemed with the 

use of digital camera, radiation transmittance, and laser ahimetry methods. Asner et al. 

(2001) assess the potential for detecting plant materials and bare soil in arid lands using 

AVIRJS, MODIS, and TM optical channels and conclude that ecologically critical 

variables, such as LAI, litter fhiction, vegetation cover, are indicative of important 

hydrological and biogeochemical changes, but these changes are spectrally subtle against 

within the integrated landscape and, are therefore subtle at the pixel level in images. 

Clearly, better methods for discriminating the sources of variability in reflectance data 

(VIS - SWIR) are needed to quantify biophysical changes in the landscape (Asner et al., 

2000). Their recommendation for fiiture applications using remote sensing in arid and 

semi-arid environments is that the assessment of remote sensing data, particulariy the 

spectral signatures of land cover components, should be well-grounded in field-level 
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knowledge and understanding of plant dynamics and how these plant characteristics 

impact the importance of the reflectance measurements over time (Asner et al., 2000). 

Arid and semiarid ecosystems are subjected not only to extreme climates, but also 

to extensive, intensive land use change (Asner and Lobell, 2000). To develop an ability 

to estimate the composition and extern of vegetation types across changing arid regions, 

improvements in extracting biophysical information from reflectance data are needed 

(Asner et al., 2000), as well as monitoring tools to manage the natural landscape 

components (water, vegetation, soils). Remote sensing efforts have not been able to 

capture the spatial heterogeneity of vegetation properties; therefore, the uniquely 

dynamic, vegetation phenology, cover, and leaf area characteristics have not been 

assessed for functional analysis of these desert and steppe ecosystems (Asner and Lobell, 

2000), much less for riparian zones, which have not been a common biome for remote 

sensing studies due to their inherem mixture landscapes. The problem remains: applying 

remote sensing methods and biophysical-radiometric relationships to a riparian landscape 

results in considerable error, as there is incomplete knowledge of what biophysical 

attributes the Vis actually measure in such complex ecosystems (Huete et aL, 1994,1997; 

Asner et a!., 1998; Asner et al., 2000; Carison and Ripley, 1997). Despite the seeming 

complexity of interpreting VI data, some recent studies have proposed that for some 

landscapes VI data, VI is most simply related to fiictional v^etation cover which can be 

predicted with accuracy in landsoqws with less than fiill canopy cover (Carison and 

Ripley, 1997; Purevdoije/oA, 1998; Wittich, 1997). 
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1.3 .4 Estimation of evapo-transpiratioii and water balance 

In the popular literature, Kingsolver (2000) discusses the issues of preserving the 

backbone species (willows and cottonwoods) of the riparian stretch along the San Pedro 

River. Measurements of these important, rare species are often related to the 

transpiration rate, primarily because natural resource managers and policy makers are 

interested in their water consumption and water use efficiency. Much of the research 

summarized previously (Tyree et al., 1994; Hofton et al., 2001; Sala et al., 1996; Devitt et 

al., I997a,b, Devitt et al., 1998; Schaeffer et al., 2000; Snyder and Williams, 2000; 

Schaeffer and Williams, 1998) aims to describe the relationships between the native and 

exotic species in relationship to water use effidency; the hypotheses are based on water 

(including soil water) availability, depth to gnwrndwater, adjacency effects, leaf gas 

exchange, and their impact on the species' transpiration rate. However, if remote sensing 

could be applied to riparian areas as a technique to quantify transpiration, then 

biophysical information on a typically ground-based variable, transpiration rate, could be 

acquired quickly and for all seasons, so that natural resource (watershed) and wildlife 

managers could monitor this fragile, diverse ecosystem more effectively. This technique 

is described in Kustas and Norman (1996), as they evaluated the use of remote sensing 

for evapotranspiration monitoring over land surfaces. Subsequent to their work, 

scientists from about twenty U.S., fiMir French, one Dutch, and three Mexican agencies 

and institutions collaborated between 1997-1999 on the Semi-Arid Land-Sur&ce-
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Atmosphere Program (SALSA) to evaluate the consequences of natural and human-

induced environmental change in semi-arid regions (Goodrich et al., 2000a). 

13.4.1 Agricultural-based methods to estimate transpiration rate 

The critical research papera in "agriculture" of crops or grasslands are briefly 

listed here, as they have been utilized for the purpose of deriving remote sensing methods 

to estimate transpiration in riparian species. 

Kondoh and Higuchi (2001) evaluate the relationship between satellite-derived 

spectral brightness and evapotranspiration from a grassland. Al-Faraj et al. (2001) 

describe a crop water stress index for tall fescue (Festuca anindinacea Schreb) that is 

used in irrigation decision-making. One of many studies, Kjelgaard et aL (1996), assess 

the accuracy of canopy temperature energy balance for determining daily 

evapotranspiration. Subsequently, a meteorological variable, wet bulb, is demonstnted 

for use as the surface temperature, the variable used in estimating evapotranspiration 

from infrared surface temperature (Alves et al., 2000). Calvet et al. (2000) have studied 

the effect of plant water stress by evaluating the physiological and micrometerological 

measurements that control plant and atmospherw water contort. The stomatal response 

of plants to humidity (Monteith, 199S) and saturation deficit (Choudhury and Monteith, 

1986) have contributed to the understanding of the heat balance of vqetation. This 

stomatal variable has, in turn, supplied researchers with an important component of the 

surface energy and water balance that are used with remote sensing data for r^ional 
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studies (Boulet et aJ., 1999,2000; Wilson et al., 2001). Moran ct al. (1996) worked on 

combining the Penman-Monteith equation with measurements of sur&ce temperature and 

reflectance to estimate evaporation rates of a regional-scale, semiarid grassland. 

It was a decade earlier when researchers began to use ground and avcraft inihred 

observations to estimate transpiration rates, in partially vegetated areas ^Custas et al., 

1990), of leaf rate and stomatal resistance (Inoue et al., 1990), of canopy transpiration 

and conductance (Inoue et al., 1994a), ahhough Jackson et al., (1981) and Idso et al. 

(1981) first correlated water stress to temperature differences between the foliage and air 

(with reference to the vapor pressure deficit and a crop-specific baseline) twenQr years 

ago. Inoue et al. (1990) and Inoue et al. (1994a) used infirared thermometry to measure 

leaf transpiration rate (former) and canopy potential and actual daily transpiration Ostter). 

Inoue et al. (1994b) compared remote and stem-flow gauge methods in soybean canopies 

as affected by water status. Clarke et al. (1994) estimate crop water deficiency using the 

relation between surface minus air temperature and spectral v^etation index. Mbran et 

al. (1994) estimating crop water deficit using the relation between surfine-air temperature 

and spectral vegetation index. Carlson et al. (I99S) evahiate the simplified method for 

estimating transpiration. In 1997, Inoue and Mbran used a case study with direct 

measurements of canopy transpiration in soybean canopies to test a simplified method for 

remote sensing of daily canopy transpiration. Moran, Inoue, and Barnes (1997) 

summarized the opportunities and limitations fi)r image-based remote sensing in 

precision crop management. Moran et al. (1997a) then investigated ways of combining 

multifrequency microwave and optical data fi>r crop management 
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1.3.4.2 Methods to estimate transpiration rate in riparian ecosystems 

As it is a significant factor in the basin water balance in semi-arid r^ns, better 

understanding and quantification of large-area, season, riparian evapotranspiration (ET) 

is needed. Seasonal riparian ET is a critical groundwater boundary condition that is 

closely coupled to atmospheric processes and is typically known with little certainty 

(Goodrich et al., 2000b). Between 1997-99, micrometeorological measurement 

techniques were applied to mesquite and sacaton grasses, but could not be applied over a 

Cottonwood and willow forest gallery due to their height (~30 m) and non-linear nature; 

thus, ET flux was not estimated on the riparian trees. However, sap fhix measurements 

were made to estimate canopy transpiration over certain periods of the growing season 

and simultaneous remote sensing measurements were scaled from tree measurements to 

stand measurements. These stand sap flux estimates were utilized to calibrate a Penman-

Monteith model to extrapolate over the season. Seasonal riparian vegetation water use 

estimates for the riparian corridor were obtained with this model and set of 

measurements, and were then validated using a three month dry season water balance 

over a 10 km section of the San Pedro River (Goodrich et al., 2000b). Other research in 

the SALSA study includes deriving latent energy maps from lidar that showed that the 

riparian zone tended to have higher fluxes than the mesquite and grasses (Cooper et al., 

2000). Determining ET firom a complex, arid-land site presents watershed managers with 

an additional tool to quantify the water budgets of riparian plant communities with spatial 

resolution and flux accuracy that is compatible with existii^ hydrological management 

tools (Cooper et al., 2000). 
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1.4 Explanation of the Dissertation Format 

The research presented is in the "published paper format" which allows 

dissertation papers (published, accepted for publication, or prepared for submission in 

peer reviewed journals) to be attached as appendices. The research that will be presented 

next consists of two aspects of environmental restoration of the Colorado River deha 

region; these are (i) the social and policy issues which provide the context for the applied 

research, and (ii) the eco-physiological concepts that are the basis for the remote sensing 

and transpiration measuremems. bi this dissertation, these aspects are divided into three 

main topics; (i) the environmental and legal concerns for restoring water and habitat in 

the Colorado River delta (Appendices A and B), (ii) measurements of the extent and type 

of riparian vegetation in the delta and its relationship to flood events (Appendices C and 

D), and (iii) measurements of transpiration rate in riparian species by sap flow and leaf 

temperature methods (Appendix E). 

APPENDIX A contains the paper "Ecology and conservation biology of the 

Colorado River Delta, Mexico." The authon are Dr. Edward Glenn, Frandsco Zamora-

Arroyo, Pamela Nagler, Mark Briggs, William Shaw, and Karl Flessa. Dr. Genn 

envisioned the framework for the research on the Colorado River and planned and 

coordinated the participation of numerous researchers on various aspects of the 

restoration of the Colorado River delta. His ideas comprise the subject of the paper, but 

Or. Glenn, the other co-authors, and myselfprovidedthedataonthebiogeographyofthe 

delta. 
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The study presented in APPENDIX B is "Editorial: Application of the US 

Endangered Species Act across international borders; the case of the Colorado River 

delta, Mexico" by Pamela Nagler, Kara Gillon, Jennifer Pitt, Bill Snape, and Ed Glenn. 

My role as first author in this editorial was to produce the first draft, provide the 

ecological description of the delta, coordinate the authors such that the endangered 

species, environmental monitoring, history of the Colorado River, and the legal aspects 

presented by the Defenders of Wildlife and Environmental Defense Fund participants 

would be clearly presented. Dr. Glenn helped to revise the manuscript. 

APPENDIX C contains the paper "Assessment of spectral vegetation indices for 

riparian vegetation in the Colorado River delta, Mexico." Pamela Nagler, Dr. Ed Genn, 

and Dr. Alfredo Huete are the authors. For my part of the research, I applied remote 

sensing methods to attempt to answer the questions of how much habitat has been revived 

in the Colorado River delta and how much water from the United States is needed to 

support this habitat. I acquired the field-, aerial-, and satellite-data and/or plan and 

coordinated the participants who collected the data on the field trips or analyzing the data 

in the TBRS laboratory. I produced the final paper, with the close review by the co

authors and assistance of reviewers from the Remote Sensing of Environment Journal. I 

acknowledge in the publication those who partkipated in the field-work and helped to 

process the images from the aircraft 

APPENDIX D contains the paper titled "Regeneratkm of native trees in response 

to flood releases from the United States imo the delta of the Colorado River, Mexico." 

Francisco Zamora-Arroyo and Pamela Nagler are the primary authors on this paper 



167 

providing the same, equal amount of work to produce the draft: share the plamiing and 

implementation of field work in Mexico, coordinating the acquisition of satellite data, 

using a GIS to produce new maps, processing inuigery, analyzing the data and writing the 

fmal paper. Each author's contribution went into the final paper. Additionally, Marie 

Briggs, Dean Radtke, Hugo Rodriquez, Jacqueline Garcia-Hemandez, Carlos Valdez, 

Alfredo Huete, and Edward denn are co-authors. The numerous co-authors are a result 

of the team nature of the work; many weeks of field work by teams of sdentists was 

needed to conduct the ground transects that validated the remote sensing work. Co

authors also helped to analyze the data and write-up the resuhs. 

APPENDIX E contains the paper "Comparison of transpiration rates among salt 

cedar (Tamarix ramosisima), Cottonwood {Popuhts/remontit̂  and willow (SaHx 

gooddingii) trees using sap flow and leaf temperature methods." Pamela Nagler, Ed 

Glenn, and Lew Thompson are the authors of this paper. I initiated this experiment, 

based on a study on soybeans by Inoue and Moran (1997). My role in this experiment 

was to obtain measurements of temperature and sap flow for a riparian canopy. I 

collected and reduced the data before analyzing the different aspects of it. The 

measurements that were collected were sap flow, micro-meteorological variables (wet 

and dry bulb, relative humidity, incoming diffuse and total sobu'radiatron, wind speed, 

temperature), biophysical measurements (fractk>n of PAR, LAI2000, destructive LAI, diy 

leaf, branch, bucket weights, canopy area, height), and nufiometric measurements 

(infrared thermometer, visible-infhued spectro-radiometer, Dycam visible-infrared 

photographs (although not used)), pictures, and soil moisture samples that were sent to a 
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laboratory for analysis. Dr. Glenn provided the transpiration rate calculations and edited 

several drafts of the manuscript. Dr. (Henn also participated in collecting the data from 

the constructed canopies for two weeks in August, 2000. I processed the data collected 

and produced the final graphs except for the transpiration values and the micro-

meteorological modeled data. Lew Thompson, a chemcial engineer at the Environmetnal 

Research Laboratory, has worked for many yean developing heat transfer models for 

crops and solar energy applications. He is responsible for analyzing the weather data to 

provide a mathematical equation for stomatal resistance (daily, per canopy) and a model 

to fit the incoming solar radiation to the transpiration rate measured by sap flow 

techniques. 
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2 PRESENT STUDY 

Several aspects of the Colorado River and deha are covered in the studies 

attached to this dissertation. The first part of this work (APPENDIX A and APPENDIX 

B) is on the people and habitats of the Colorado River and deha region. The next section, 

APPENDIX C, is the assessment of vegetation indices for measuring the extent and type 

of riparian vegetation in the delta using spectral measurement technique. APPENDIX D 

is an assessment of the correlation of vegetation in the deha with flood events on the river 

using remote sensing data acquired fix)m both sateflites and ground- and aerial-based 

remote sensing techniques. It became apparent that transpiration rates of each riparian 

plant species would increase the ability to quantify the amount of water lost in the deha, 

so the last paper that makes up this dissertation is on the topic of estimating transpiration. 

The physiological processes are examined in Appendix E to transpiration rates in 

Cottonwood, willow, a salt cedar species, using canopy pods that simulate 100% cover. It 

also describes various parameters that were measured using sap flow and temperature 

techniques to estimate transpiration rate of the riparian species. 

A summary of the most importam findings is reported in these papen foltows. 

This brief description includes the methods, resuhs, and conchisions of each study. 

Follov^ng this are the papers, which are appended to this dissertation. 
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2.1 Most Important Findings, Part I; People and Habitats of the Colorado River delta 

Water is fundamental to life, so many disputes occur over water rights in the arid 

west, especially over the federally-owned, operated, and managed Colorado River, which 

is diverted and altered by dams. The surface water that docs flow is often diverted for 

agricultural use, in plots that have replaced the riparian vegetation along the banks of the 

river. The fact that agriculture is the most widespread source of pollutants impairing 

rivers and streams explains that agriculture plots not only replace riparian forests, but also 

promote the dumping of pesticides and other chemicals into the river to be carried further 

down-stream, polluting the water and increasing the salinity such that by the time it 

reaches Mexico, the riparian vegetation becomes diseased and water-stressed and this 

results in lost habitat. The species of trees and shrubs in the riparian zone is important for 

migrating or nesting birds that require particular habitats. The quality of the water and 

the connectivity of the bio-diverse regions is fundamental to many species who use only 

these islands or pockets of land as breeding grounds. More critical is that the local 

human population often becomes at risk either from reduced food production or from 

reduced water quality and quantity. 

Political and technical applications are needed. The political sohition must come 

from two key negotiations that will guide the ecological status of the river in the fiiture; 

(i) the lower Colorado River multi-species conservation program (LCR MSCP) and 00 

the redefinition of surplus flow criteria to guarantee a nunimum water delivery to the 

delta. The technical solution requires a GIS to help researchers identify the stretches of 
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prime riparian habitat for providing for and protecting this endangered species area that 

connect the diverse eco-regions of the deha and to make it into the species-rich area that 

it was before the system of dams was put on the Colorado river. 

Additionally, a mom'toring program for water resources is needed in the delta 

region. This requires determining the extent and magnitude of land cover change using 

remote sensing to aid in the assessment of the lack of water. Although Thematic Mapper 

(TM) images have been used to make critical assessments of the habitat in the delta, the 

Moderate Resolution Imaging Spectrometer O^ODIS) has been reconunended for use 

because of its improved spectral, radiometric, and geometric features. The 

characterization of characterize the biomes within the deha must occur not only with 

teams of ground-crews evaluating the species present, but also with long-term monitoring 

of the river flow itself, surface wetness, wetland area and rainfall. The areas of imerest 

which can be monitored include the following: Land cover / Land use. Vegetation 

Dynamics, Bio-diversity and Habitat Analysis, Surface Temperature, Water Resources, 

Surface Wetness, Wetlands, and Atmospheric Precipitation. Most important to monitor 

is land cover change because the riparian vegetation boundaries shrink or swell with the 

amount of water available and monitoring the extent and magnitude of such changes may 

tell us something about the percent cover and acreage per species. Naturally, the 

magnitude of the vegetation will change with the seasons, and the vegetation dynamics 

oflen follow El Nino and monsoon weather conditions in this arid and semi-arid regions. 

With ground measurements of transpvation and aerial sensor techniques to 

measure canopy temperatures, plant stress may itself be monitored. Plant stress can be 
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due to (i) high salinity in the water such that plants cannot take up water, Ci) not enough 

surface flow was released from altered / dammed rivers, (iiO the aquifer has been reduced 

by urban infrastructure build-up that comes with population increases, or Ov) due to land 

clearing. The biogeochemistry on an ecosystem is affected by these water stresses and 

their impact on the extent of riparian vegetation coverage. Once the eco^em has been 

altered, there is room for urban growth which comes with a higher demand for water, the 

energy balance gets disrupted due to differential surface temperatures that correspond to 

different land covers, and the infrastructure has greater room to spread into what was 

once natural. With new sensors and techniques for estimating transpiration in riparian 

plants, the percent of water lost through surface evaporation and that lost through 

transpiration can be quamified For a better estimate of water balance in the deha. 

2.2 Most Important Findings, Part II: Applications of Remote Sensing for Measuring 

the Extent and Type ofRiparian Vegetation in the Deha and for Assessing the 

Correlation of Vegetation in the Deha with Flood Evems 

"The Colorado River delta in Mexico once supported large gallery forests of 

native cottonwood and willow trees. Following construction of upstream dams, there was 

a long period when virtually no water reached the delta (a "dead delta"). After Lake 

Powell filled in 1981, however, sporadic pulse floods returned to the delta when excess 

snowmelt is released to the Gulf of Califonua durmg El Nino cycles. We tested the 

hypothesis that the pulse floods have been responsible for the return of native trees to the 
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delta over the past two decades. Aerial and satellite remote sensing methods were 

combined with ground surveys to characterize the vegetation of the deha and determine 

the effects of flood releases on vegetation dynamics. We obtained summer TM images of 

the delta for years before and after major flood releases to conduct a change analysis. 

A low-level (ISOm AGL) aerial survey was conducted in May, 1999, using a 

multi-band digital camera (DyCam) from which vegetation indices such as NDVI could 

be calculated. Low level images in non-overlapping strings of seven and high level 

images (1000m AGL) that were nearly S0% overlapping were acquired. The low level 

images were validated using an Exotech Radiometer. We found a strong linear 

relationship (r^ = 0.84) between NDVI and percent vegetation cover. We converted 

digital numbers on a concurrent, 1999 Thematic Mapper (TM) image to reflectance 

values, and found that NDVI values for co-located features were the same for DyCam 

and TM images. Thus, we were able to scale from DyCam to TM scenes to estimate % 

cover in the riparian zone. We then compared NDVI values for TM images from 1992-

1999, and found they were consistent across years for similar land cover classes. Thus 

we were able to compare % vegetation over years by calculating NDVI values in the 

target area. We also established 9 ground transects at 10 km intervals along the river in 

summer, 1999, to determine vegetation composition by species, and conducted a census 

of 100 native trees at each of 3 ground stations. 

We found that the exotic shrub, salt cedar, dominates in the deha as on other 

stretches of the river but unlike the U.S. side, 10% of vegetation consists of native trees. 

Analysis of annual rings shows that three age classes of trees were established following 
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each of the major floods in the past two decades. Change analysis of the TM images 

showed that vegetation cover increases in response to flood flows. However, the 

magnitude of the flows (r^ = 0.81, data not shown) was less important than the number of 

years of flow (r^ = 0.93). Even the smallest flow event (spring, 1997) produced a 

vegetation response. Although muhiple yean of flow enhanced vegetation cover, the 

most abundant native tree class resulted from the single-year flow of 1993. 

Remote sensing tools combined with ground surveys allowed us to present an 

accurate representation of the current status of the Colorado River delta and the relation 

of the vegetation response to river flows. We conclude that occasional pulse floods since 

the filling of the dams have reestablished a native tree population in the delta. These 

trees support neotropical migratory birds and other wildlife. The high baseline of 

vegetation in the absence of flows shows that this ecosystem likely survives between 

floods using local water supplies such as agricultural return flows which create a high 

water table. Only modest amounts of water from the United States are needed to 

maintain this important regional ecosystem" Nagleretal. (2000b). 

2.3 Most Important Findings, Part ni: Transpiration Rates of Riparian Spedes using 

Sap Flow and Leaf Temperature Methods 

We measured transpiration rates of three Sonoran Desert riparian trees using sap 

flow and leaf temperature methods in outdoor experiments at Tucson, Arizona, in 

August, 2000. Popuiusfremontii (cottonwood), Saltcgooddmgii (willow) and Tamarix 
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ramosissima (saltcedar) trees were grown in constiucted canopies, in which 6 potted 

plants were placed closely together and allowed to intergrow to fi)nn a single, dense 

canopy over the summer. Six canopies (two of each species) were measured for sap flow 

and canopy and air temperature differential (Te-T.) over 11 days. For the first 8 days all 

canopies were kept continuously moist with ftesh water; for the last 3 days, plants were 

subjected to either water stress (irrigation was withheld until plants wihed) or salt stress 

(plants were irrigated with 5 g 1*' NaCI). 

The experiments had two main objectives: first, to determine the strength of the 

relationship between transpiration (Et) and Tc-T^ to determine if Tc-T. can be a useful 

remote sensing method to measure Et for these species; and second, to compare Ei rates 

among species, to determine if the invasive species, saltcedar, has higher Et rates or 

ecophysiological advantages over the native trees spedes. We found sigm'ficant Q><O.OS) 

correlations between Ei and Tc-T. for all spedes but predictive power was low. Linear 

regression equations improved when a radiation term was included in the equation 

predicting Et &om Tc-T.. Contrary to some previous studies, we did not find nujor 

differences in Et rates among these spedes under non-stress conditions, and all spedes 

performed well under high temperatures and vapor pressure deficits. However, sahcedar 

maintained higher Et rates than the native trees under water or salt stress. 

We conclude that the T«rTa method could be useful in estimating Ei by remote 

sensing over riparian corridors, and that native trees are not at an ecophysiological 

disadvantage to saltcedar so long as sufHdent non-saline soil moisture is available to 

support Et. Models for each spedes, predicting daily Et fix)m meteorological data, had 
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standard errors of 15-22% when compared with measured Et over the unstressed portion 

of the experiment. 
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APPENDIX A: Glenn, E.P., F^Zamora-Airoyo, PX. Nagler, M. Briggs, W.Shaw, 
K.FIessa. 2001. Ecology and conservation biology of the Colorado River Delta, Mexico. 
Journal of Arid Environments 49 (I):5-15. 

APPENDIX B: Nagler, P.L., K.Gillon, J.Pitt, B.Snape, E.P. Genn. 2000. Editorial; 
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APPENDIX D; *Zamora-Arroyo, F. and *PX. Nagler, M^riggs, D.Radtke, 
H.Rodriquez, J.Garcia, C.Valdez, A.Huete, and EGlenn. 2001. Regeneration of native 
trees in response to flood releases from the United States into the delta of the Colorado 
Rjver, Mexico. Journal of Arid Environments 49 (l);49-64. *listed as co-senior authors. 

APPENDIX E; Nagler, P.L., E.P. Glenn, TX. Thompson. 2001. Comparison of 
transpiration rates among salt cedar {Tamarix nanoasinia), Cottonwood (Popubis 
fremontii), and willow (Salix goodcBngii) trees usuig sap flow and leaf temperature 
methods. Prepared for submission to Plant, Cdl & Environment. 
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ABSTRACT 

The Colorado River delta in Mexico has been partially revegetated following 20 

years of water flows from the United States. Lake Powell, the last major impoundment 

built on the river, filled in 1981. Since then, flood flows in the main channel of the river 

have occurred in El Nino cycles, and have returned native trees and other vegetation to 

the riparian corridor. This vegetation provides a migration route for endangered 

southwestern willow flycatchers {Empidonax traillii) and other migratory song birds 

moving from Mexico to the United States for summer nesting. Agricultural drain water 

from the Wellton-Mohawk Irrigation District conveyed to the delta since 1977 has 

created Cienega de Santa Clara, a 4,200 ha r)pha domengensis marsh containing the 

largest remaining population of the endangered Yuma clapper rail {Railus longirostris 

yimamnsis), plus numerous species of migratory and resident waterfowl. Populations in 

the marine part of the delta continue to be severely affected by the lack of river flow but 

there is evidence that some species respond positively to the renewed flows. Currently, 

there are 170,000 ha of natural area in the lower delta in Mexico, containing riparian, 

wetland and intertidal habitats. Much of this land as well as the adjacent marine zone is 

protected in the Biosphere Reserve of the Upper Gulf of Califonua and Colorado River 

Delta. Natural resource managers, scientists and non-governmental environmental 

groups in Mexico and the United States are exploring conservation measures that can 

provide water and protection for these areas for the future. 
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INTRODUCTION 

Riparian corridors are critical habitat for desert flora and fauna, providing oases 

of species diversity and high productivity in otherwise dry environments (Poff et al., 

1997). They are also critical routes for migratory birds passing through desert regions on 

their way to nesting or wintering grounds. The lower Colorado River from Grand 

Canyon to the Gulf of Califonua provides the greatest acreage of ripanan and wetland 

habitat in the Sonoran Desert (Ohmart et al., 1988; Glenn et al., 1996). Over the past 

100 years, diversion of water for human use, alteration of the natural flow regime and 

invasion of exotic plants and animals has negatively impacted the lower Colorado River 

ecoregion, such that 45 species on the United States stretch of river are now listed as 

endangered, threatened or sensitive (Ohmart et al., 1988; U.S. Bureau of Reclamation, 

1996). This review treats the terminus of the river, the delta of the Colorado River in 

Mexico, which has had a resurgence in vegetation since the filling of the dam system on 

the river in 1981 (Glenn et al., 1996). It is part of a special issue ot Journal of Arid 

Environments devoted to recent scientific and policy studies of the deha, and it sets the 

stage for the articles that follow. 

Historically, the Colorado River delta encompassed several million ha of land 

near or below sea level in the United States and Mexico, including two evaporation 

basins, the Salton Depression (now the Sahon Sea) and the Laguna Salada (Sykes, 1937). 

Much of the historic delta has been converted to irrigated i^culture or towns and cities. 
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In Mexico, however, there remains approximately 170,000 ha of natural area, comaining 

riparian, brackish wetland and intertidal habitats, tunning from the Northerly 

International Boundary with the United States to the mouth of the Colorado River in the 

northern Gulf of California (Glenn et al., 1996). Much of this land, and a large portion of 

the adjoining marine zone, are now protected in the Biosphere Reserve of the Gulf of 

California and Delta of the Colorado River (Morelos-Abril, 1994). We will briefly 

describe these habitats in terms of vegetation and wildlife values, and review the 

ecological and conservation issues which will determine their future. 

Although not treated here, other natural areas within the historic delta region are 

also key components in the lower Colorado River ecoregion. The Salton Sea is now the 

object of a major restoration efifort and scientific studies to understand its ecology have 

been initiated but not yet published (Cohn, 2000). The deteriorated ecological status of 

the lower Colorado River from Davis Dam to Morelos Dam in the United States was 

documented by Ohmart et al. (1988) and in subsequent studies by othen (Busch and 

Smith, 1995; Stromberg, 2001). 

The lower delta of Colorado River has never been thoroughly studied. D.T. 

MacDougal of the New York Botanical Garden briefly described the vegetation of the 

area on several short excursions from Yuma to the Gulf of Caliform'a or the Sahon Sea 

from 1904-1907 (MacDougal, 1905,1907). Aldo Leopold, describing a camping trip he 

made with his brother in the 1920's, called the detta the last great blank spot on the map 

of North America (Leopold, 1949). Both MacDougal and Leopoki portrayed the delta as 

a vast gallery forest of cottonwood (Papuhisfremontii) and willow (SaHx goodcfoigit) in 
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the north, interspersed with wetlands containing cattail {Typhadomengensis) and 

common reed {Phragmites australis) in low areas and mesquite bosques {Prosopis 

glandulosa and P. pubescens) on higher terraces. Large expanses of salt tolerant 

vegetation such as salt bush {Atriplex 5pp.\ sah grass (DisticMis spicata) and arrowweed 

(Pluchea sericea) were found throughout the delta, as the Colorado River carries salts 

leached from upstream soils. The endemic sah grass, D. pcdmeri, dominated the 

estuarine zone. Beaver, jaguar and deer were still found in the delta when Leopold 

visited. 

In 1937 Godfrey Sykes published The Colorado Deltas a record of his personal 

explorations of the delta by small boat over a period of years. He predicted that the vast, 

lush delta viewed by early visitors would be drastically altered by Hoover Dam, started in 

1932. True enough, from 193S-1981, little water flowed to the delta and the Gulf of 

California. Lake Mead, behind Hoover Dam, was filling from 193S-I9S7, and Lake 

Powell, behind Glen Canyon Dam, was filling from 1964-1981 (Glenn et al., 1996). 

Excess water in the watershed was simply captured behind the dams rather than 

transmitted to the delta and the sea. Much of the delta was developed for agriculture, and 

the perception arose that what was left was a dead ecosystem (e.g., FnuUdn, 1981). 

Research interest in the deha was minimal for many years, but has increased 

recently as scientists, environmemal organizations and natural resource managers have 

become aware that "the dead deha" perception is no longer accurate. The remaining 

delta ecosystems have rich conservation potential (Glenn et al., 1996; Pitt, 2001; Pitt et 

al., 2000; Varady et al., 2001). From 19SS to 1989, Science Citation Index lists only 5 
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publications on the Colorado River delta; from 1990-1997 there were 10, and from 1998* 

2001 there were 23. The IS papers in the presem collection add to our knowledge of the 

delta's water budget (Cohen et al., 2001) and water quality (Garda-Hemandez, King et 

al., 2001), species diversity (Garcia-Hemandez, Knojosa-Huerta et al., 2001; Hinojosar 

Huerta et al., 2001), vegetation dynamics as affected by flows from the United States 

(Zamora-Arroyo and Nagler et al., 2001) and connections between floods and the ecology 

of the marine zone (Rodriquez et al., 2001). They discuss possible mecham'sms for 

managing a binationaJ resource like the delta, where the critical habitats are in one 

country (Mexico) but a key sustaining resource, water, flows from another country (the 

United States)(Pitt and Varady et al., 2001). 

Ecozones in the Colorado RiverDelta 

Using information from summer Thematic Mapper images, combined with 

ground and low-level aerial surveys, we divided the natural areas of the delta imo 4 

terrestrial ecozones plus the marine zone (Figure 1, Table 1). Using the Normalized 

Difference Vegetation Index (NDVI) to classify satellite images, we calculated the 

percentage of vegetation cover in each zone, averaged over the years 1992-1999 (see 

Nagler et al. and Zamora-Arroyo et al., 2001, and Vakles-Casillas et al., 1998, for 

methods and details of vegetation surveys). The vegetation composition of the delta is 

not complex. The presem vegetation communities, though much reduced in area 

compared to their historic proportions, are basically similar to those observed by 
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MacDougal, with the remarkable exception of salt cedar {Tamarix ramosissima). This 

salt-tolerant shurb or small tree, an exotic from Eurasia not yet introduced to the delta at 

the turn of the century, now dominates the riparian corridor except in the most saline 

locations (the intertidal zone) and in emergent wetlands. 

Salt Cedar/Willow/CottonwoodZone 

The first ecozone, which we designated the Sah Cedar/Willow/Cottonwood Zone, 

is a narrow stretch of habitat between earthen levees, that runs for 100 km (14,000 ha), 

fi-om Morelos Dam (last diversion point for water on the river) to the junction of the 

Colorado River with the Hardy River. This river stretch is not perennial, but flows when 

surplus water is released from the United States. Since the filling of Lake Powell, water 

has flowed down this stretch then to the sea in 10 of 20 years, representing about 20% of 

the total river flow (Zamora-Arroyo et al., 2001). This stretch is approximately 45% 

vegetated, with the remainder consisting of unvegetated sand ban in the river channels 

and bare earth between plants on the terraces. The vegetation is dominated by T. 

ramosissima, as elsewhere on the river, but cohorts of native trees were established 

following river flows associated with El Nino/La Nina events in 1983>1988, 1993 and 

1997-1999. In 1999, P.jremontii and S. gooddingii trees, sometimes growing in gallery 

forests, composed 23% of the vegetation along this stretch (Nagler et al., Zamora-Arroyo 

et al., 2001). The other common plant in this zone is the salt-tolerant, native shrub, P. 
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sericea which often grows in dense stands which exclude other species (Zamora-Arroyo 

et al., 2001). 

The return of native trees to this stretch illustrates the importance of pulse floods 

in restoring the ecology of western United States rivers (Stromber^ 2001). 

Ecophysiological studies show that native trees tend to be superior to f. ramosissima in 

tolerance to flooding (Vandersandae et al., 2001) and sihation ^evine and Stromberg, 

2001) and in nutrient recovery (Marler et al., 2001), but are inferior in salt tolerance 

(Glenn et al., 1998; Vandersande et al., 2001). Occasional overbank floods on this river 

stretch have washed salts from the banks and scoured out T. rwnoassima, allowing the 

reestablishment of native trees. This stretch, and T. ramosusnna-dominated habitat to the 

south, is apparently used as a summer migration route for the endangered southwestern 

willow flycatcher {Empidonax trta'ilii) and other neotropical migratory songbirds (Garda-

Hemandez et aJ., 2001). The Salt Cedar/Willow/Cottonwood Zone in the deha contains 

the greatest amount of native tree habitat remaimng on the lower Colorado River 

(Zamora-Arroyo et al., 2001). 

Salt Cedar Zone 

Below the junction of the Colorado and Hardy Rivers, the river is perennial. It 

carries saline agricultural return flows from the Mexicali Valley, and is tidally influenced, 

hence the water and banksides are saline (Glenn et al., 1996; Valdes-Casillas et aL, 

1998). The river spreads out in this zone and is divided into numerous, braided 
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channels. We designated this middle portion of the delta the Salt Cedar Zone, because 

much of the area between channels is a vast monoculture of T. ramosissima thickets. 

Most of the water entering this section (in absence of flood discharges firom the United 

States) are agricultural return flows from the Mexicali and San Luis Irrigation Districts. 

They enter in the Rio Hardy and from smaller drains discharging into the western portion 

of this stretch. Overall, this zone is only 23% vegetated, with the vegetation concentrated 

near the river channels. In addition to T. ramosisama, the emergent plants, P. austreUis 

and T. domengensis, grow along the river and canal banks and in wetland areas aeated 

by the discharge of agricultural drains onto the mud flats. There are very few native trees 

and less P. sericea than in the first zone, due to high salinity in the soil and alluvial 

aquifer (Zamora-Arroyo et al., 2001). Sediments and biota from the Salt Cedar Zone 

have higher levels of selenium in sediments and biota than other zones (Garcia-

Hemandez, King et al., 200IX perhaps due to the predominance of agricultural drainage 

in its water budget. In general, wildlife use has not been adequately studied, but some 

endangered Yuma Clapper Rails {RaUus lonprostrisyumanensis) are found in El bidio 

and other drain-fed wetlands in this zone ̂ nojosa-I&erta et al., 2001). 

Salt Grass Zone 

We divided the final, imertidal portion of the river into two zones. We designated 

the west bank of the river as the Salt Grass Zone, since D. pabtieri is the dominant plaitt 

on the Baja and Sonoran banks of the river as ft approaches the sea and on Montague 
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Island at the mouth of the river. Overall, this zone is only 1.6% vegetated, as the very 

high tidal amplitude scours the banks of the river and deposits mud over the tide flats. 

However, the Salt Grass Zone is an important nesting and feeding area for shorebirds 

(Mellink et al., 1996, 1997). 

Cattail Zone 

The east bank of the intettidal portion of river was designed the Cattail Zone, 

because it contains Cienega de Santa Clara, the largest Typha marsh in the Sonoran 

Desert (Glenn et ai., 1992; Zengel et al., 199S). It is maintained by discharge of 

agricultural waste water from Arizona's Wehon-Mohawk Irrigation District via the Main 

Outlet Drain Extension (M.0 J)£.) canal (85% of inflow) and local agricultural drain 

water (13%) via the Riito canal (Zengel et al., 199S). bi addition to T. domengensis^ it 

contains 7 other common, emergent marsh spedes (Zengel et al., 1995). This unique, 

4200 ha wetland supports more than 6,000 Yuma Clapper Rails, by far the largest 

remaining population of this species (Hinojosa-Huerta et al., 2001). It also supports the 

endangered Desert Pupfish {Cyprinodon mociriiciriiusXZengel and Glenn, 1996), phis 

thousands of migratory and resident waterfowl ^ellink et al., 1996,1997). It is an 

important feeding station along the Pacific Flyway. Cienega de SaMa Clara appears to be 

the largest remaining cattail marsh on the lower Colorado River. 

East ofCienegade Santa Gara along the escarpment that separates the deha from 

the Gran Desierto, a string of small pozos (springs) bring fresh water onto the saft and 
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mud flats of the eastern intertidal zone (Glenn et al., 1996). These 7)pA(i^minated, 

pocket wetlands may be part of a long migration route for birds such as the willow 

flycatcher which travel along the Sonoran coastline to reach the lower Colorado River 

from wintering areas in southern Mexico and Central America (Gardft-Hemandez, 

Hinojosa-Huerta et al., 2001). Below the Cienega de Santa Clara, discharge from the 

marsh system mixes with seawater in an evaporation basin that is only occasionally 

flushed by high tides. This is important habitat for thousands of shorebirds ^ellink et 

al., 1996, 1997). 

The marine zone 

The near-cessation of freshwater flow at the river's mouth has had several direct and 

indirect consequences for the marine portion of the deha. The most obvious resuh of the 

decline in freshwater influx has been an increase in the salinity of the water in the estuary 

and upper Gulf Early observations (Townsend, 1901) and measurements durii^ 

controlled releases (Lavin and Sanchez, 1999) indicate that salinities in the 32 to 35 %o 

range were quite common. This is in sharp contrast to measurements made since the 

construction of upstream water diversions. Now, salinities are typically in the 3S-4S %o 

range (Alvarez Borrego et al., I97S; Flessa, personal observations). This increase in 

salinity was most likely the cause of the decline in the population of the bivalve mollusk 

Mulinia coloradoensis, once the most common species of mollusk in the intertidal zone 

of the delta (Rodriguez et al., 2001). 
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The marine part of the delta is also habitat to two endangered species; the Totoaba 

(Totoaba macdomldi) a sciaenid fish, and the Vaquita (Phocoena sima\ the Gtdf of 

California harbor porpoise. The Totoaba's decline is usually attnlnited to overfishing 

bycatch in shrimp nets, and poaching. In addition, increased salinity in the river's estuary 

may have degraded the fish's spawning and nursery grounds (Cisneros Mata, et al., 

1995). The principal source of mortality of the Vaquita seems to be its capture in fishing 

nets (Hohn, et ai., 1996; D'Agrosa et al., 2000), but the role of increased salinity in its 

key habitat is unknown. 

The increase in the salinity of the water in the river's estuary profoundly changed 

the circulation in the upper Gulf of California (Lavin and Sanchez, 1999; Lavin, et al., 

1998; Carbajal et al., 1997). When the less dense river water entered the estuary, it 

tended to flow into the Gulf at the surface, inducing a landward bottom flow of more 

saline, and thus denser, marine water. Such circulation is typical of so-called well-mixed 

estuaries. Carbajal et al. (1997) estimate that the zone of freshwater nuxing extended as 

far as 60 km from the river's mouth. Their estimate is substantiated by measurements 

made during controlled releases (Lavin and Sanchez, 1999) and by isotopic studies of 

delta shells (Rodriguez et al., 2001). 

Since the diversion of much of the river's fresh water, the estuarine circulation is 

now driven by the evaporation of Gulf water in the river's mouth. High evaporation rates 

generate dense, saline water that sinks and flows along the bottom of the upper Gul^ 
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while relatively less dense Gulf water flows toward the estuary near the surface. Today's 

circulation is typical of so-called negative, or inverse estuaries (Lavin et ai., 1998). 

Upstream dams and diversion projects have also trapped and diverted much of the 

Colorado's sediment load. The river once delivered approximately 160 million metric 

tons of sediment to the delta every year (van Andel, 1964). Today, that sediment load is 

almost zero and waves and the strong tidal currents are removing the previously 

deposited fme-grained sediments (Carriquiry and Sanchez, 1999). This sedimeirt 

reworking is responsible for the high turbidity of the upper Gulfs waten. Before the 

dams, turbidity must have been even higher, but no observations were made. 

Waves and tidal currents are capable of removing mud and silt, but coarse-grained 

material such as shells are concentrated in beach deposits known as cheniers (Augustinus, 

1989). The shell-rich cheniers line the Baja California side of the delta for a distance of 

more than 40 km (Kowalewski and Flessa, 1995). The currently active cheniers are 

though to have begun forming after the completion of Hoover Dam and the trapping of 

river sediment in Lake Mead (Thompson, 1968). The cheniers migrate to the west during 

storms and extreme high tides, marking the retreat of the sediment-starved delta. 

The river not only delivered freshwater and sediment to the marine part of the 

delta, it also delivered nutrients. Kowalewski et al. (2000) estinute that population 

densities of bivalve mollusks ranged from 25 to 50 specimens per square meter before the 

dams. In contrast, surveys of current densities show only densities from 2 to 17 

specimens per square meter - a reduction of as much as 94% from pre-dam values. Other 
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marine organisms probably had higher densities as well, as did the waterfowl that fed on 

them. Kowalewski et al. (2000) attribute the decline in population densities to the lack of 

river-bom nutrients. Indeed, Galindo-Bect et al.'s (2000) observation that the size of 

shrimp catches in the upper Gulf is positively correlated with the previous year's 

controlled influx of river water indicates that the river once played a nujor role in 

supplying nutrients to the marine life of the deha. 

Unlike the riparian corridor of the Colorado, the nuuine portion of the delta hu 

shown little signs of recovery as a result of the delivery of excess flow. It is not yet 

known what flows might be needed to restore part of the delta's marine life. 
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DISCUSSION 

The most salient feature of the fresh water and brackish flows that sustain the 

delta is that they are managed flows. They are either agricultural drain waters from the 

United States and Mexico, or surplus river flows released from United States dams into 

the channel of the Colorado EUver (Cohen et al., 2001). Hence, the health of the deha 

natural areas is almost entirely dependent on water management dedsions made in the 

United States and Mexico. Yet, these natural areas have no official standing in the water 

management strategies of either country (Pitt, 2001). Their ecological importance, even 

their existence, was largely unknown prior to 1992, when the operation of the Yuma 

Desalting Plant threatened to destroy Cien^ de Santa Clara (Glenn et al., 1992). In the 

United States, maintenance of environmental assets in Mexico are not among the criteria 

the U.S. Bureau of Reclamation uses in managing river flows. In Mexico, large areas of 

cottonwoods and willows are routinely cleared from the channels following flood 

releases, to facilitate the movement of water to the sea. 

A key question is. How much water is needed to restore the delta? (Pitt, 2001). 

Urbanization on both sides of the border is increasing the demands for Colorado River 

water, which is already considered to be over-apportioned among the seven basin states 

and Mexico. The answer emerging from these studies is that surprisingly little water 

might suffice to conserve the existing riparian and wetland ecosystems in the deha. Two 

fmdings support this hypothesis: 1) a water balance study suggests that even when there 
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are no flood waters released to the delta, vegetation including native trees and marsh 

plants are supported by agricultural return flows which recharge the alluvial aquifer and 

wetlands (Cohen et al., 2001); 2) even modest flood releases are sufficient to induce 

overbank flooding and to gerrm'nate new cohorts of native trees (Zamora-Arroyo et al., 

2001). Once established, these phreatophytic species extract water from the aquifer and 

do not require surface flows. 

Zamora et al. (2001), analyzing the vegetation response to past flow events, 

determined that a once-in-four-years, 3-months spring flow of 3 x lO'm^ at 80-120 m^ 

sec ' was sufficient to establish new cohorts of native trees in the Salt Cedar / Willow / 

Cottonwood Zone. Pitt et al. (2000) recommended that in addition to this pulse flood, a 

smaller, perrental flow of 4 x 10^ m^ was needed to maintain aquatic habitat for birds, 

fish and insects using this zone. The total (annualized) water requirement of about 10* 

y r '  i s  o n l y  0 . 5 %  o f  t h e  mean annual flow of the Colorado River. Yet, policy makers 

anticipate substantial difficulty in securing even this small amount of water as an 

environmental allotment, given human demands on the river (Pitt and Varady et al., 

2001). A continuing water source for the Cienega de Santa Clara is also in doubt, as the 

water entering in the M.0 J).E. canal might be diverted to the Yuma Desalination Plant, 

and replaced with hypersaline brine (Glenn et al., 1992,1996; Zengel et al., 199S). 

The effect of flood flows on the marine environmem and the quamities required to 

boost productivity are, presently, unknown. Oceanographic studies suggest that the upper 

Gulf of California is not nutrient limited (Hemandez-Ayon et al., 1993; Santamaria del 

Angel et al, 1996), hence river flows are not required to stimulate primary productivity. 
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On the other hand, the work of Kowalewsici et al. (2000X Rodriguez et ai (2001) and 

Rodriguez et al. (2001) suggests that the former bracldsh mollusk beds and the unknown 

fauna that may have depended on them will not return without substamial annual flows. 

The shrimp catch in the upper Gulf of California responds positively even to the modest 

releases which have occurred since Lake Powell filled (Galindo-Bect et al., 2000). Miich 

more study is required on the estuarine and marine ecosystem before water requirements 

can be estimated. 

CONCLUSIONS 

Recent studies have shown that the basis for a resurgence in ecosystem function 

in the lower Colorado River basin exists due to the reestablishment of riparian and 

wetland vegetation in the delta. This resurgence depends on continued discharge of 

flood water and agricultural drainage water fh)m the United States to Mexico. The few 

faunal studies, mostly of endangered species, show that the habitat revival has had 

positive effect on wildlife. Yet, there is little information on the most of the populations 

of fish, reptiles, mammals and birds that use the delta and its marine zone. There have 

been no studies at all of movemem of species between the United States and Mexico, 

even though a species revival in the delta could help repopulate upstream habitats. This 

region still can be described as a sciemific blank spot on the map ofNorth America, 

deserving much more study to inform those who make decisions about its future. 
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1545-1560. 

Levine, C. and Stromberg, J., (2001). Effects of flooding on native and exotic plant 
seedlings; implications for restoring southwestern riparian forests by manipulating 
water and sediment flows. JoumU of Arid Envirmunents. 

Leopold, A., (1949). The green lagoons. Pages 1S0-1S8 in A. Leopold, editor. A Sand 
County Almanac. Oxford University Press, New York. 

MacDougal, D., (1905). Botanical explorations in Arizona, Sonora, California and Baja 
California. Journal of the New York Botanical Garden 6,91-102. 

MacDougai, D., (1907). The desert basins of the Colorado delta. Bulletin ofthe 
American Geographical Society 29, 705-729. 

Marler, R., Stromberg, J. and Patten, D., (2001). Growth response of Popuhis fremontii, 
Salix gooddingii, and Tamarix ramosissima seedlings under different nitrogen and 
phosphorous concentrations. Journal cfArid Environments. 

Mellink, E., Palacios, E., and Gonzalez, S. (1996). Notes on nesting birds of the Cienega 
de Santa Clara saltflat, northwestern Sonora, Mexico. Western Birds Tl, 202-203. 

Mellink, E., Palacios, E., and Gonzalez, S., (1997). Non-breeding waterbirds of the delta 
of the Rio Colorado, Mexico. Journal ofheU Ornithology 68, 113-123. 

Morales-Abril, G., (1994). Reserva de la biosfera aho golfo de California y defta del Rio 
Colorado. Ecologica 3,26-27. 

Nagler, P., E. Glenn, and A. Huete 2001. Relationships among vegetation ground cover, 
leaf area index and vegetation indices using ground-, aerial- and satellite-based 
methods in an arid zone riparian ecosystem in the Colorado River delta, Mexico. 
Journal of Arid Enviromnents. 

Ohmart, R., Anderson, B., and Hunter, W. (1988). Ecology of the Lower Colorado River 
from Davis Dam to the Mexico-United States boundary: a community profile. 
National Techm'cal Information Service, Alexandria, Virginia. 

Pitt, J., (2001). Can we restore the Colorado River delta? Joumed of Arid Enviromnents. 



234 

Pitt, J., Luecke, D., Cohen, M., Genn, E. and Valdes-Casillas, C. 2000. Two nations, 
one river; managing ecosystem conservation in the Colorado River delta. Natural 
Resources Journal 40,819-864. 

Poff, N., Allan, J., Bain, M., Karr, J., Prestegaard, K., Richter, B., Sparks, R. and 
Stromberg, J., (1997). The natural flow regime. Bioscience 47,769-784. 

Roden, G. l, 1964. Oceanographic aspects of the Gulf of California: in van Andel, T. R 
and Shor, G. G., eds.. Marine (^logy of the Gulf of California: American 
Association of Petroleum Geologists. Memoir 3, Tulsa, Oklahoma, p. 30-58. 

Rodriguez, C.A., Flessa, K.W., and Dettman, DX., 2001, Effects of upstream diversion 
of Colorado River water on the estuarine bivalve mollusc Mulinia coloradoensis. 
Conservation Biology 15, 249-258. 

Rodriguez, C., Flessa, K., Tellez-Duarte, M., Dettman, D., and Avila-Serrano, A., (2001). 
Macrofaunal and isotopic estimates of the former extent of the Colorado River 
estuary, upper Gulf of California, Mexico. Journal of Arid Enviromnents. 

Santamaria del-Angel, E., Millan-Nunez, R., and DelaPena-Nettel, G., (1996). Effects of 
turbidity on primary productivity at two stations in the area of the Colorado River 
delta. Ciencias Marinas 22,493-493. 

Sykes, G. 1937. The Colorado Delta. Carnegie Institution, Washington, D.C., pp. 193. 

Thompson, R. W., 1968, Tidal Flat Sedimentation on the Colorado River Deha, 
Northwestern Gulf of California; Geological Sodety of America Memoir 107, 
Boulder, Co. p. 133. 

Townsend, C.H., 1901. Dredging and other records of the U.S. Fish Commission 
Steamer "Albatross" with bibliography relative to the work of the vessel. US Fish 
Commission Report for 1900, p. 387-562. 

U.S. Bureau of Reclamation, (1996). Description and Assessment of Operations, 
Maintenance, and Sensitive Species of the Lower Colorado River. U.S. Bureau of 
Reclamation, Boulder City, Nevada. 

Valdes-Casillas, C., Hinojosa-Huerta, O., Munoz-Viveros, M., Zamora-Arroyo, F., 
Carrillo-Guerrero, Y., Delgado-Garcia, C., Lopez-Camacho, M., Gtenn, E., 
Garcia,-Hemandez, J., Riley, J., Baumgartner, D., Briggs, M., and Lee, C., 
Chavarria-Correa, E., Congdom, C., and Luecke, D., (1998). foformation 
Database and Local Outreach Program for the Restoration of the Rio Hardy 



235 

Wetlands, Lower Colorado River Delta, Baja California and Sonora, Mexico. 
North American Wetland Conservation Council, Arlington, Virginia. 

Van Andel, T.H., 1964, Recent marine sediments of the Gulf of California; in van Andel, 
T. R and Shor, G. G., eds.. Marine Geology of the Gulf of California: American 
Association of Petroleum Geologists. Memoir 3, Tulsa, Oklahoma, p. 216>310. 

Vandersande, M., Glenn, E. and Walworth, J., (2001). Comparative tolerances of five 
riparian plants from the lower Colorado River to salinity, drought, and inundatioa 
Journal of Arid Environments. 

Varady, R., Hankins, K., Kraus, A., Young, E. and Merideth, R., (2001). To the Sea of 
Cortez; nature, water, culture and livlihood in the lower Colorado River Basin and 
delta - an overview of issue, policies, and approaches to environmental 
restoration. Journal of Arid Environments. 

Zamora-Arroyo, F., Nagler, P., Briggs, M., Radtke, D., Rodriquez, H., Garcia, J., Valdes, 
€., Huete, A. and Glenn, E., (2001). Regeneration of native trees in response to 
flood releases from the United States into the delta of the Colorado River, Mexico. 
Journal of Arid Environments. 

Zengel, S., and Glenn, E., (19%). Presence of the endangered Desert Pupfish 
(Cyprinodon Macularius, Cyprim'dontidae) in Cienega de Santa Clara, Mexico, 
following an extensive marsh dry-down. The Southwestern Naturalist 41,73-78. 

Zengel, S., Mertetsky, V. Glenn, E., Felger, R, and Ortiz, D. 1995. Cienega de Santa 
Clara, a remnant wetland in the Rio Colorado delta (Mexico); vegetation 
distribution and the effects of water flow reduction. Ecolopced Engineering A: 19-
36. 



236 

UST OF TABLES 

Table I. Area and vegetation cover of the major ecozones of the Colorado River deha, 

estimated by mean values calculated for summer Thematic Mapper satellite images 

(1992-1999). Percentage vegetation was calcuahed using NDVI values correlated with 

scenes of known vegetation cover for a ground-truthed, 1997 image (Nagler et al., 

Zamora-Arroyo and Nagler et al., 2001). Marine zone not included. 

Ecozone Total Vegetated Vegetated 
(ha) (%) (ha) 

Salt Cedar/Willow/ 
Cottonwood 13,711 45.1 6,814 
Salt Cedar 40,861 23.1 9,439 
Salt Grass 78,897 1.6 1,291 
Cattail 35,788 11.5 4,115 

Totals; 169,257 13.0 21,659 
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USTOFnCURES 

Figure 1. Terrestrial ecozones of the lower delta of the Colorado River in Mexico. Zones 

are overlaid on a June, 1998 Thematic Mapper image of delta. The area inside the zones 

was classified using NDVI (Nagler et al., 2001 and Zamora-Arroyo et al., 2001) to show 

water, soil and vegetation cover as indicated in the Legend. Areas outside the zones are 

displayed in false color using the IR band (red = vegetation). The marine zone begins at 

the bottom of the figure. 
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INTRODUCTION - The Colorado River Delta 

Historically, prior to the construction of upstream dams, diversions, and other 

reclamation projects, an average of 14.95 million acre-feet per year of Colorado River 

water flowed through the Colorado River Delta and into the Upper Gulf of California 

(Pontius, 1997). Seasonal floods supported extraordinary levels of biological 

produaivity and diversity in the marine zone, and watered two million acres of riparian 

and wetland habitat described by Aldo Leopold in "The Green Lagoons' (1949). The 

Delta has been degraded as human demands have drastically reduced the amount of water 

reaching the Delta (Fradkin, 1981). Except for years with unusually high run-ofl^ 

virtually the entire flow of the Colorado is now captured and used before reaching the 

river's mouth (Postei et al., 1998). However, even without the historic flows, the 

remnants of the Delta and Upper Gulf still comprise the largest and most critical desert 

wetland in North America, as well as one of the world's most diverse and productive 

marine ecosystems. In recent years, flood release flows from upstream dams and 

agricultural drain flows have prompted the re-emergence of ecologically valuable riparian 

and wetland habitats (Glenn et al., 1992; 1996,1999; Luecke et al., 1999; Zengel et al., 

199S) and have been correlated with a rise in the shrimp catch in the Upper Gulf 

(Gallindo-Bect et al., 2000), an indication of the renewed viability of an important 

estuary. In 1993, Mexico affirmed the importance of the region and designated it a 

Biosphere Reserve, which has since received intemational recognition. 
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At its upper reaches (Figure 1), the delta is dominated by vegetation such as 

cottonwoods and willows, offering more than twice the amount of native riparian habitat 

found in the entire reach of the river in the United States from Hoover Dam to Morelos 

Dam (Valdes et al., 1998; Luecke et al., 1999; Glenn et al., 1996). The native riparian 

vegetation of the lower Colorado River and the Delta evolved in response to occasional 

flood events; such flows must be replicated to ensure the continued viability of these 

species (PofT et al., 1997). The middle extent of the Delta contains extensive backwaten 

filled by occasional floods, providing valuable wetland habitat for nugratoiy birds as well 

as a myriad of local species. The lower delta supports brackish marsh habitat, notably the 

Cienega de Santa Clara, fed by US agricultural drainage water from the Welhon-Mohawk 

Irrigation District (Glenn et al., 1992,1996; Zengel et al., 1995). The intertidal zone 

contains salt marsh habitat, dominated by an endemic grass, DistichiispaAneri, that 

produces a grain that once helped sustain the indigenous Cocopa people. 

The Delta supports several species listed by the U.S. Fish & Wildlife Service, 

including southwestern willow flycatchers (Empidonax tnuUn extimus), Yuma clapper 

rails (Rallus longirostrisyumanensis), and desert pupfish (fyprinodan macukarht5\ 

while the river's estuary is home to the vaquita porpoise {PhoaxnasnmsX the worid's 

most endangered marine mammal, and totoaba (Jbtoabamacdonabff), now listed as 

endangered but once the base for an important local fishery. 

The remnant delta habitats are part of the lower Colorado River ecoregion, which 

extends from Grand Canyon to the Gulf of Califbnua. The ecological integrity and 
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viability of this diverse and beautiful region has been severely damaged by human 

activity (Ohmart et al., 1988), and preserving remaining pockets of biodiversity and 

endangered species has become a priority goal of United States resource management 

agencies (United States Bureau of Reclamation, 1996) as well as non-governmental 

environmental groups (Luecke et al., 1999). The Sierra Club Grand Canyon Chapter 

documented that alterations in the river's flow have fragmented wildlife habitat, 

obstructed migration routes, prevented proper feeding and breeding patterns and directly 

killed many animals (McCarthy, 1998). 

These effects are worsened since the land along the border is dry and fragile 

desert and is especially susceptible to human impacts. This fragility is reflected by the 

large number of species in need of government protection—the Arizona border region 

alone harbors 107 threatened, endangered or other special management species. They 

(Sierra Club) write that the more charismatic borderland species (magm'ficem large cats; 

jaguar, ocelot, jaguarundi, mountain lion and bobcat, once common along the river), 

symbolize the uniqueness, cultural diversity and interrelationship of the border region. 

Unfortunately, the existence of these species and many other former inhabitants of the 

riparian zone in the U.S. and Mexico is threatened by vegetation clearing and habitat loss. 

The vegetation along the river has been ahered by disruption of the natural flow regime 

in the river, which has led to replacement of native trees species by invasive, sah-tolenuit 

salt cedars {Tamarix ramosissima) (Ohmart et al., 1988) and by the paucity of flows still 

reaching the Delta. 
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Interest in the Delta of the Colorado River has grown markedly in the past decade. 

Scientists from Mexico and the United States are studying the pl^sical and biological 

characteristics of the region, increasing our understanding of its value not only as a desert 

wetland and stopover on the Pacific Flyway, but also as a species reservoir for the lower 

Colorado River as a whole. Historically, plant and animal species moved upstream to re-

colonize the riparian corridor of the lower Colorado after periodic large-magnitude floods 

devastated the upstream reach of the river. Recent, prdiminary research indicates that 

the quantity of Colorado River baseline flows necessary to sustain the upper reaches of 

the Delta on an annual basis is at least 32,000 acre-feet, with periodic flood flows of at 

least 260,000 acre-feet on average every four years, to promote seedling recruitment 

(Luecke et al., 1999; Valdes et al., 1998). (Such flood flows would also have a salutary 

effect on the lower reach of the Colorado River within the United States, freshening 

backwaters and promoting germination of native vegetation.) Ongoing research will 

further improve our understanding of the ecosystems of the Delta and Upper Gulf. 

Concurrent with renewed conservation and research interest in the delta is an 

effort by environmental groups to define the legal status of endangered species and key 

habitats in Mexico. These efforts are being pursued through negotiation and, very likely, 

through litigation. The outcome of these efforts will help shape the protection (or lack 

oO that will be afforded to the delta habitats. We briefly explore the legal issues involved 

and make some recommendations for conserving the defta as a species reservoir for the 

entire ecoregion. 



244 

Legal Issues 

As with many other environmental disputes, the Endangered Species Act ^SA) is 

at the center of the dispute about the status of the Delta. Endangered species on the U.S. 

section of the Colorado River that also occur in the delta include the brown pelican 

{Pelicams occidentalis), Yuma clapper rail, peregrine fidcon (Feilco pengrinus), 

southwestern willow flycatcher and desert pupfish (United States Bureau of Reclamation, 

1996). Researchers are presently investigating the extent to which the Delta serves as a 

species reservoir for the Lower Colorado River as a whole. Furthermore, the delta 

populations of several of these species are directly dependett on U.S. water management 

decisions, since their critical habitats are supported by either flood water or agricultural 

waste water released from the U.S. to Mexico (Genn et al., 1996). The marine zone of 

the delta also contains two U.S.-listed species unique to Mexico: the vaquita and totoaba, 

mentioned earlier, that are potentially impacted by U.S. water management practices. 

This raises the question; does the United States have responsibility to maintain and 

improve these habitats through numipulation of water releases, given that the populations 

occur in a foreign country? We argue that the Delta should be inchided in two key 

negotiations that will help detennine the ecological status of the river fi)r the next 50 

years: the Lower Colorado River Multi-Spedes Conservation Program (LCR MSCP) and 
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the redefinition of Surplus Flow Criteria. Currently these negotiations only include U.S. 

stakeholders. 

The Lower Colorado River Multi-Species Conservation Program 

The Lower Colorado River Muhi-Species Conservation Program was fonned as a 

partnership of state, federal, tribal and other public and private stakeholders with an 

interest in managing the water and related resources of the lower Colorado River in the 

United States. The purposes are to: 1) conserve habitat and work toward the recovery of 

threatened and endangered species and to reduce the likelihood of additional species 

listings under the Endangered Species Act; 2) accommodate current water diversions and 

power production and optimize opportunities for future water and power development; 

and 3) provide the basis for federal ESA and Caliform'a ESA compliance via incidental 

take authorization resulting from the implememation of the first two purposes. The ESA 

contains procedural and substantive requirements that serve to carry out the conservation 

and recovery goals of the Act, including the development of recovery plans, consultation 

with the Fish and Wildlife Service, and the prohibition on taking listed species. 

In 1995, the Bureau of Reclamation and the lower Colorado River basin states of 

California, Arizona, and Nevada began negotiations over the devek)pmem of a 

conservation plan and incidental take permit application to obtain regulatory certainty for 

continuing dam operations and water diversions which take and jeopardize listed species 
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and adversely modify critical habitat. These negotiations postpone ESA section 7 

consultations that ensure that U.S. actions do not jeopardize listed species or adversely 

modify critical habitat. The Department of Interior and lower basin states formalized 

their partnership with a Memorandum of Agreement on August 2,199S, with the intent to 

provide interim regulatory assurance during a three-year program development period of 

the conservation program (MSCP), as well as to provide long-term assurance, thereby 

postponing ESA section 7 consultation. Conservationists threatened suit over this 

violation of the ESA if Reclamation did not begin consuhations with FWS as required by 

the ESA. In response, the federal and state agencies issued a Memorandum of 

Clarification that ostensibly recognized that the agencies participating in the MSCP could 

not avoid the legal requirements of the ESA 

The 35-member steering committee includes wildlife and resource management 

agencies fi-om the Department of Interior, wildlife and water resources management 

agencies from the lower basin states, lower basin Indian tribes, providers of Colorado 

River water and hydroelectric power resources, local governmental agencies, recreational 

interests, and until recently several environmemal and conservation orgam'zations. ft 

does not include any representatives from Mexico. 

Reclamation, through late 1998, had supported a proposal to fiind a study of 

Colorado River conservation needs and opportunities south of the Southern International 

Boundary (SIB) with Mexico. Although widely touted as an ecosystem approach to 

conservation planning, the Steering Conmiittee refused to support this proposal. 
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abandoning a biologically sound planning area and leaving the status of Mexico and the 

Delta in limbo. The Steering Committee also limited the geographic scope of the 

program planning area as the river corridor below Glen Canyon Dam to the Southerly 

International Boundary, including the 100-year flood plain and the reservoirs at fiill 

elevations, even though the delta contains crucial habitat and endangered populations of 

listed species. At this point the environmental groups on the steering committee declined 

to participate further, arguing that the process was scientifically flawed. 

In May 1999, Reclamation with other federal agencies published a notice of their 

intent to prepare an Environmental Impact Statement (EIS) to evaluate the impacts of 

implementing the LCR MSCP. The EIS will be Reclamation's Record ofDedsion for 

implementing its portion of the MSCP. It will contain a description of federal and state 

projects to be covered and alternatives, as well as potential conservation measures and 

alternatives. It will not, unfortunately, contain information on the Deha of the river. 

Redefining Surplus Flow Criteria 

Surplus flow is the volume of water in the river that exceeds the apportionment to 

each of the basin states. The allocation of surplus flows on the Colorado River is the 

second issue that will affect the Delta for many decades to come. Since the filling of Lake 

Powell in 1981, river management has emered anewera. Before 1981, along period of 

reservoir filling was initiated with the construction of Boulder Dam in 1935. During 
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these 46 years, nearly all flood flows (flows that exceeded the system's capacity for use 

and established storage) were captured and stored. Since Lake Powell filled, flood flows 

must be released to the river, and eventually reach the Delta and pass to the Gulf. There 

have been significant flood flows in 10 of the 20 years since filling, and cumulatively 

20% of the river's total flow has reached the Gulf of California. Colorado River flood 

flows cannot be forecast with accuracy, but they are assodated with El Nino conditions 

and are expected to continue once every 3-7 years for the foreseeable future (dantz, 

1995). These are the flows that have revegetated the Delta and revitalized the shrimp 

fishery in the marine zone. Now, U.S. water users are petitioning for the redefinition of 

surplus flows to increase the share of this water that can be captured and distributed for 

consumptive use in the U.S. The ESA must be considered in these negotiations but, 

ironically, the environmental effects on the Delta have not yet been considered, even 

though the Delta is the prime environmental beneficiary of the surplus flows. Although 

ail of Reclamation's actions occur within the U.S., the impacts of Colorado River 

management occur both within and outside the U.S. The severe reduction in water 

reaching Mexico and the Delta as a result of increased water consumption and storage in 

the U.S. will have devastating impacts on delta ecosystems in Mexico. 

The Secretary of the Interior, on behalf of the Federal government, serves as the 
/ 

Watermaster for the lower Colorado River, the only river system in the country that has 

been federalized. The Bureau of Reclamation has been delegated responsibility for 

operating and maintaining the extensive network of dams, reservoirs, water diversions, 
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levees, canals, and other water control and delivery systems on the River. The Bureau's 

authority and discretion is guided by a body of treaties. Congressional enactments, 

compacts, and other agreements known as The Law of the River. Reclamation has 

claimed that it had no authority (or discretion) regarding the flow of water to the 

Colorado River Delta and concluded that section 7 (ESA) consuhation was not required 

in the case of the Delta. However, Reclamation has retained control over releases for 

purposes of flood control and other top priorities, as authorized by statute. For example, 

in making anticipatory flood releases, the flnal decision for when to release water is made 

by the Bureau of Reclamation. We believe they have more discretion in releasing surplus 

flows than they have admitted. 

Potential Legal Remedies 

The forming scientific and technical consensus that the Delta can be saved with 

discreet releases of Colorado River water from the U.S. must be accompanied by a legal 

recognition that such releases are mandated. In November of 1999, a coalition of more 

than 35 groups from Mexico and the United States sent a letter to both governments 

urging them to establish international in-stream, perenm'al flow rights in the Colorado 

River from the United States into Mexico's Colorado River Delta and northern Gulf of 

California, and describing the legal duties and authorities to do so. Establishing instream 

flow rights would require the United States to deliver water to the border specifically fi)r 
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conservation purposes, as well as a commitment from Mexico to use this water for the 

ecosystem. This growing coalition of organizations and individuals reflects the broad, 

and Increasing, international concern and support for the restoration and long>term 

protection of Mexico's Colorado River Delta region. 

In order to accomplish long-term restoration goals, water requirements for viable 

populations of fish, birds and other natural resources need to be quantified. In the short 

term, legal assurance should be sought to secure the quantified flows that sustain deha 

habitats as they exist today. The Delta has benefited from recent flood flows, but these 

flows are at present inadvertent and unprotected, and are at risk of being diverted 

elsewhere unless legal mechanisms in both the U.S. and Mexico are created to secure 

them. 

Perhaps the most certain way to secure instream flows for the Deha is to add an 

ecological minute to the 1944 Treaty with Mexico that codifies Mexico's right to 

Colorado River water. The treaty already has had several "environmemal" minutes, 

including minute 242 which established salinity standards for water delivered to Medco, 

and minutes such as 261, 264, 270,273,295 and 298 which speak to various border 

sanitation issues. An ecological minute added to the 1944 treaty could address the fiill 

water cycle of the lower Colorado River as it relates to the ecological needs of this area. 

Such a minute could define ecosystem preservation as a beneficial use and create a 

mechanism whereby U.S. water deliveries to the border in excess of Mexico's allocation 

would be predicated on Medco's cooperation in the protection of the Deha. 
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To date, the Colorado River has been managed as two systems. Fragmented 

management is having a devastating affect on Delta ecosystems, including species with 

habitat on both sides of the border, such as the desert pupfish and the Southwestern 

willow flycatcher. Currently accepted principles of conservation biology and watershed 

management demonstrate the need for an ecosystem such as the Colorado River to be 

managed as a whole rather than as artificially distinct units. To date, however, the U.S. 

federal and state government agencies have resisted active cooperation with Mexico for 

the benefit of the Colorado River Delta ecosystems. 

Unknowns and the Intersection of Science, Policy and Advocacy 

A window of opportunity exists to achieve conservation goals in the Colorado 

River Delta. The immediate scientific challenge is to quantify the water requirements of 

the delta and the flow volumes needed from the U.S. The preliminary answer is, very 

little. Modest flood releases (260,000 acre-fl delivered on average every 4 years) may be 

all that is needed. These flows scour out invasive vegetation, wash sahs from the river 

banks and allow the germination of native trees. Local sources of water, including 

agricultural wastewater and groundwater, appear to sustain riparian and wetland 

vegetation between floods. 

The second challenge is to find a way to monitor this ecosystem. Remote sensing 

is the method of choice, especially for U.S. scientists and resource managers. Work 
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conducted so far shows that vegetation mapping methods derived &om low-level aerial 

imagery field surveys can be scaled up to the satellite level to show changes in percent 

cover of vegetation in the ecosystem. Satellite images can be used to non-intnisively 

assess habitat extent, water availability, and land use change. Peak vegetation can be 

correlated with surface flows to gauge water stress and water requirements to support the 

ecosystem. Annual qualitative assessments of these variables can be used to monitor the 

status of riparian vegetation in the Deha (Nagler et al., 2001). Cooperative work 

underway between the University of Arizona and the Bureau of Reclamation is aimed at 

developing a common mapping protocol for the lower Colorado River and its tributaries, 

including for the first time the Delta. 

Preservation of the Colorado River Deha will be a complex task. Environmental 

Defense (formerly EDF) outlined a series of conclusions and reconunendations based on 

their analysis of the Delta (Luecke et al., 1999). They specifically recommended that 

minimum perennial and pulse flows should be guaranteed, amounting to 32,000 acre-ft/yr 

for the former and 260,000 acre-ft on average every 4 years forthe latter. On an 

annualized basis, this is much less than 1% of the total flow of the river, and less than has 

flowed since 1980. Further, they recommend that agricultural wastewater should 

continue to be delivered to Cienega de Santa Gara, rather than diverted to the Yuma 

Desalting Plant in the U.S. They also recommend a water quality monitoring program for 

the delta habitats, similar to programs already established on the US stretch of river. 
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Current assessments of the Delta have captured a snapshot of an ecosystem 

returning to health, yet it is precariously dependent on water that is not dedicated to its 

ecosystems. But just as natural systems are dynamic, so are the nrum-made systems and 

arrangements that determine use of Colorado River water. Restoring and protecting the 

Delta's ecological viability will require assurance that flows south of Morelos Dam are 

not diminished. 
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USTOFnCURES 

Figure 1. Watercourses and entry and exit points of water in the Colorado River flood 

plain during river flows of 100-200 m' sec*' below Morelos Dam. The stippled area 

shows the extent of flooded soils while solid lines within the shaded area show water 

courses. The bold line traces the nuun flow of the river. The areas outlined by dashed 

lines are the main marsh areas of the delta. Entry and exit points for water are as follows: 

A, the main channel of the Colorado River; B, the Rio Hardy, the entry point for 

agricultural drain water from the Mexicali Irrigation District; C, the exit point for water 

flowing to Laguna Salada, a below-sea-level depression to the east of the flood plain; D, 

the entry point for agricultural drain water from the Welhon-Mohawlc frrigation District 

in the United States to Cienega de Santa Clara; F, the mouth of the Colorado River which 

discharges flood water and allows entry of tide water into the river, and G, the exit point 

of water from Cienega de Santa Clara into the intertidal zone, and the piont where 

occasional high tides enter the southern end of the Cienega de Santa Clara. 
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ABSTRACT 

This study tested the relationship between commonly-used Vegetation Indices 

(Vis), percent vegetation cover (% cover) and leaf area index ^AI) over a complex 

riparian landscape in the Colorado River deha, Mexico. We used a 3-band digital 

imaging camera (Dycam) to collect data fit)m an aircraft flying at ISOm. A series of 84 

images (67 m x 100 m) were analyzed. Nine of these sites were ground-truthed; the 

species, % cover, and LAI were determined. Measured LAI (9 sites) from tree, shrub, 

and groundcover categories were used to determine a global (GLAI) value for 63 images. 

We conducted both VIs:% cover and VIs:GLAI regression analyses. The normalized 

difference vegetation index (NDVI) was the VI that best predicted % cover (r' = 0.837), 

but the Soil Adjusted Vegetation Index (SAVI) and Enhanced Vegetation Index (EVI) 

gave nearly equal results (r^ = 0.807 and 0.796, respectively). NDVI, SAVI and EVI 

were less useful in predicting GLAI (r^ = 0.73,0.6S, 0.64, respectively). Variability in 

GLAI was due mainly to differences in % cover among images rather than differences in 

LAI among vegetation types. We also measured reflectance values of the major plant 

types between 4S0-900 nm, and found small but sigm'ficant (P<0.0S) differences among 

some of the species. The resuhs support the conclusion that vegetation indices are most 

simply related to % vegetation cover, rather than species differences in LAI or Vis, even 

in this mixed riparian biome. There was also a near 1:1 correspondence between the 

Dycam and Thematic Mapper (TM) NDVI vahies over a wide range of landcover types 
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(water, bare soil, partial and complete vegetation cover), which indicate that reflectance-

based NDVI values can be scaled fit>m low-level aerial Dycam images to satellite images 

for this ecosystem. 

KEYWORDS 

Riparian vegetation, percent cover, aerial / satellite images, normalized difference 

vegetation index (NDVI), leaf area index (LAI) 
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INTRODUCTION 

The extent of riparian vegetation in arid lands changes both temporally and 

spatially with water flows and as a result of human intervention in the natural flow 

regime (PofTet ai, 1997). Monitoring tools are needed to manage these natural resources 

but riparian zones have not been a common biome for remote sensing studies due to their 

inherent mixture landscapes. One problem with applying the methods to this landcover 

class is that there is incomplete knowledge of what biophysical attributes the Vis actually 

measure in such complex ecosystems (Huete etal., 1994,1997; Carlson and Ripley, 

1997), which was the research goal of this study. 

Ratios and differences using energy from the bands in the visible (RED, 0.S8-

0 67 urn) and in the near infrared (NIR, 0.7-1.1 um) wavelength range were first 

developed by Jordan (1969) to assess spectral features in green vegetation for estimating 

energy accumulation in plant canopies, biomass, and the leaf area per ground unit (LAI, 

leaf area index). Since then, vegetation indices (Vis) have been fundamental in analyzing 

ground vegetation patterns from satellite data. The normalized difference vegetation 

index (NDVI) is commonly used in terrestrial ecosystem studies (Tucker, 1979; Carison 

and Ripley, 1997); it is calculated using Red and NIR reflectances as: 

NDVI = (NIR-Red) / (NIR+Red) [II 
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Variations tested in this study include the Soil Adjusted Vegetation Index (SAVI), 

designed to correct for soil reflectance in partially vegetated landscapes ^uete, 1988): 

SAVI = [(NIR-RED)/(NIR + Red + L)]*(l+L) [2] 

where Lisa correction factor generally set at O.S, 

and the Enhanced Vegetation Index (EVI), designed to correct for smoke or haze 

(to minimize aerosols) in the atmosphere and reduce canopy background sources of 

uncertainty (Liu and Huete, 1995): * 

EVI = 2.5 (pNIR - pRED) / (L + pNlR+CI pRed - C2 pBhie) [3] 

where p is 'apparent' top-of-the-atmosphere directional reflectance, L is the canopy 

background correction and snow correction that addresses differential MIR and RED 

radiant transfer (transmittance) through a canopy, and where CI and C2 are the 

coefficients of the aerosol term, which uses the blue band to correct for aerosol effects in 

the RED band as described in Kaufman and Tame (1992). van Leeuwen et aL (1998) 

present EVI, which was formerly known as SARVI2 Q&iete et aL, 1996, Huete et al., 

1997), with the coefficients of L = 1, Cl = 6 and C2 = 7.5. These are the coefficiems 

used in this study. 
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In theory, the green and non-green components of«landscape can be separated 

using the Red and NIR bands because their spectral reflectance patterns have uniquely 

different shapes over these wavelengths (Daughtry et aL, I99S; Aase and Tanaka, 1991; 

Stonere/a/., 1980). Green vegetation shows a step-function curve due to pigment 

absorption in the Red and scattering of incident radiation in the NIR whereas non-green 

materials show a featureless, monotonically increasing signal (Woolley, 1971; Tucker, 

1979;Kimes, 1991; Kimesetal., 1993; Irons e/ail, 1989;Myneniefa/., 1995). In 

reality, most landsurface targets are comprised of a mixture of green vegetation and non-

green components, such as woody material (branches, bark, trunks and stalks) and ground 

material (soils, leaf litter and moisture contem) with widely varying spectral properties 

that can affect the vegetation signal (Colwell, 1974; Elvidge, 1990; Coward and 

Huemmrich, 1992; Gowarde/a£, 1994; Gao and Goetz, 1994). As a result, it remains 

unclear exactly what Vis actually measure on the ground in any given application (Hiiete 

etai, 1994, 1997). This complicates the task of using satellite data to quantify ground 

vegetation features. 

Various studies have shown correlations between the Vegetation Index (VI) and 

LAI, standing biomass, green-leaf biomass, canopy coverage, net primary productivity 

and the fraction of absorbed photosynthetically active radiation (fAPAa) (Baret et aL, 

199S; Chen and Cihiar, 1996; Wulderelo/., 1998; Tucker, 1978; Daughtry efa£. 1992; 

van Leeuwen and Huete, 1996; Zhang era/., 1997; Prince, I99I; Prince e/a/., 1995; 

Loseen et aL, 1995; Peterson, 1992; Roujean and Breon, 1995; Tucker and Sellers, 1986; 
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Wellens, 1997; Asnere/a/., 1997;Choudhury, 1987;Hallefa/., 1990). However,there 

can be considerable error in predicting ground vegetation characteristics from satellite* 

derived VI calculations. The degree of accuracy can depend upon: the VI algorithm used 

and atmospheric effects (Huete etal., 1994,1997); the spectral properties of the 

vegetation (Baret e/a/., 199S; Colwell, 1974; Gamone/o/., 199S; Coward efdL, 1994; 

Loseene/a/., 1995; Mynenie/a/., 1995; Zhang ef a/., 1997), soil(Aasee/a/.. 1991; Ben-

Dor and Banin, 1994; Huete, 1988; Huete and Escada&l, 1991; Irons era/.. 1989) and 

litter (Daughtry era/., 1995a, 1995b; Naglere/o/., 1998,2000) within the target area; and 

the bandwidths of the sensors (Elvidge and Chen 1995; KImes et al., 1993; GItelson and 

Kaufman, 1998). Scaling issues also fhistrate attempts to correlate satellite vegetation 

analyses with data obtained from ground surveys. Because of their low resohition, 

satellite images usually combine several landscape features (soil, water, and different 

types of vegetation) within each pixel. It is therefore difficuh to select biophysical 

ground measurements that can link specific features to satellite imagery, espedally in 

complex systems like riparian corridors. 

Despite the seeming complexity of imerpreting VI data, some recent studies have 

proposed that for some landscapes VI data is most simply related to fractional vegetation 

cover which can be predicted with accuracy in landscapes with less than fiill canopy 

cover (Carlson and Ripley, 1997; Purevdoije'a/L, 1998; Wittich, 1997). Carstonand 

Ripley (1997) developed a radiative transfer model showing that LAI mesured over a 

landscape that is only partly vegetated is likely to be related more to % cover than to 
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differences among individual plants. They proposed that in images having < LAI 2-4, the 

sensitive dependence of LAI on NDVI is simply due to the variation in the bare soil 

component. Purevdoij et al. (1998) found high coefficients of determination (r' > 0.8S) 

between Vis and fractional vegetation cover using reflectance data measured at ground 

level (< 2 scenes) in different types of Asian grasslands. 

We tested the relationship between Vis, percent vegetation cover (fractional 

cover X 100) and LAI in a natural, mixed-vegetation riparian ecosystem in the Colorado 

River delta, Mexico. This important regional ecosystem has been partially revegetated 

following 20 years of occasional water releases from United States dams into Mexico 

(Glenn e/a/., 1996). Our goal is to develop a remote-sensing system to track vegetation 

dynamics as affected by flood flows. A digital camera with two visible (Blue, Red) 

channels and one near infra-red (MIR) channel was flown at low-ahitude over the riparian 

corridor to acquire a set of images that displayed wide variations in their percent 

composition of soil, water, trees, shrubs and groundcover vegetation. The aerial data 

served as a scaling link between ground surveys and Thematic Mapper satellite imagery 

of the same landscape. 

This study allowed the quantification of vegetation cover using Dycam aerial 

images and field observations of LAI and species composition from ground plots in the 

Colorado River delta. The research objectives in the present study were: (i) to ooirdate 

the biophysical variable (a ground feature such as percent cover or LAI) with the 

radiometric variable (VI) for each Dycam image and for specific land cover features, (iO 
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to determine the most robust of three difierent relationships - between Dycam image-

averaged NDVI, SAVI, or EVI and percent vegetation cover, and (iii) to test NDVI as a 

means to quantify percent vegetation cover across scenes acquired at different scales and 

with different atmospheric conditions (from the airborne digital camera and the Landsat 

Thematic Mapper) by comparing the relative NDVI values and percent vegetation cover 

of the same landscape. 
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MATERIALS AND METHODS 

Study Site 

The general study area is the section of the Colorado River below Morelos Dam, 

Mexico which is the last diversion point for water on the Colorado River and extending 

south to the mouth of the river in the Gulf of California (Figure 1). This section of river 

has intermittent water flow, with major flows occurring every 4-S yean due to water 

releases from upstream dams when there is excess water in the reservoir system (Glenn et 

al., 1996). During the winter and spring prior to this study, the river flowed at up to 280 

sec ' and produced a vigorous spring and summer vegetation response. However, by 

the time of the flight, the flow had decreased to <10 m^ sec*', which ecposed most of the 

flood plain, including vegetation and areas of bare soil that had been scoured by the 

previous high flows. The flood plain is confined within a series of earth levees that keep 

flood water out of adjacent agricultural fields; the river flows to the Gulf of Califiiraia. 

It is narrow (<1 km width) in the noithem portion of the delta but it widens to over 30 km 

as it approaches the intertidal zone. 
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Image Acquisition 

Aerial data was collected at ISO m above ground level (AGL) on May 24,1999, 

from a single-engine aircraft (Sensair, Inc.. Tucson, Arizona) equipped with a belly-

mounted sensor array designated as MODLAND Quick Airborne Looks (MQUALS) 

(Huete et ai. 1999). MQUALS is an airborne radiometric system (instruments and 

protocol) for rapid and low-cost land product validation over a range of terrestrial biome 

types. The package can be flown 'below the atmosphere' at altitudes of ISO to 300 m 

AGL for accurate and independent characterization of surface reflectances and 

characterization of landscape features. The basic package consists of calibrated and 

traceable "transfer radiometers," digital spectral cameras, an infrared thermometer and a 

set of albedometers, all connected to a laptop computer for synchronized measurements. 

For this study, we used data from the MQUALS Dycam digital camera (ADC 

Modular 4 Camera System) and a nadir-viewing video camera. At an altitude of ISOm 

AGL, each digital image covers an area of approximately 67 m x 100 m (6,700 m^) with 

a resolution of approximately IS cm. The bandwidths of the Dycam are as follows: 

Blue = 455-465nm; Red = 635-667ran; NIR = 83S-870nm. The bandwidths do not 

approximate those on the Moderate Resolution Imaging Spectroradiometer (MODIS) 

component of NASA's Terra Eaith Orbiting System launched in December, 1999 

(Salomonson et al, 1989) very well, however, the Dycam bandwidths are narrower than 

those in currently used satellites such as AVHRR or TM. Each Dycam image has a time 
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signature which we used to approximately locate the position of each image along the 

river by comparison with the flight time and G.P.S. locations of 23 way points recorded 

during the survey. The images were then located with greater accuracy by placing them 

on a georeferenced Thematic Mapper image (acquired July 17,1997) in relation to fixed 

features visible in both the images and the TM image (roads, bridges, river features). We 

acquired an additional TM taken within three weeks of the Dycam images (May 2, 1999) 

to correlate specific iandcover classes between Dycam and TM images. 

The Dycam images used in this study were collected during the first hour of the 

four hour flight (I0;30 am - 2:30 pm local time); the zenith sun angles ranging from 

22-25° during the 10:30 - 11:30 am period. A ground-based, four-band Exotech 

radiometer was simultaneously aimed at a reflective panel (Spectralon Panel, Labsphere, 

Inc.) to obtain reflectance values, although the reference is not 100% reflective. 

Reflectance measurements were made by comparing the Exotech radiometer measured 

reflected radiation of the sample and reference. Then, the Dycam and Exotech 

radiometer were cross-calibrated such that the Exotech vohage was converted to DN so 

that the Dycam image reflectance in DN couM be determined. 

The flight path was initially in a N-S direction over the river channel from 

Morelos Dam to the point at which the flood plain widened, then formed six E-W 

transects of 17-3S km length each over the wide part of the flood plain (Figure 1). 

Images were acquired in groups of seven at a rate of one image per l.S second, then 

approximately three minutes were required for the camera operator to download the 
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images into a laptop computer. As a result, the coverage of the river consisted of sets of 

seven closely spaced images covering a swath of approximately l.S km of river length, 

separated by gaps of approximately 10 km. 

The camera operator did not choose particular targets, but operated the camera 

continuously to acquire as many images as possible without regard to ground features. 

The pilot anempted to keep the airplane generally oriented over the flood plain within the 

levee system throughout the flight but did not attempt to fly directly over the centerline of 

the river. Because the main river channel meandered widely within the flood plain and 

the flight path deviated continuously from the centerline, the images were considered to 

represent a random sampling of landscape features within the levees. 

Image Processing and Calculation of Vegetation Indices 

Raw Dycam data in digital numbers (DM) were converted into reflectance values 

using a software program, which was written by students in the TBRS laboratory (Muira 

et ai, 1999, TBRS Internal Report). The software prognun requires two external flies, 

one for the reference plate values which is determined using calibration coefRcients (S 

order polynomial) to calculate reflectance as a function of time and solar zenith angle and 

the other for the cross calibration coefficients. To obtain reflectance, the difference in 

DN is divided by the difference in Volts and multiplied by the reference plate value and 

the cross-calibration value. The reflectance value for each Dycam band was scaled for 
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display purposes (i.e., a contrast stretch to show the fiill range of the image); the 

reflectance in each band is divided by 0.6 and multipUed by 2SS (reflectance / maximum 

reflectance * Gray Scale Range). Error in the conversion to reflectance was checked 

using the values for three targets; vegetation, soil, and water. 

Dycam images collected during the flight which had an effective integration time, 

F#, and dark current DN were selected for processing. Automatic ecposure images (total 

= 21) could not be converted to reflectance. The 24 exposure raw Dycam images were 

directly opened in a computer program (Paint Shop Pro S) to check for the size (622 

pixels, 465 lines) and then saved in a multî )ectrai image format (Band SeC^ential, 

BSQ) with the band order Planar, with Red, Green, and Blue (RGB). These color-infhved 

bands (Dycam bands = Blue, Red, and NIR) have corresponding display colors so that 

objects high in NIR (i.e., green vegetation) appear green, and red objects appear blue, and 

blue objects appear red or black. The raw data bitm  ̂(BMP) images were changed to 

reflectance data (RFC images) by incorporating several required geometric attributes into 

the software program. These attributes are the location (GPS latitude and longitude), 

elevation of the site, time zone, Dycam file name, day of year (DOY), time, and the 

sensor type (MODIS). The location and solar zenith angle of the average picture (#4 of 

the seven image series) was used instead of inputting the data for each series of seven 

Dycam images since all seven could be processed at one time. Each output RFC image 

was scaled in the three bands (Bhie, Red, NIR), adjusted for noise, and displayed as a 

means of quality control. However, to obtain reflectance values between 0-1, the RFC 
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data values in the Blue, Red, and NIR bands were divided by 42S ((Gray Vahie Scale 

(255) / Maximum Reflectance (0.6)). 

NDVI, SAVI and EVI were calculated as in equations 1.2, and 3 using a software 

addendum (Quality Assurance Tools) (Dr. Wim van Leeuwen, TBRS, Tucson, Arizona) 

applied to ENVI software. These three VI values were calculated on each whole image, 

such that a mean and standard deviation of the Dycam VI value was provided. DN 

values for individual bands in the 1999 TM image were converted to exo-atmospheric 

reflectance values (EarthSat Corp., Inc., Roclcville, MD) using archived radiance data for 

the scene and calculated solar azimuth and angle based on date, time of day and latitude 

and longitude of the scene. ENVI software was used and procedures were similar to 

those used to calculate Dycam reflectance values. NDVI was calculated from reflectance 

values using ENVI. 

Visual Quantification of Land Cover Features on Dycam Images 

The percentage of soil, water and vegetation types on each image was quamified 

visually using a point intercept method. Dycam digital images were imported into a 

computer viewing program and overlain with a thin-lined, 10 x 10 grid dividing the 

image into 100 equal-sized rectangles. Land cover class was assigned at each of the 100 

grid intersections or at the poim nearest to the intersection in the upper left hand 

quadrant. If necessary the image was zoomed to 200-400% to determine the land cover 
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class at an intersection. The number of imersections scored in a given land cover class 

was accepted as an estimate of the percentage of area that was covered by that class on 

the entire image (100 intersections yield an estimate of 100% of land cover). 

Areas of open water were easily scored on the images because they were dark 

(nearly black) in these images. An intersection was scored as soil if it was non-green but 

not as dark as water; in fact, nearly all the soils in the images were light-colored, as sand 

is the predominant substrate in the riparian channel. Wet sands along the margins of 

open water were scored as soil. Green areas were scored as vegetation. Vegetation was 

further divided into tree, shrub and groundcover classes. 

We were particularly interested in developing an objective method using coarse 

wavebands combined with contextural information such as size, shape, and shadow, not 

hyperspectral data, for difTeremiating trees from shrubs. Trees were mainly native 

cottonwoods (Populus Jrenumtii) and willows (StUixgoodcBngii). These are the most 

desirable species in supporting riparian fauna (Glenn ef a/., 1996). Shrubs were mainly 

invasive salt cedars {Tamaix ramosissima) and arrowweeds {Piuchea sericea) which 

now make up most of the riparian v̂ etation on the lower Colorado River (Glenn et al., 

1996). We did not find an unambiguous spectral method for distinguishing trees from 

shrubs but they could be differentiated by plant height, which was estimated by the length 

of the shadows they cast in the images. Due to the high resolution and high color contrast 

of the images, shadows were distinct and sharp. Ground transect studies show that salt 

cedars in the delta rarely exceed 6 m height, whereas mature cottonwoods and willows 
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are in the range of 7-lS m height (Zamora-Arroyo et al.̂  2000, in preparation). Immature 

cottonwoods and willows that are < 7m are considered to be shrubs, a mixed landcover 

class. Based on a zenith sun angle of 25", we calculated that a shadow of 3 mm in length 

on an image corresponded to a tree height of 7 m. Therefore, if an intersection on the grid 

placed on the image fell on a green object that cast a shadow of 3 mm or greater, it was 

scored as a tree. Green objects that had definite size and shape but cast shadows less than 

3 mm in length on the image were scored as shrubs, whereas green areas that had no 

defmite size or shape and cast no shadows were scored as groundcover. Patches of 

groundcover were often mottled, showing mixed areas of green and non-green where soil 

was visible. In these cases, if the pixels nearest the intercept were green, then the poim 

was scored as groundcover, but if the pixels were non-green, then it was scored as soil, 

even if it was within a patch of groundcover. An deception to the green vs. non-green 

rule was made in the case of arrowweed. This plant has silvery, reflective leaves and this 

plant appeared red in the images, much like that of blue objects on the ground, regardless 

of the fact that they also showed high reflectance in the NIR, which would normally be 

indicated by the color green. Arrowweed plants were scored as shrub vegetation. 

Ground Validation of Vegetation Analyses 

We conducted field surveys July 10-12 and August 9-10,1999, to locate sites 

corresponding to Dycam images. We were able to locate 9 sites which unequivocally 
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corresponded to individual Dycam images, based on the exact correspondence of 

landmark features such as groups of trees, river channels, sand bars, fencelines and dirt 

roads on both the Dycam image and the ground. These sites were located in S different 

image series and contained vegetation cover that varied from all shrubs to mixes of 

shrubs, trees and groundcovers. At each site we identified to species all plants on the 

Dycam image that had been scored as trees. Shrubs and plants making up the 

groundcover class were too numerous to score individually, but we recorded the general 

species composition of the shrub and groundccvsr classes at each site. Species 

composition of groundcover, shrub and tree classes were further determined along nine 

cross-sectional transects along a 90 km stretch of river (Zamora-Arroya et al., 2000, in 

preparation). Tree heights were estimated using a triangulation method in which a 1.8 m 

object placed next to the base of the tree was visually projected up the tree by an observer 

standing some distance away. We made multiple estimates of LAI for each type of plant 

making up the site vegetation at selected sites. 

Measurement of Local LAI and Calculation of Global LAI 

LAI was measured with a LiCOR-2000 Leaf Area Index Meter (LiCOR, Inc., 

Lincoln, N£). LAIs of trees and shrubs were measured within the canopy of individual 

plants under diffuse light conditions (mormng and evem'ngs) or under the shade of an 

umbrella, using a 45° viewing cap over the sensor to localize the measurement as much as 
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possible to the plant under obseivation. For each plant, we made one measurement above 

or outside the canopy, then five at different spots below the canopy, followed again by 

one above or outside the canopy. These individual-plant measuremems of LAI are what 

Carlson and Ripley (1997) refer to as local LAI, and they are also referred to as foliage 

density measurements to distinguish them from estimates of LAI made underneath as 

well as between plants (what Carlson and Ripley, 1997, refer to as global LAI). The 

mean LAI and standard error of the mean of the five measuremems were recorded for 

each plant sampled. Ten to twenty plants of each tree and shrub species were sampled to 

calculate mean values of LAI across individual plants and sites. Most of the vegetation in 

the groundcover class proved to be too low-growing for an effective measuremem of 

LAI, since the sensor has to be placed below the canopy. We measured groundcover LAI 

at five locations within a single site, in a mixed vegetation type which approached 1 m 

height, and into which we could place the sensor to obtain a measurement The indirect 

estimates of LAI measured with the LICOR-2000 were not calibrated with direct 

estimates made by biomass harvesting so they are only approximations of actual LAI. 

However, other studies have reported that the LICOR-2000 gives accurate measurements 

of LAI for the species measured in this study and our vahies were within the same range 

as those measurements (Ceulemansefo/., 1993; SahetaL, 1996). 

We calculated global leaf area index (GLAI) from mean values ofLAI for 

individual plants based on the relationship between local LAI and global LAI as defined 

by Carlson and Ripley (1997): 
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GLAI — (Tfiiciiaa * LAInce) + (Sfadiaa * LAIiimb) + (GQhdioB * LAIgp,^) [4] 

where Taction, SfrKtioa and GC are the fraction of the image covered by trees, shrubs 

and groundcovers, respectively, and the LAI values are based on mean values for each 

vegetation type. We combined Cottonwood and willow tree LAI estimates to calculate 

mean LAI for the tree category, since cottonwoods and willows could not be 

distinguished from each other by visual inspection of the images. We combined salt 

cedar and arrowweed LAI estimates to calculate mean LAI for the shrub category, since 

these were by far the most numerous plants in that vegetation class. We used the 

groundcover LAI measurements made in one type of groundcover only as representative 

of all types, but recognized that this must be an overestimate of groundcover LAI since 

other types of groundcover were too low to measure. Values for tree, shrub and 

groundcover local LAIs are 2.38,2.03 and 1.81, respectively (means and standard errora 

for individual plants are provided in the results section). GLAI values were only 

calculated for the first 10 sets of images (70 images), which contained the same types of 

tree, shrub and groundcover vegetation. The final S sets (35 images) were below the 

mixed vegetation zone, and consisted of emergem vegetation such as cattail {Typha 

domengensis) or monotypic stands of salt cedar growing through standing water, as this 

portion of the flood plain was inundated. These sets were only evaluated for percent 

vegetation, since we were not able to reach them to determine representative LAIs. 
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Spectral Signatures of Individual Plant Species 

Spectral reflectance of leaves (not canopies because they could not be reached by 

a boom on a truck or otherwise) of individual species were measured in the field. Bare 

soil was also measured. Reflectance, obtained by muhiplying the reflectance of the plate 

by target volts divided by plate vohs, was measured with an SE-S90 spectroradiometer at 

10 nm increments over the range of 4S0-900 nm. The averaged hyperspectral data was 

taken to mimic the Red and NIR wavelengths of the Dycam and Thematic Mapper 

satellite. Soil and plants were measured three times each, dry and wet. 

Correlation and Regression Analysis and Other Statistical Methods 

We first constructed a correlation matrix of r values to establish the 

interrelationships among the variables measured or calculated in the study: % cover, 

GLAI and Vis. Then we conducted linear and when appropriate non>linear regression 

analyses to describe the functional relationships among selected variables, determined by 

regression equations and r^ values (Sokal and Rohlf, 1997). For percent vegetation cover 

there were 84 images available, whereas 63 images were used for GLAI, and each image 

had corresponding values for NDVI, SAVI and EVI. We also determined linear 

equations of best fit and coefficients of determination (r^) fi>r estinutii^ percent 
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vegetation cover and GLAI from Vis. Differences between local LAI and local VI values 

for individual land cover types were determined by one-way analysis of variances. If the 

ANOVA was significant at P<O.OS, means were separated using Student-Newman-

Kuehls test. Curve fitting for non-linear relationships uhized SigmaPIot software. 
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RESULTS 

Overview of Delta Vegetation and Ground Survey Results 

There were lOS images from IS sets taken along a ISO km stretch of the 

floodplain to validate the qualification/quamification of ground cover. Some images 

contained non-riparian components (buildings, agricuhural fields, etc.) because the pilot 

was not able to keep the airplane within the levees at all times. These non-riparian 

images were not useful to our study and consequemly 84 images were used in the 

vegetation analyses. The northernmost image set used in the analysis began 

approximately 20 km south of Mordos Dam (Figure 1). The images taken to the north of 

this set were not used because nearly all of them contained non-riparian components due 

to the narrowness of the river in that stretch. The first 10 sets of images, containing 63 

usable images covering a 90 km stretch of river, were in the part of the floodplain 

containing mixed riparian vegetation (groundcovers, shrubs and trees). These were used 

for comparison of percent vegetation cover with GLAI. The 21 additional images used in 

the analyses extended below the zone of the river that supported mixed tree and shrub 

vegetation, into the transition to the intertidal zone where emergem wetland and 

halophytic scrub vegetation dominates. We evaluated these images for percent 

vegetation only because we were not able to reach these areas to measure LAI. 



In 84 images, the landcover in the delta appeared as a nearly eqtial mixture of 

vegetation (52%) and bare soil (48%). Averaged over the first 63 images in the mixed 

vegetation zone, the shrub landcover class was the largest (4S%), followed by bare soil 

(32%), groundcovers (13%), water (5%) and trees (S%) (Figure 2). The relatively high 

percentage of bare soil was due to the fact that wimer floods had scoured away much of 

the groundcover. Ground surveys at 9 ground-tnith sites corresponding to areas where 

images were acquired showed that the shrub, sah cedar, was the dominant plant in the 

flood plain, followed by arrowweed, but we also located stands of native trees exceeding 

7 m height (Table I). An estimated 4.5% of the land area, or 6.6% of the vegetation in 

the mixed vegetation zone, was accounted for by mature native trees, while the shrub 

category contained additional cottonwood and willow trees which were under 7 m in 

height. 

T 0 validate the method of determining native trees based on shadow length on the 

images, we located all plants that were scored as trees on the 9 ground-truth sites. All 

plants that cast shadows >3mm on the images were, in fint, cottonwoods or willows. 

However, we found that 11% of the plams classified as trees were actually sah cedar or 

screwbean mesquite trees with shadows <3mm on images. Thus the use of pfamt height 

and shadows to distinguish mature native trees from shrubs appeara to be valid for this 

ecosystem, although subject to human error. 
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LAIs and Vis of Individual Plant Types 

LAI among different plant species is provided in Figure 3, which shows box-and-

whisker plots: the line is the mean value, the box with the two 25% quartiles above and 

below the mean depict where 50% of the values fall, the error bars show the 95% 

confidence interval, and the dots represent outlier data points. The range of LAI means 

across species was not large, 1.81- 2.6, but there was considerable variability within most 

species and overlapping ranges result. The LAI of cottonwoods, salt cedars, arrowweed, 

and groundcovers were not significantly different (P<0.05), however, willows had a 

significantly different LAI than these other vegetation classes. 

Dry soil had a higher NDVI but lower SAVI than wet soil (Figure 4). Dry and 

wet VI values of plants did not difTer (PH).05) so wet and dry values were pooled for 

NDVI and SAVI. Differences in Vis among ^Kcies were small but significant (P>0.05). 

S. goodingii leaves had slightly higher VI's than the other species. 

Correlation and Regression Analyses for Image-Averaged Values 

Percent vegetation and GLAI were strongly correlated with each other, as 

expected, as were the three vegetation indices, NDVI, SAVI, and EVI (Table 2). The Vis 

were more strongly correlated with percent v^etation than with GLAI, and NDVI 

produced slightly higher correlation coeflidents than SAVI or EVI, but all Vis were 
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strongly correlated with both biophysical measurements. There was a very high 

correlation (r = 0.987) between percent vegetation cover and GLAI, showing that these 

two biophysical measurements are not independent variables in this ecosystem. This is 

understandable, since LAIs of individual plant types were similar. The relationship 

between SAVI and EVI was best described by a linear equation, whereas exponential 

equations best described their relationship to NDVI figure 5). 

Linear regression equations for predicting percent vegetation cover (Figure 6) and 

GLAI (Figure 7) from NDVI, SAVI and EVI were determined. The equations can be 

used to quantitatively predict percent vegetation cover and GLAI, based on VI vahies. 

The most accurate relationship was NDVI vs. percent vegetation cover (i^ = 0.837). 

% Veg = 180*NDVI + 7.95 [5] 

Comparison of Dycam and TM NDVI Values for Similar Landcover Classes 

An important consequence of the relationship between percent vegetation cover 

and NDVI is that it offers a method to estimate percent cover at dififerent scales of 

comparison, as between aerial and satellite images, even though scenes at different 

scales may contain different mixtures of plant types. We calculated NDVI vahies for the 

first 9 sets of Dycam images, which covered a portion of the river containing both a 
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mixture of bare soil and vegetation, as well as pure scenes of bare soil and water. We 

located the same areas on the 1999 TM image as closely as possibly and calculated 

NDVI values for polygons overlapping each Dycam image series. We also located 3-S 

areas each of water, bare soil and dense (assumed to be 100%) vegetation cover on 

Dycam and TM images. The slope of the Wnw regression ecpiation between Dycam and 

TM NDVI values (0.99) was not significantly (p>0.001) different from 1.0 and the y-

intercept (0.05) was not significantly different fi-om 0 (p = 0.13) (Figure 8). This 

supports the use of reflectance-based NDVI values to scale between low-level aerial and 

satellite imagery despite lack of atmospheric corrections for the TM imagery for this 

particular image series, which were obtained on cloudless days. 
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DISCUSSION 

The study site was a heterogeneous landscape with percent cover varying from 0 

to 100 percent. In the areas where an open-canopy existed, the non-vegetated areas could 

be seen in the radiometer and camera fields of view; and hence, the background had an 

influence on the scene reflectance. Backgrounds present different spectral reflectance 

depending upon moisture content, soil type, and the presence of litter or open water areas 

in the scene (Prince et al., 199S; Daughtry et ai, 199S; Coward and Huemmrich, 1992; 

Go ward et ai, 1994). In the Colorado River delta, however, the background was mainly 

light colored sand. Vegetation types ranged from low groundcovers to overstoiy trees. 

Despite the complexity of the vegetation structure, we found a remarkable linear 

correlation between a simple biophysical variable, percent vegetation cover, and spectral 

Vis. By contrast, the correlation between GLAI and Vis was lower. The very high 

correlation (r = 0.987) between percent cover and GLAI supports the conclusion of 

Carlson and Ripley (1997) that for partially vegetated scenes with moderate values of 

LAI, NDVI is primarily a measure of the amount of vegetation or bare soil in the scene, 

and that LAI is not an independent variable. These results support other research that 

suggests that Vis are most simply related to vegetation cover, and they extend the results 

beyond the grasslands and agriculture biomes typified in the literature, to include a mixed 

riparian landscape. The r^ of0.837 between percent cover and NDVI, the best-

performing VI, leaves only 16% of the variability in percem cover unaccoumed for, and 
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some of this variance is undoubtedly associated with the estimation of percent cover by 

the point intercept method on the images. 

One purpose of the study was to determine what biophysical variables measured 

on the ground (% cover, LAI, species composition) could be approximated by Vis 

measured by sensors flown on low-altitude platforms. Vis have been correlated with 

many parameters, but they are not a primary measurement, they are only a ratio or 

difference of target reflectances and they vary according to the landscape composition 

(Huetee/a/., 1997). Although all three Vis in this study showed good coefliciems of 

determination with each other and with the two biophysical variables, the purpose was 

not to compare the performance of Vis, but rather to demonstrate their behavior in this 

western, arid-land, riparian corridor. The relationship between % cover and NDVI is the 

best VI for this study because the there was not much need for a canopy background / soil 

correction factor (soil type was relatively constant), nor was there a need for an 

atmospheric correction (the aerosol loading in this western region is low due to clear 

skies and the images were obtained at only ISO m AGL). Relationships between (0 

NDVI and SAVI (r^ = 0.974), and (ii) NDVI and EVI (r^ = 0.905) were exponentially 

related to one another whereas EVI and SAVI were linearly related (r^ = 0.937) for this 

set of images. In this complex riparian system, all three Vis were highly correlated with 

% cover. This is fortuitous, as the amount of vegetation is of primary imerest in 

monitoring the ecosystem response to water (Zamora-Arroyo et al., 2001). Furthermore, 

there was an excellent correspondence between reflectance-based NDVI measures for 
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Dycam and TM images of this landscape, indicating that low-level aerials can be used to 

sample % cover which can then be quantified over larger areas using TM images. 

One limitation of this study is that the tree, shrub and groundcover classes could 

not be linked to specific plant species by visual inspection of the images. Further 

research is needed to determine whether the small differences in Ws detected among 

leaf samples can be used to differentiate intact plants by spectral properties. For this 

ecosystem, the differences in these vegetation classes is of importance for reasons of 

endangered species habitat, invasive exotic extent, and biodiversity issues. 

Though riparian landscapes are seemingly complex, the results show that they can 

be analyzed quantitatively using remote sensing tools. Low-level data collection using 

Dycam allowed us to describe the basic types of plant associations and scale the results 

with respect to vegetation cover to a TM image of the same landscape. The same set of 

plants and soil conditions found in the Colorado River deha are found through the 

Southwestern United States (Poff et ai., 1997), hence remote sensing tools could find 

wider application in studies of these ecosystems. 
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Table 1. Composition of vegetation and approximate maximum plant heights at nine 

reference sites in the Colorado River delta. Each site is approximately 100 m x 67 m and 

represents the location of a low-level, aerial Dycam image used for classifying vegetation 

in the study area. The table gives the % of ground area covered by each vegetation type 

as determined from the image, and gives species composition of each classification as 

determined on the ground. Bach intercept point on the image that was scored tree was 

located on the ground and idemified, and the table gives the % of each species making up 

the tree category in each image. 

Site 
Location 

V^etation Characteristics 

Image ft Lat.(N)& 
Long. (W) 

Tree Shrub Groundcover 

l-OI 32°3173.75" 
114°48'42.30" 

0% 34%. 

Mosdy 

r. ramosissima (5m) 

few/*. lericra (2 m) 

24%. 

r. ramosissima 
and P. sericea 
seedlings (<lm) 

1-02 32''3ri9.l7" 
114 "48*44.59" 

6%. 
100% 
S. goaiSngii 
(7-10 m). 

6%. 

T.ramosissima (2m) 
P. sericea (1-2 m)i 

0%. 
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2-05 32° 28*54.64" 

114''53'4.62" 

0%. 40%. 

Mostly 
T. ramosissima (6m), 

few P. sericea (2m), 

an occasional 

P. pubescens (3-5 m) 

0%. 

3-01 32° 27*50.30" 6%. 26%. 8%. 

114''56'18.22" S. goodingii Mostly Seedlings of 
(67%), T. ramosissima T. ramosissima. 
P. frtnumtii (2-3 m), a few sparse covcr of 

(33%) saplings of C. dactylon in 

(7-10 m). S. goatingii (<5m) some spots (<lm) 

3-02 32° 27*43.83" 13%. 10%. 13%. 
II4°56'I8.37" S. gooth'ngii T. ramosissima. Spaise cover of 

(56%), saplings of C dactylon 

P. Jremontti S. gooiSngii toad in some spots 
(33%) P. fremonttt (< Im). 

(7-15 m). (5-6m). 

P.glandulosa 
(11%) (5 m). 

3-03 32° 27*35.52" 19%. 26%. 24%. 
114 °56* 19.65" P. fittnontii T. ramosissima. Sparse cover 

(67%) P. glartdulosa. C. dactylon 

(7-12 m). few P. pubescens. in some spots 

T.ramosissima few saplings of (<lin). 
(17%) (5 m), £ gootSngii 
£ goofSngn (Mm). 
(8%) (7-12 m) 

P. gUmduhsa 
(8%) (5 m). 
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5-05 32° 16'57.67" 
115° I'SO.OO" 

19%. 
S. goodingii 
(67%) 

(7.10 m), 

T-ramosissima 
(33%)(6in). 

44%. 
r. ramosissima 
(1-6 m). 

5%. 

Mixtuieof 

T. ramosissima 
seedlings, 
C dactylon, 
Scirpus 
americanus, 
Baccharis 

salicifoHa 
(tfT 1 ^ m) 

7-04 32° ir3o.5r 
115° 977.58" 

4%. 
All P.fremontii 
(7-15 m). 

58%. 
r. ramosissima, 
extensive beds of 

P. sericea (to 6 m). 

1%. 
T. ramosissima 
and 
P. sericea 
seedlings 

(to 1.5 m). 

7-05 32° ir31.49" 
115° 9-31.92" 

7%. 

All P. fremontti 
(7.12 m). 

76%. 
r. ramosissima, 
Baccharis saUcifolia, 
extensive beds of 

P. sericea (3-6 m). 

0%. 
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UST OF TABLES • Continued 

Table 2. Correlation coefficients (r) between % vegetation cover (% cover), global leaf 

area index (GLAI), and vegetation indices calculated for a set of 63 Dycam digital 

images taken over the Colorado River delta, Mexico. All correlation coefficients are 

significant at P<0.001. 

r 
% Veg G-LAI NDVI SAVI EVI 

% Cover 1.00 0.987 0.879 0.829 0.827 
GLAI I.OO 0.861 0.808 0.807 
NDVI 1.00 0.966 0.931 
SAVl 1.00 0.952 
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USTOFHGURES 

Figure I. Colorado River delta, Mexico, showing location of IS strings of digital Dycam 

images taken on a low-level aerial survey, May 24,1999. The dark shading indicates the 

mixed vegetation zone containing native trees, shrubs and groundcovers; the hatched area 

is outside the native tree zone and was composed of wetlands (Clenega de Santa Clara) 

and shrub vegetation types. 

Figure 2. Distribution of land cover classes of the 90 km stretch of the Colorado River 

floodplain south of Morelos Dam, Mexico, determined from 63 digital images taken at 

low altitude May 24, 1999. Percent bare soil, vegetation and water are based on the total 

land area; percent tree, shrub and groundcover are based on the vegetated area only. 

Shaded boxes show mean (midline in box) and 2S% quartiles; bars show 95% confidence 

intervals and individual points are outliers. 

Figure 3. Leaf area index measurements for plant species found in the Colorado River 

delta, Mexico. Shaded boxes show mean (midline in box) and 25% quartiles; bars show 

95% confidence intervals and individual points are outliers. Boxes with different letters 

are significantly different at P<0.05 by Student-Newman-Kuehls test. 

UST OF nCURES - Continued 
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Figure 4. NDVI and SAVI values of leaf samples measured by radiometer. Shaded 

boxes show mean (midline in box) and 25% quaitiles; ban show 95% confidence 

intervals and individual points are outliers. Boxes with different letters are significantly 

different at P<O.OS by Student-Newman-Kuehls test. 

Figure 5. Equations of best fit between NDVI and SAVI (top plot), NDVI and EVI 

(middle plot) and SAVI and EVI (bottom plot) across 84 Dycam images taken in the 

Colorado River detia, Mexico. Note that exponential equations were used for NDVI x 

SAVI and EVI whereas a linear equation was used for SAVI x EVI. 

Figure 6. Linear regressions of percent vegetation cover on NDVI (top plot), SAVI 

(middle plot) and EVI (bottom plot) over 84 Dycam images taken over the Colorado 

River delta floodplain, Mexico, May 24,1999. 

Figure 7. Linear regressions of GLAI and NDVI (top pbt), SAVI (middle plot) and EVI 

(bottom plot) over 63 images taken over the Colorado River delta floodplain, Mexico, 

May 24, 1999. 
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LIST OF FIGURES - Continued 

Figure 8. Linear regression of reflectance-based, NDVI values for different landcover 

classes on Dycam images taken over the Colorado River deha floodplain, Mexico, May 

24, 1999, and on a TM image of the same landscape taken May 2, 1999. The regression 

line is based on mean values for each land cover class, because the individual data points 

within each landcover class were not necessarily co-located between Dycam and TM 

scenes. 
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ABSTRACT 

Over the past 20 years, discharge of water from the United States to the deha of 

the Colorado lUver in Mexico has regenerated native trees, that now account for 23% of 

vegetation in a 100 km, non*perenm'al, stretch of river below Morelos Dam at the United 

States - Mexico border The discharges are associated with the filling of Lake Powell, 

the last large reservoir to be constructed on the river, and with ENSO cycles that bring 

extra winter and spring precipitation to the watershed. The discharges below Morelos 

Dam produce overbank floods that germinate new cohorts oiPopulusfremaUii and Salix 

gooddingii trees. Relatively little flood water from the United States is required to 

support a pulse flood regime that can result in regrowth of native vegetation in the deha. 

Based on analysis of past flows and existing tree populations, we estimate that a Febniary 

to April flow of 3 X lO'm^ at 80-120 m^ sec ' is sufficiem to germinate and establish new 

cohorts of native trees. However, there was a positive correlation between frequency of 

flows and total vegetation cover over the years 1992-1999, showing that more frequent 

flows would further increase vegetation cover. The results support the importance of 

pulse floods in restoring the ecological integrity of arid-zone rivers. 
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INTRODUCTION 

Most of the world's large rivers have been harnessed for human use; dams, water 

diversions, and flow regulation to control flooding have disrupted the natural ecology of 

their riparian corridors (Dynesius and Nilsson, 1994; Nilsson et al., 1997). In 

Southwestern United States, flow-regulated riparian zones have been damaged by loss of 

the natural pulse-flood regime, that formerly washed excess salts from riverbanks and 

germinated native trees (Briggs, 1996; Busch and Smith, 1995; Poffet al, 1997; 

Stromberg, 1998a). On the lower Colorado River, the largest and most altered river in 

the Southwestern United States and Northern Mexico, an ocotic, salt tolerant shrub, 

Tamarix ramosissima (salt cedar), in association with native halophytes, has almost 

completely replaced the mesophytic native forest that historically dominated the riparian 

corridor from Grand Canyon to the delta on the Gulf of California (Ohmart et al, 1988; 

Busch and Smith, 199S). Loss QiPopuiuspemontn (Fremont's cottonwood) and Salix 

gooddingii (Goodding's willow) trees and associated epiphytes and understory plants, has 

lead to a collapse of supporting habitat for numerous species of plams, birds, mammals 

and reptiles, so that today 45 spedes in the lower Colorado River ecoregion are listed as 

sensitive, threatened or endangered (United States Bureau of Reclamation, 1996). 

Deterioration of native habitat on regulated rivers can be progressive and 

irreversible (Nilsson et al., 1997). It is not known if restoring elements of a natural flow 

regime would by itself permit native species to repopulate Southwestern riparian zones 
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(Briggs, 1996). We report on the effects of pulse floods on vegetation in the delta region 

of the Colorado River, below the last diversion of water at Moreios Dam in Mexico. 

These discharges began with the filling of the last large reservoir on the river. Lake 

Powell behind Glen Canyon Dam, in 1981 (Glenn et al., 19%, 1999). 

The entire discharge of the Colorado River is considered to be over-apportioned 

for human use with no water remaining for ecosystem maintenance (Morrison et al., 

1996). However, the flows of arid-zone rivers are inheremly variable. The river's dams 

are operated to keep the large reservoirs full, to accommodate electric power generation, 

recreation, and storage for downstream water use. Hence, when there is excess runoff in 

the watershed, large volumes of so-called "waste spills" are released to the Colorado 

River delta and upper Gulf of California. Since 1981, the major releases have been 

associated with ENSO cycles in 1983, 1993 and 1997, which brought above-normal 

winter or spring precipitation into the lake system (Glantz, 199S; Li and Kafiitos, 2000) 

(Figure 1). 

We analyzed the effects of river discharge on abundance of vegetation from 1992 

to 1999 and characterized the species composition of existing vegetation using remote 

sensing and ground methods. We found that pulse fkxxis have reestablished cohorts of 

native trees in a 100 km stretch of the riparian zone of the delta, and that the extent of 

vegetation cover in this stretch is responsive to flood ftows. 
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MATERIALS AND METHODS 

Study Area and Flow Data 

The general study area is the zone of natural (non-agricultural) vegetation in the 

riparian corridor from Morelos Dam to the mouth of the Colorado River in the Gulf of 

California (Figure 2). The main vegetation types and hydrological features of this zone 

have been described and entered into a Geographic Information System database 

(Valdes-Casillas et a!., 1998) The riparian corridor is confined within 6 m tall, earthen 

levees that keep flood waters out of adjacent agricultural fields. The corridor is < 2 km 

wide in the northern stretch as it passes through the agricuhural district, then widens to 30 

km in the southern stretch as it approaches the ocean. The river in the delta is a series of 

braided channels interspersed with straight sections, which have been dug to fiwilitate 

water movement. Our primary interest fi)r the present report is the 100 km (14,316 ha) 

stretch of river from Morelos Dam to the junction of the Colorado River with the Hardy 

River which contains a nuxture of native trees and shrub vegetation. Below the juncture 

the river carries saline agricultural drain water to the sea and is apparemly too saline to 

support native trees. 

We used a combination of low-level aerial surveys, ground transects and 

monitoring wells to document the vegetation types and hydrology of this river stretch 

(sampling locations are in Figure 2). We then correlated past vegetation cover with past 

flow events, using satellite images of the deha and flow data provided by Ittemational 
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Boundary and Water Commission, U.S. Dqit. of State, El Paso, Texas, USA. Flows 

measured at the Southerly International Boundary, 35 km below the last divenion point 

for water, were assumed to flow to the sea with a residence time in the delta of 3-S days 

(A1 Goeff,, IBWC, private communication). 

Aerial Surveys 

We conducted a medium-altitude (1,000 m) aerial survey on February 27, 1997, 

documented by oblique videography, to gain an overview of geomorphology and 

vegetation of the riparian ecosystem and to observe patterns of water distribution during a 

release event of known magnitude. This was followed by a low-level (ISO m) aerial 

photographic survey on May 24,1999, following three years of water releases, using a 

multiband (red, blue and NIR) digital camera (DyCamXNagler et al., 2001). 

DyCam images taken within the native tree zone (n = 63) were used to determine 

the % of bare soil, trees, shnibs and groundcovers in the present study. Each image 

covered approximately 67 x 100 m of ground area. Each photograph was imported imo a 

computer viewing program and overlain with a thin-lined, 100-point grid. Land cover 

class was visually scored at each imersection to determine % cover of each class. Results 

were then ground-truthed at 9 locations (see N^er et al., 2001, for details). Native trees 

> 6 m height could be distinguished from other vegetation based on the length of 

shadows they cast in the photos. Shrubs (mainly L ramosissima) were defined as plants 

that had definite size and shape but were < 6 m based on shadow length. Groundcovers 
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were green areas on photographs in which individual plants could not be distinguished. 

Bare soil and water were identified by color (soils were light-colored whereas water 

appeared nearly black in muhi-band images). 

Normalized Difference Vegetation Index ^IDVI) values could also be calcuated 

for each image using the ratio of Red and IR bands (Nagler et al., sumbitted). A wider 

set of images (n = 84XFigure 2) established a high coefficient of detennination (r' = 

0.83) between percent vegetation cover and reflectance-based NDVI values calculated for 

the aerial photographs. This relationship was used to calibrate satellite images of the 

delta to determine percent vegetation cover over past years. 

Satellite Imagery 

We acquired six Thematic Mapper 5 (TM) images showing summer vegetation 

patterns covering before- and after-periods of release events from 1992-1999. Images for 

Path 38, Row 38 were selected for cloudless day in May, 1992; July, 1994; June, 1996; 

July, 1997; June, 1998; and May, 1998. An additional image was obtained for February 

23, 1997, to delineate areas inundated by flood flows during a release event The 

February, 1997 and May, 1999 images were takoi within three weeks of aerial surveys 

over the delta. Images were preprocessed and georectified by EarthSat, Inc., Rockville, 

MD USA. Digital numbers were converted to exoatmospheric reflectance values (0-1) 

using archived radiance data for each scene and sun angle fimctkHis calculated from solar 

azimuth and angle based on date, time of day and attitude and loi^itude, using ENVI 
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software (Christopher Jengo, EaithSat, Inc., private communication). The scenes were 

masked to include only the area of interest depicted in Figure 1, and NDVI values were 

calculated using ERDAS software. 

Change Analyses 

There was a near 1:1 correspondence between NDVI values calculated for water, 

soil and vegetation on a May, 1999 satellite image of the delta and on DyCam images 

obtained by low-level overflight the same month ^agler et al., 2001) and NDVI values 

for different land cover classes were nearly identical over the diflmnt TM images 

(coeflicient of variation < 10%) from 1992 to 1999 figure 3). Hence, we used the 

formula relating % cover to NDVI, determined for DyCam images, to estimate */• cover 

on TM images (y = 180 x + 7.95, r^ = 0.837)(Nagler et al., 2001). 

Ground Transects 

In July and August, 1999, we established 9 ground transects to document 

floodplain geomorphology, soil salinity, depth and salinity of gnxmdwater and 

distribution of plant species by percent cover and plant density. Sampling methods were 

adapted from those used elsewhere on the Colorado River by othen (Busch and Smith, 

1995; Ohmart et al., 1988). Transect locations were preselected before visiting the river 

to ensure that they were placed without bias towards particular vegetation conditions. 
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Lines were marked on a topographic map of the river at 10 km intervals starting S km 

south of Morelos Dam and ending near the junction of the Hardy River and Colorado 

River. The nearest vehicular access point to the river on either bank was then taken u 

the starting point for establishing a field transect for each line marked on the map. bi 

some cases the predetermined spot on the map couM be accessed in the field, by driving 

along the levee banks and using GPS, whereas other transects were established as far u 1 

km from the predetermined spot due to lack of access to the river. 

The anchor point for each transect was established by walking from the vehicular 

access point to the river channel, then padng a random distance (0 to 300 paces by 

random number selection) upstream or downstream, determined by coin toss. A baseline 

was then established, running perpendicular to the river from the anchor point to the 

levee, road or agricultural field at the back of the floodplain. A stratified sampling 

method for surveying vegetation was used (Cook and Bonham, 1977) in which each 

transect was divided into differem strata based on based on plant spedes composition 

and elevation with respect to the river channel. This method allowed us to sample as 

intensively within the native tree stands as within the nnich more common T. 

ramosissima areas. We recognized a low-zone stratum, consisting of a beach sloping to a 

narrow, low terrace, at sites where the river had not incised; this stratum was 

characterized by stands of the emergem species, Phmgmites ausOvJis, nearest the water 

with narrow strands of native trees and other vegetation behind. Bdiind the low-zone 

was a mid-zone stratum, constituting the major terrace of the flood plain at all sites; this 

stratum was generally dominated by salt tolerant shrubs (T. ramoassima and P. sericea) 
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but in some cases native trees were also present as isolated specimens scattered over the 

terrace. Finally, we recognized a back-zone stratum, where flood water had washed 

seeds against the containing levees to produce a narrow strand of native trees along the 

inside bank of the levee. Not all transects had all three strata present. The length of each 

transect and of each stratum was measured by tape or for k>ng transects, GPS. Each 

transect was surveyed by theodolite to determine elevation of each zone relative to the 

bottom of the channel (river flow was minimal during surveys). 

In each stratum, up to S plots, 2 m x 30 m, were established at random intervals 

along the transect baseline. The 30 m lengths of plots ran upstream or downstream, 

determined by coin toss, parallel to the river. Canopy cover (% of the transect occupied 

by each plant type) was recorded by height class for each perennial species along the 30-

m length of plot nearest the river using the line-intercept method, and plant density was 

determined by counting individual plants within each plot (Cuitis and Cottam, 1962). 

Height classes were: 0-2.0 m (understoiy); 2.1-6.0 m (midstory); and >6.0 m 

(overstory). Since annual plams were scarcely present, the percent of bare soil along the 

transect was estimated by summing the percent cover of individual species and 

subtracting from 100. When a stratum was longer than 100 m, plots were located in the 

100 m of the zone nearest the river. When strata were too short to support S non-

overlapping plots, fewer were established with a minimum of two, one upstream and one 

downstream in very narrow zones. One transect (Pescaderos) consisted of a nearly 

impenetrable monoculture of T. ramosisshmr, cover and density were estimated along the 

baseline at this site without establishing side plots, b total, 52 plots in 14 strata were 
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completed. To estimate the % cover of species over the entire study area, means and 

variances of plant composition in each stratum were weighted according to their length 

compared to the total length of all strata using methods in Cook and Bonham (1977). 

Tree Census Data 

P. fremontii and S. gooddingii trees were not numerous enough in the transect 

plots to gain an accurate estimate of their distribution by species, size and age class. We 

did more intensive sampling near 3 transects (No.'s 2,6 and 9) that contained well-

developed stands of trees. We selected a starting point along the baseline within a 

stratum containing trees, then determined the species composition, height and trunk 

diameter just above the basal swelling of the first 50 trees (> 4 m height) encountered 

upstream and downstream of the starting point, by selecting the nearest tree to the one 

just measured as the next one to sample. Tree height was estimated by a tiianguiation 

method in which a 2 m measuring stick was held near the tree and visually projected up 

the length of the tree by an observer standing several tree lengths distant We estimated 

age of trees from their trunk diameters by taking core samples from a subsample of trees 

to correlate number of annual rings with length of core (x 2 to project to trunk diameter 

assuming cores represent radii of trees), using methods in Stromberg (1998a). However, 

we found it easier to count rings without sanding cores first. These trees have difiiise 

pores, making rings difficult to distinguish, so ages are only approximations. At total of 

264 trees were measured (SO trees were not available at some sites). 
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Comparison of Native Tree Cover on United and Mexico River Stretches 

The United States Bureau of Reclamation (BOR) maps vegetation by aerial 

photography using a semi-quantitative classification system based on vertical structure 

complexity and percent of native trees (Ohmart et al., 1988; M. Balough, BOR, Boulder, 

Nevada, unpublished information sheets accompanying 1997 aerial survey data). We 

used the same general system to classify the 63 aerial images taken along the native tree 

zone in the delta. BOR classifies riparian vegetation in 1 ha mapping units using a two-

tier system. First the mapping unit is classified by dominant plant type. In general the 

dominant plant type must constitute > 50% of plant cover, but BOR counts a plot that 

has > 10% P. fremontii + S. gooddingii as cottonwood-willow habitat because even a few 

trees are considered to improve habitat value over shrub monocultures. Each mapping 

unit is then classified into one of six vertical structure classes based on the percent cover 

by overstory, midstory and understory plants. For example, a plot with 35-80% cover of 

native trees over 5 m height is considered cottonwood-willow, open gallery forest habitat, 

while a plot with >80% trees is classified as closed gallery forest. We classified each 

aerial image (0.67 ha) having >10% of the vegetation in the tree category as native tree 

habitat, then used the percentage of groundcover, shrub and trees in each image as rough 

equivalents of the three height classes of the Bureau of Reclamation to classify those 

images into gallery forest or shrub vertical structure types. Our height classes are not 

exactly the same as theirs, however. They consider understory plants as everything < Im 
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height, but we used 2 m as the cutoff because juvenile plants of all major species were 

within this range. We used 6 m rather than S m as the minimum height for overstory 

plants, because this cutoff separated mature native trees from T. ramomama and other 

shrubs. Hence, we tend to underestimate overstory, native tree density compared to their 

methods. 

Soil Samples and Groundwater Monitoring 

Three soil samples from the top 20 cm of soil profile in each zone (n = 42) were 

analyzed for % sand, silt and clay and electrical conductivity (EC) of a 1:1 extract by 

Laboratory Consultants, Inc., Tempe, Arizona. Soil texture class was determined by the 

proportion of sand, silt and clay in each sample. Well points (S cm diameter steel tubes 

with a perforated sand point at the U'p) were installed imo the water table at or near 4 of 

the transects (2-3 per transect spaced ca. 100 m apart perpendicular to the river, 10 total, 

plus 2 additional points at Campo Munoz, in the tidally influenced portion of river) to 

monitor ground water. Water depth was determined after pumping 3 or more vohunes of 

water from the casing with a hand pump then allowing the well to recharge; a sample was 

measured for electrical conductivity (EC) by the U.S. Geological Survey lab, Tucson, 

Arizona. Well points were sampled in November, 1999 and January and February, 2000. 
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RESULTS 

Transect Results 

A summary of soil, groundwater and vegetation conditions in each stratum of 

each transect is in Figure 4. The predominant soil type over all transects was sandy loam. 

EC of most soil samples was low (mean = 0.65 dS m~"'). From November, 1999 to 

February, 2000 groundwater was shallow (U2 m) at all stations, but a salinity gradiem 

was apparent from south to north within the native tree zone, with groundwater EC's 

ranging from 1.4 to 4.4 dS m~' for well points within the native tree zone. (Two well 

points placed below the junction with the Hardy River at Campo Munoz had water of 9.7 

dS m~'). Groundwater in general was saltier (higher EC) than river water (1.2 dS m~^), 

presumably due to evaporation, the influence of saline subsurface drainage from adjacent 

agricultural fields and to the flushing of sahs from the soil surface to the groundwater by 

flood waters. 

Five plant species were conmionly encountered in study plots figure 4); T. 

ramosissima, a mid-story species (up to 6 m height); Pluchea sericea (arrowweed), a salt-

tolerant shrub; Baccharis salicifolia (seepwillow), a mesophytic shrub; S. gooddmgii and 

P. fremontii trees, that were present in all size classes but were the only species above 6 

m height; and the emergent, aquatic grass, Phroffnitesaustralis (common reed), found 

along the water line on three transects where the channel had not entrenched. Prosopis 

pubescens (screwbean mesquite tree) was locally abundant in some parts of the 
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floodplain but was not encountered in the transects. Felger et ai. (1998) provide a 

complete flora of the deha. 

Transects varied in length, from 62 m near Morelos Dam (km 0) to 1,465 m at 

the southernmost transect, Luis Gonzales (km 95), due to widening of the flood plain as it 

approached the intertidal zone (Figure 4). The first transect, Flores Valenzuela (km 5) 

was dominated by 3-5 m tall P.fremontii and S. goodcSngii trees (32.5% cover) and bare 

soil (28.6% cover). A fnnge of P. australis (25% cover) grew along the active river 

channel, which was not incised in this reach. The Cinco de Mayo transect (km 15) was 

wider and had a more varied flora than Flores Valenzuela. In its low zone, it was 

dominated by bare soil (36.1% cover) and a mix of small S. goodcBngii trees, and B. 

salicifolia, P. sericea and T. ramosissima shrubs. The high terrace (Zone II) of the Cinco 

de Mayo transect was mainly bare soil (84%) with a fw tall (to 7 m) S. goothngii trees 

and small shrubs. The next 5 sites, extending south to the rail road bridge (km 75), were 

dominated by bare soil and T. ramosissima, although strands of native trees were found in 

the back zone growing along the levees at the Benito Juarez and NorthK)f> Railroad 

transects. The river channel was incised along this reach and a low zone was absem. 

The last transect, Jesus Gonzales, was in the wide part of the flood plain, where the river 

had split into several meandering channels with a well developed low zone. This part of 

the flood plain supported large numbers of willows, up to 12 m in height, although T. 

ramosissima was the dominant plant. 

Plant density data (Figure 4) showed that juvenile and seedlings of all species 

were scattered throughout the transects. Although T. ramosissima and P. sericea 
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seedlings were the most numerous plants in the plots, P. Jremontii seedlings were also 

abundant in isolated patches at several transects. B. salictfolia seedlings were a main part 

of the understory at some transects. 

Distribution of Trees by Size and Age Class 

Detailed tree census data at three transects showed that S. goodeHngii (65% of 

trees censussed) was more abundant than P. (3S%) in the floodplain (Figure S). 

Based on the correlation between basal diameter and number of annual rings, three age 

classes of trees were apparent; older trees (up to 12 m) with 12-20 annual rings, probably 

started during the floods of the eariy 1980's; younger trees (6-10 m) with S-7 annual 

rings, probably started after the 1993 flood; and juvenile trees (4 m or less) with 2-4 

rings, probably started afler the 1997 flood. The 1993 age class was the most numerous 

for both P.fremontii and S. goockHngii, but P. fremontii (mean age = 7.3 years) tended to 

be older than S. gooddingii (mean age = 4.7 years). Although mean ages were different, 

mean heights were similar (8.4 m and 8.1 m, respectively). 

Estimates of Plant Distributions Based on Transects and Aerial Surveys 

Table 2 gives plant distributions computed by weighted average over the transects 

and compares estimates of aerial coverage determined by transect and aerial photographic 

methods. Transea results for each species are divided into understory, midstory and 
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overstory classes based on plant height; these classes correspond approximately to the 

groundcover, shrub and tree classes which could be distinguished on the aerial 

photographs. T. ramosissima was by far the most abundant plant in the delta, accounting 

for 40% of ground cover, followed by S. goo(k£npi (10.9%) and P. sericea (10.3%). 

Transects and aerial photos gave similar estimates of bare soil (35-3W»\ midstory shrubs 

(46-53%) and overstory trees (4.5-7%) but differed in estimates of understoiy cover, 

which was higher in aerial photos than in transect results. Thickly-growing plants such 

as P. australis and P. sericea often achieved > 2 m height and were placed in the 

midstory class in transects, but individual plants of these species could not be 

distinguished in aerial photographs so they were classed as understory by the aerial 

survey method. 

Comparison of Native Tree Cover on United States and Mexico Portions of the River 

We compared the number of hectares of native tree habitat in the delta with 

estimates for the regulated portion of the river (above Morelos Dam) made by BOR. The 

results (Table 3) show that the deha supports 2.5 tunes as much native tree habitat as the 

stretch from Davis Dam, below Grand Canyon, to Morelos Dam (6 times more per unit 

area). Approximately 1,800 ha of gallery forest has regenerated in the deha, compared 

to only a single stand of 98 ha on the regulated stretch, and this patch actually is in the 

delta of the Bill Williams River, a tributary of the Colorado River (Ohmart et al., 1988). 
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Timing and Flow Rates of Water Releases to the Delta 

We examined flows to the ddta over the period 1992 to 1999 to correlate flows 

with vegetation data. Water releases during major releases varied in volume from less 

than 100 sec ' to over 1,000 m^ sec*' (Figure 6). We conducted an overflight in 

February, 1997, when releases were 80-100 m^ sec*' according to IBWC data, to 

document the extent of flooding from a low-volume release. We observed extensive 

overbank flooding of the river within the levee system, and water was exiting the delta 

into the Gulf of California via the river channel and sheet flooding of the lower delta 

floodplain. Furthermore, water was flowing into Laguna Salada, a below-sea-level 

depression west of the deha. Mexico Highway 2, which crosses the southern part of the 

delta, was flooded and impassible. Progressively larger volumes of water, released 

1997-1999, flooded greater areas of floodplain within the levees and in Laguna Salada, 

but did not flood agricultural or urban areas. Discharges occurred mainly in winter and 

spring (February to April), with one fall release (September to December, 1998) and 

almost no releases in summer. 

Correlation Between Vegetation Cover and Flow Releases, 1992-1999 

We conducted a change analysis of vegetation density as affected by flood flows 

into the delta, using satellite imagery for past years to estimate summer vegetation cover. 

We used reflectance-based, NDVI values to estimate % cover on six TM images coverii^ 
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the period 1992-1999. We restricted the analysis to the 100 km stretch of river 

containing native trees, from Morelos Dam to the junction with Rio Hardy. 

Vegetation cover, as estimated by NDVI values on satellite images of the defta for 

different years, showed an apparent positive response to flood flows (Figure S). We 

quantified the relationship by calculating % vegetation cover in the first 100 km of river 

below Morelos Dam for years before and after each flow event in the 1990's. We found a 

positive relationship between % vegetation and the total of the three previous years' 

volume (calculated from flow rates over timeXr = 0.80-0.82*). However, the strongest 

correlation was simply with the number of previous years of flow irrespective of volume 

r = 0.97***). Thus, the lowest cover (ca. 50%) was present in 1992 and 1996, years 

which were preceded by three or more years without river discharge (Figure 5). 

Vegetation cover was ca. 53% in 1994 and 1997, following one year of discharge. These 

values were similar even though the 1993 discharge peaked at >500 m^ sec*' compared to 

<100 sec ' in 1997. Then, vegetation cover increased progressively after 1997 as 

discharges continued in 1998 and 1999, reaching 62% after three yeara of discharge. 
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DISCUSSION 

As is the case along many western rivers, the stretch of the Colorado River 

between Morelos Dam and the Hardy River is dominated by the exotic shrub, T. 

ramosissima. Although often considered an undesirable species, T. ramosissima can 

fulfill valuable ecological functions In riparian ecosystems (Stromberg, 1998b). This 

study shows that with the resumption of pulse floods following the filling of Lake 

Powell, native trees have also reestablished along this river stretch. The tree cohorts 

appear to be related to the 1981-1986, 1993 and 1997-1999 releases of water from the 

United States to the floodplain below Morelos Dam. These releases were related to 

strong ENSO cycles and are expected to continue into the future, whenever predpitation 

in the watershed exceeds storage capacity in the reservoir system (J. Harkens, River 

Operations Manager, BOR, Boulder City, Nevada, private communication). Native trees, 

including many over 6 m height, now account for 20% of the species composition in this 

river stretch, whereas they remain rare on the U.S. stretch of river above Morelos Dam. 

Native trees are less salt-tolerant than T. ramosissima (Glenn et al., 1998). The results 

support the pulse-flood hypotheses for the establishment of native trees, which states that 

occasional overbank flooding is necessary to wash salts from the banks to allow 

mesophytic species to germinate (Briggs, 1996; Poff et al, 1997; Busch and Smith, 199S). 

Otherwise, backside become too saline for all but the most sah-tderant plant species. 

Floods also serve to deposit bare mineral soil needed for germination of native trees and 
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they moisten the soil at the appropriate time, when seeds are viable. Thus, the winter and 

spring timing of releases to the delta were fortuitous. 

On the United States stretch of river, by contrast, overbank flooding is now rare 

(Ohmart et al., 1988). The carrying capacity of the river channel is large, as most of the 

diversions take place near the northerly imemational border. Furthermore, the floodplain 

has been worked to prevent flooding of private property in many locations. Therefore, 

excess releases that reach the delta remain channelized until below Moretos Dam, and do 

not germinate extensive new cohorts of native trees on the United States' stretch of river. 

The February-April, 1997, rdease of 3 x lO'm^ at 80-120 m' sec*' was sufficient 

to bring the river out of its channel to inundate most of the floodplain, and water exited to 

the Gulf of California and Laguna Salada. We conchide that this flow rate and volume 

is sufficient to inundate at least the northern portion of the floodplain (the cottonwood-

willow zone) sufficient to allow the establishment of new stands of native trees. The 

1993 release was a single event of approxinutely 3 months duration in winter and spring 

yet it produced the largest cohort of native trees, so we conclude that a 3 month Spring 

release is sufficient to germinate tree seedlings. The 1993 cohort of trees were still 

abundant in 1999 despite lack of flows from 1994 to 199, showing that trees can survive 

at least 4 years between floods. In years without floods, native trees can exist on alluvial 

water tables (Seaforth et al., 2000; Springer et al., 1999). Depth to groundwater is no 

greater than 1-2 meters along this stretch of riparian corridor, even in years without 

surface flow (Coition National del Aquas, Mexicali, Medco, unpublished groundwater 

maps, 199S-1998). Nevertheless, the increase in total vegetation cover in response to 
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multiple years of flooding shows that surfke flows also play a role in controlling 

vegetation cover. Their role in recharging the groundwater or moderating its salinity is 

unknown. A hydrological model of the deha floodplain is needed. 

Deliberate floods have been tested as management tools in the Grand Canyon 

(Collier et al., 1996) and Rio Grande ^olls et al., 1998), but up to now the ecological 

effects of waste spills into the deha have not been recognized. Recently, we observed 

that native trees have also regenerated on the Gila River (southernmost tributary of the 

Colorado River), apparently as a resuh of flood releases from Painted Rock Dam during 

following 1993 and 1997 ENSO evems (P. Nagler, unpublished results of an aerial 

survey of the Colorado River and tributaries, April, 2000). The deha floods appear also 

to stimulate the shrimp catch in the upper Gulf of Caliform'a (Galanty-Best et al., 2000). 

Large, infrequent disturbances such as these releases need to be included in ecosystem 

management plans (Dale et al., 1998). 

The future of the regenerated delta ecosystem is in doubt. In Mexico, plans are 

underway to further channelize the river to remove obstructions to future releases 

(Valdes-Casillas et al., 1998). In the United States, the criteria for declaring surplus 

flows are being revised to attempt to retain more of the flood water for human use 

(Nagler et al., 2000). Nevertheless, resuhs show that the deha of an arid river can retain 

natural ecosystem fiinctions that have disappeared from upstream, regulated stretches, 

and that water availabilhy may actually increase as the dam systems mature (fill). Hence, 

delta regions of arid rivers should be targets for conservation actions to maintain riparian 

biodiversity. 
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UST OF TABLES 

Table 1. Distribution of species among understory (< 2 m), midstofy (2.1- 6 m) and 

overstory (> 6 m) height classes for plants in the Colorado River delta. Values are means 

and standard errors. Data for individual species are from 9 transects along the river. The 

% of plants in each height class was compared for the transect method and by 

interpretation of 63 aerial photos (13); individual species could not be distinguished in 

the aerial photographic method. 

Understory Midstory Overstory Total 

T. ramosissima 
P. sericea 
S. gooddingii 
P. Jremontii 
B. salicifolia 
P. australis 

1.6(0.2) 
1.0(0.2) 
0 
0.3(0.1) 
1.4(0.4) 
0 

Comparison of Methods; 
Understory 

Transects 4.3 (0.5) 
Aerial Survey 12.9 (1.8) 

38.5(2.9) 
9.3 (2.8) 
3.9(0.7) 
0.2(0.1) 
0.5(0.2) 
0.7(0.2) 

0 
0 
7.0(1.3) 
0.1(0.1) 
0 
0 

40.1(2.2) 
10.3(2.1) 
10.9(1.4) 
0.6(0.1) 
1.9(0.4) 
0.7(0.2) 

Midstofv Overstoiv Bare Soil or Water 
53.1(3.1) 
45.6(2.9) 

7.1 (1.0) 
4.5(0.6) 

35.5(1.5) 
37.0(2.4) 
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Table 2. Comparison of area of native tree habitat (> 10% P. fremantii and £ 

gooddingii) and shrub habitat (T. ramosissima P. sericea) on the regulated stretch of 

the lower Colorado River in the United States, from Davis Dam to the Ncitheriy 

International Boundary, and on the unregulated stretch in Mexico, from the NIB to the 

Gulf of California. Gallery forest has > 80% (closed gallery) or > 3S% (open gallery) 

overstory trees. The "other" category for the U.S. Stretch includes emergent marsh and 

.\triplex (saltbush) habitat not encountered in the river stretch surveyed in the delta. 

Habitat Type U.S. Stretch Mexico Stretch 
% ha •/. ha 

P. Jremontii + 5. goodtSngii > 10%: 
Open Gallery Forest 0 0 12.7 1,818 
Closed Gallery Forest 0.3 98 0 0 
Shrub Dominated 4.3 L460 14.3 1045 
Total 4.6 1,558 27.0 3,863 

P. Jremontii + S. gooddingii < 10%: 
T. ramosissima/ P. sericea 54.1 18,453 73.0 10,453 
T ramosissima/ Prosopis 31.7 10,829 0 0 
Other 9.6 3.273 0 0 
Totals 100 34.096 100 14.316 
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LIST OF ILLUSTRATIONS 

Figure I. Annual water releases from the United States to Mexico in the Colorado River 

below the Southerly International Boundary. This gauging station is below the last 

diversion point for water and flows to the Gulf of Califonua through the Colorado River 

delta riparian zone. 

Figure 2. Location of study sites in the Colorado River delta, Meuco. The gray area is 

the stretch of riparian corridor be^veen the levees which supports native trees, the main 

focus of this study. The stripped area below the native tree zone is a mixture of habitat 

types, including fresh water and intertidal marshes, mud and salt flats, and vast thickets 

of Tamarix ramosissima. Triangles denote sites where ground transects were established 

to quantify vegetation; place names are the settlements (access poims) nearest each 

transect. Closed circles denote sites where well points were established to monhor the 

depth and salinity of the water table under the riverbed. Numbered line segments show 

where strings of digital DyCam images were acquired during a low-level fight over the 

dehainMay, 1999. 

Figure 3. Means and standard deviations (error bars) of NDVI values for similar 

landscape features on 1992-1999 TM images of the delta. Max and Min refer to the 

maximum and minimum NDVI values on each image; Mean refers to the mean NDVI 

values of all pixels on each image; and water and soil refer to NDVI values for S 
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randomly-selected water and soil areas on each image. Differences among years for soil, 

water and mean NDVI values were not significant at P<O.OS (Max and Min values could 

not be compared among years as there was only one value available per image). 

Figure 4. Vegetation distribution along 9 transects in the Colorado River delta, Mexico. 

The location of the transects along the river (y*axis) and length of each transect (x-axis) 

are shown schematically in the upper left hand graph. Some transects were divided into 

separate zones, results of which are shown separately in the pictographs that follow. The 

locator graph also shows whether transects were on the east or west side of the river 

channel. Symbols for individual plant types are shown in the upper right hand box using 

common names. In the graphs showing results for each zone, the height of the plant 

symbols indicates plant height (y-axis), while the width of the plant stand indicates % 

cover. Over each set of plant symbols, % cover (numerator) and density in plants per ha 

(denominator) is given. Near the name of each transect, the % covered by bare soil is 

given. The x-axis also indicates the length of the zone in meters, and under the x-axis, 

the soil type and mean and standard error of soil EC in 1:1 extracts is given. In those 

transect with well points, the mean and standard error of EC readings in the water table is 

given under the x-axis near the origin (over wave symbol). Note that well points 

indicated as in the Caranza transect were actually several kilometers distant (Figure I). 
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Figure S. Height (upper left) and basal diameter (upper right) for 264 cottonwood (solid 

line) and willow (dashed line) trees surveyed in the Colorado River delta, Mexico. 

Annual tree rings were counted in a subsample of tree cores to determine age vs. basal 

diameter (lower left, circles = willow, closed squares = cottonwood). A single regression 

line passing through the origin was fit to the data to estimate age of trees based on basal 

diameter (lower right). The trees fell into age classes which appeared to correspond to 

periods of water release, marked with arrows: I is the 1997-1999 releases; 2 is the 1993 

release; and 3 is the 1983-1986 release. 

Figure 6. Relationship between % vegetation cover and flood events in the Colorado 

River delta, Mexico. TM images (A) showing summer vegetation before and after major 

flood events (B)(arrows show dates of TM images) were classified using NDVI to show 

% vegetation cover in the native tree zone (the riparian zone north of the dark line across 

each image), (C) is the regression of % vegetation on the number of prior years of water 

discharge. 
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APPENDIX E 

Applications of remote sensing for measuring transpiration of riparian trees 

Comparison of transpiration rates among salt cedar (Tamarix ramoassinmX 
Cottonwood iPopulusfremontii), and willow (Salix goodcSngii) trees using sap 

flow and leaf temperature methods 
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ABSTRACT 

We measured transpiration rates of three Sonoran Desert riparian trees using sap 

flow and leaf temperature methods in outdoor experiments at Tucson, Arizona, in 

August, 2000. Populus fremontii (cottonwood), Sedix goakSnpi (willow) and Tamarix 

ramosissima (saltcedar) trees were grown in constructed canopies, in which 6 potted 

plants were placed closely together and allowed to intergrow to form a single, dense 

canopy over the summer. Six canopies (two of each species) were measured for sap flow 

and canopy and air temperature differential (Tc-T*) over 11 days. For the first 8 days all 

canopies were kept continuously moist with fresh water, for the last 3 days, plants were 

subjected to either water stress (irrigation was withheld until plants wilted) or salt stress 

(plants were irrigated with 5 g 1'' NaCl). The experiments had two main objectives; first, 

to determine the strength of the relationship between transpiration (Ei) and Tc^T. to 

determine if Tc-T. can be a usefiil remote sensing method to measure E| for these species; 

and second, to compare Et rates among species, to determine if the invasive species, 

saltcedar, has higher Et rates or ecophysiological advantages over the native trees species. 

We found significant (p<O.OS) correlations between Et and Tc-T. for all species but 

predictive power was low. Linear regression equations improved when a radiation term 

was included in the equation predicting Et from Tc-T«. Contrary to some previous 

studies, we did not find major difterences in Et rates among these species under non-

stress conditions, and all species performed well under high temperatures and vapor 

pressure deficits. However, saftcedar maintained higher Et rates than the native trees 
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under water or salt stress. We conclude that the Te-T* method could be useful in 

estimating Et by remote sensing over riparian corridors, and that native trees are not at an 

ecophysiological disadvantage to saltcedar so long as sufficient non-saline soil moisture 

is available to support E|. Models for each species, predicting daily Et finm 

meteorological data, had standard errors of 15-22% when compared with measured Et 

over the unstressed portion of the experiment 

KEY WORDS 

Riparian vegetation, transpiration, sap flow, percent cover, normalized difference 

vegetation index (NDVT^ leaf area index (LAI). 
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INTRODUCTION 

Measurement of water use by plant cover in riparian ecosystems is important in 

the management of water in semi-arid and arid regions. Riparian zones in the Sonoran 

Desert have been severely impacted by human activity ̂ usch and Smith, 199S; Glenn et 

ai., 1996; PofTet al., 1997; Rood and Mahoney, 1990; Stromberg et al., 1991). Alteration 

of the natural pulse-flood regime has led to a decline in the native trees, cottonwood 

{Populus fremontii) and willow {Salix goodcBnpi), and an increase in an invasive, exotic 

species, saltcedar (r«3martxramosi53»fia)(BrothersonandField, 1987; DiTomaso, 1998; 

Stromberg, 2001). Riparian zone restoration and water conservation programs require 

knowledge of individual water use characteristics of these species and their effects on the 

water balance of riparian corridors (Chehbouni et al., 2000). However, current methods 

for estimating transpiration (Ei) or evapotranspiration ̂ T) of ripar̂  landscapes are 

difficult due to vast and inaccessible areas, the patchy distribution of plant stands and 

species composition, and lack of simple methods for measuring water loss from plants. 

Micrometeorological measurements can be used to estimate Et for relatively 

uniform plant stands, but were not successful with cottonwood {Popuhafremontii) or 

willow {Salix gooddingii) stands on the San Pedro River in Arizona, due to the height and 

non-uniform nature of the canopies (Goodrich et al., 2000; Scott et al., 2000). Sap flux 

measurements provide reliable estimates of Ei for individual trees of these species but 

scaling this information up to whole stands can be difficuh, due to seasonal changes in Et 

and patch-level variability among stands (Schaefifer et al., 2000). Remote sensing 

methods for estimating plant cover in Sonoran Desert riparian zones have been 
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successfully integrated with manual, ground-truth methods of determining vegetation 

percent cover and such stand characteristics as plant type, height, and density(Qi et al., 

2000; Nagler et al., 2001; Zamora-Arroyo et al., 2001). Ausefiil ET model of 

Cottonwood and willow stands on the San Pedro was developed by combining ground 

measurements of sap flow with stand characteristics determined by remote sensing, and 

extrapolated over different seasons using a Penman-Monteith nndel (Cooper et al., 2000; 

Goodrich et al., 2000; MacNish et al., 2000). However, this model did not incorporate Ei 

data estimated directly by remote sensing methods, and its accuracy and validity were 

therefore limited by the small amount of sap flow data that could be collected on the 

ground (Schaeffer et al., 2000). Modeling of phreatophyte Ei on the Colorado River is 

even cruder, using seasonal "crop coefficients" to apply to estimates of potential 

evapotranspiration (Eo) that do not take into account species differences or stress effects 

(Congalton et al., 1998). 

A promising remote sensing technique for estimating Et is based on the difference 

between canopy temperature (Tc) (detected by infmed thermometry) and air temperature 

(T.) (measured above the canopy) (Idso et al., 1981; Jackson, 1982; Jackson et al., 1981). 

As water evaporates from stomata the leaf is cooled, creating a differential between leaf 

or canopy temperature and air temperature, and thus a potential method to quantify 

transpiration. In arid or semi-arid regions, there is a linear relationship between the 

canopy-air temperature differential (Tc-T.) and air vapor press deficit (VPD) (Ehrler, 

1973; Idso et al., 1981), soil moisture content (Jackson, 1982) and plant transpiration rate 

and stomatal conductance (Inoue et al., 1990; Ihoue et al., 1994; fooue and Moran, 1997; 
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Moran et al., 1994). In agricultural settings, water stress detected by Tc-T, may be 

monitored through the USDA's Crop Water Stress Index (CWSI) (Jackson et al., 1981) 

or the Water Deficit Index (WDI) (Moran et al., 1994), or other indices (Al-Faraj et al., 

2001; Carlson et al., 199S) which generally gives a rate of evaporative water loss from an 

area (mostly crop regions). In principle, detection of Tc;-Ta by remote sensing could be 

used to actually map Et within the riparian corridor. So &r, however, few studies have 

been conducted to extend the results to natural ecosystems and to our knowledge no work 

has been reported on Tc.-Ta and Et relations of Sonoran Desert riparian tree species. 

The first objective of this work was to evahiate the effectiveness of using 

remotely-sensed temperature changes, between canopy and air, using an infrared 

thermometer (IRT) gun, for detecting transpiration in Cottonwood, willow and saltcedar 

trees We compared Tc-T. with Ei measured with sap flow senson for each species over 

an 11 -day period in summer, in a hot, desert climate in Tucson, Arizona, on canopies of 

each plant type. The canopies were constructed by growing six plants of each species 

together in a tight cluster, produdng dense canopies of more or less constant propoitions 

compared to natural tree stands. By using controlled, standardized plant canopies and 

measurement techniques, we were able to eliminate many of the sources of variability 

that effect measurements on natural tree stands (Schaefer et al., 2000). Thus we were 

able to evaluate the strengtii of the underlying relationship between canopy-av 

temperature differential and transpiration rate for each species with as little error as 

possible, similar to studies that have been comhicted with crop plants such as soybeans 

(Inoue and Moran, 1997). We measured transpiration under unstressed, well watered 
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conditions and then subjected plants to water or salt stress to depress rates of 

transpiration. 

The second objective of the study was to compare rates of Et among the three tree 

species, to determine if T ramosissima has higher water use or spedal, ecophysiological 

adaptations to stress, compared to the native tree species. Early studies of these species 

have suggested that saltcedar is a "water spender̂  (Anderson, 1982), capable of high 

rates of Et that can desiccate water courses to the detriment of native species (Culler et 

al., 1982; Gay and Fritschen, 1979; Weeks et al., 1987). More recent field studies using 

sap f1u.x measurements have not confirmed that saltcedar has higher Ei than cottonwocd 

and willow. Sala et al. (1996) found that leaf area-based sap flows were similar for 

saltcedar, willow and two other riparian species, but conchided that saltcedar thickets 

might attain higher leaf area index (LAI) values than native species. Schaefb^et al. 

(2000) compared transpiration rates measured by sap flux for cottonwoods and willows 

on the San Pedro river with measurements made on saltcedar on a different river system 

(Sala et al., 1996; Devitt et al., 1998), and concluded that saltcedar stands might transpire 

at twice the rate as stands of native trees, with important implications for regional water 

budgets where saltcedar has become the dominant riparian species. However, direct 

comparisons of these species under controlled conditions are lacking. 

Saltcedar is also considered to have ecophysiological adaptations that allow it to 

outcompete native trees species (DiTomaso, 1998; HbrUm et al., 2001). For exaflq>le; 

measurement of stomatal conductance and photosynthesis of individual leaves of trees in 

natural settings have suggested that saltcedar has greater tolerance to high vapor pressure 
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deficit (VPD) and low xylem water potentials than native species (Horton et al., 2001). 

Cleverly et al. (1997) and Devitt et al. (1997) also concluded that saltcedar was more 

drought tolerant than native species, based on gas exchange and sap flow measurements 

on trees exposed to dry downs of water table along the Virgin River, USA. However, it 

is difficult to determine if differences observed among species in field studies are due to 

underlying physiological differences in water use characteristics, or to secondary 

differences such as rooting depths (Busch et al., 1992) and stand characteristics (Schaefer 

et al., 2000). Under controlled greenhouse conditions saltcedar rooted cuttings had 

greater salt tolerance but equal tolerance to low soil moisture and lower tolerance to 

inundation than native tree cuttings (Glenn et al., 1998; Vandersandae et al., 2001). 

We used the artificial plam canopies to compare rates of Et outdoors, under both 

well watered and stressed conditions, oqpressing Ei in units of water loss per canopy, per 

unit leaf area and per unit projected canopy cover on the ground. By holding constant 

variables that cannot be controlled in the field, we attempted to make specific, dffect 

comparisons of Et among these species as a function of meteorological variables. We 

used the experimental data to develop models to predict Et and stomatal resistance of 

each species from hourly meteorological data. 
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MATERIALS AND METHODS 

Overview of Experimental Procedures 

Constructed canopies of trees, were created by clustering six containerized plants 

of each test species together and allowing them to grow under well-watered, outdoor 

conditions over a summer in a hot desert climate at Tucson, Arizona. Two canopies each 

of Cottonwood, willow and saltcedar were grown. In August, 2000, canopies were placed 

in a flat, unshaded location without any nearby obstructions, and three stems per canopy 

were fitted with sap flow sensors and measured continuously for transpiration over an 11 

day period. The soil in all pots was kept continuously moist with fresh (non-saline) water 

during the first seven days of measurements. Canopies were then split into two stress 

treatments for the remaining four days. One canopy per species was subjected to saline 

water irrigation, while the second was subjected to drying. Transpiration rates of plants 

in each canopy were compared under non-stressed and stressed conditions. Transpiration 

was expressed as g water loss per day based on three measures of plant performance: g 

H2O per canopy; g HjO per m  ̂leaf area; and g HiO per m' canopy area projected on the 

ground. 

Differences between leaf temperature and air temperature (Tc-T.) were also 

measured for each canopy, several times a day during hours of peak transpiration, over 

the 11-day period. These measurements were used to evahiate T -̂T. as an estimate of 
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transpiration, to be used as a simple ground or remote sensing method to estimate ET 

over large areas of plant cover. Air temperature was measured with a thennocouple 

while leaf temperatures were measured simultaneously with an infrared thermometer 

(IRT). Correlation and multiple regression analyses were used to determine the 

relationships among Et, Tc-T. and meteorological variables, using hourly data over a 

typical day and using mean daily values, and a model of Et based on the energy balance 

of the canopy was developed for each species. 

Propagation of plants in canopies 

Small stem cutting of each species were collected in the delta of the Colorado 

River in Mexico in August, 1999, and grown in a greenhouse in Tucson, Arizona in 

washed river sand amended with potting mix (Sunshine Mix, Triple A Fertilizer, Inc., 

Tucson, Arizona) (2; 1, v;v) and slow-release fertilizer (Osmocote 20-20-20). As plants 

grew they were transplanted into progressively larger pots. In May, 2000,12 pots of each 

species, selected for uniformity, were transplanted into 60-liter, plastic containers 

containing approximately 50-liter each of sand plus potting mix, and transferred to an 

outdoor location. They received partial shade from surrounding trees and buildings in 

mornings and afternoons and &II sun during midday. Plants were grouped into canopies 

by placing six pots of each species together in a 2 m (diameter) shallow plastic swimming 

pool. Rims of adjacent pots within a canopy were in contact with each other but each 
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canopy was spaced far enough from other canopies so that their branches did not inter-

grow. Plants were watered daily to saturation by hose. A reservoir ofwater(2-S cm) 

was maintained in the bottom of each pool so the plants had continuous access to water. 

Water in each pool was replaced weekly to avoid salt accumulation. Plants were 

fertilized once per week with approximately Sg of sohible fertilizer (Peters' Complete 20-

20-20 plus microelements), which was placed on the soil surface of each pot and irrigated 

into the soil in the pot. 

Plants in each canopy were allowed to grow for 90 days. Plants grew vigorously 

and formed dense, closed canopies of leaves within each cluster. In early August, 2000, 

plants were moved to an unshaded, level location with a uniform surface of light-colored 

sand. There were no buildings or other obstructions within 20 m of the measurement site. 

Plants in reassembled canopies were placed in a block consisting of two rows of plants, 

each row running east to west and containing one canopy of each plant species in random 

order. The distance between canopies in rows (3 m) and between rows (4 m) was 

sufficient to prevent shading of a canopy by adjacent canopies. A wide spacing between 

canopies was also chosen so that canopies were exposed as much as possible to the same 

environment with respect to wind and advection effects. PlaMs in canopies were allowed 

to acclimate to the unshaded location for 2 weeks, prior to measurement of transpiration 

rates for 11 days (August 22-September 1,2000). Each pot was watered 2 times per day 

with sufficient water to produce drainage from the bottom of the pot during the non-

stressed portion of the experiment. 
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Imposition of plant stress treatments 

Salt stress was imposed on Day 8 by switching from fresh water irrigation to 

irrigation with a solution containing S g 1'* NaCI for plants in Row 1 (1 canopy of each 

plant type). Water stress was applied starting on Day 8 by withholding irrigation from 

plants in Row 2 (the remainder of plants) after the morning watering. The experiment 

was continued until plants on the water stress treatment showed signs of permanent wih, 

which occurred on Day 10 for one canopy of willow trees and on Day 11 for cottonwood 

and saltcedar canopies. Hence, one willow canopy was harvested at the end of the day 

period on Day 10 and all other plants were harvested at the end of the day period on Day 

11. Soil samples for determination of soil moisture content at the wilt point of each plant 

was taken on harvest. 

Measurement of Et by the sap flow method 

We used the stem heat-balance method (Granier, 1987) to measure sap flow 

through selected stems in each canopy. Equipment and methods were supplied by 

DynaMa.x, Inc. (Houston, Texas). This method estimates sap flow by detecting the 

increase in temperature (measured with thermocouples) of a small section of stem 

induced by a constant-voltage heating element wrapped around the stem. Temperatures 



355 

are measured with thermocouples placed above and below the heating element. 

Additional thermocouples account for radial heat loss from the stem section. Each 

gauged section of stem is wrapped with insulating material and aluminum foil to 

minimize heat exchange with the environment. As the rate of water flow through the 

stem section increases, the temperature difference between thermocouples placed above 

and below the heated section of stem decreases, because the flow of sap dissipates heat. 

Sap flow is assumed to be equivalent to the movement of water in xylem tissue with the 

contribution from phloem flow considered negligible. Thus, sap flow through a stem 

section is considered to be equivalent to transpiration of water through the leaves 

associated with that stem above the point at which the gauge is attached. 

We used three arrays of gauges, each containing eight gauges designed to fit 

stems of varying diameter. Gauges were applied to three branches per canopy, each 

branch representing either the main stem or one of the major branches of one of the six 

plants per canopy. In total we used 18 of the available gauges (six/plant species) on 

stems varying in diameter from 1-3 cm. We attempted to select stems having 

approximately the same range of diameters among species; however the sahcedar plants 

had many thin stems rather than a single mainstem, so they received the narrower gauges. 

Range of gauged stem diameters were 1.8-2.1 cm forcottonwood, 1.5-2.9 cm for willow, 

and 1.1-1.7 cm for saltcedar. Gauges were attached so that each plant species was 

monitored by two of the three arrays of gauges, to minimize any errors assodated with 

different performance among DynaMax gauge sets. Thus cottonwoods were monitored 
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by sets B and C, willows by sets A and C and saltcedars by sets B and A. Sap flow data 

was collected automatically at 2 minute intervals and logged as g H2O per hour branch 

per hour at 30 minute intervals in Campbell Scientific, Inc. data loggers supplied by 

DynaMax, Inc. 

After the experiment, it was necessary to calibrate transpiration data by 

subtracting zero values for stem thermal conductance in the absence of sap flow. A zero 

value is initially assumed based on the density and cross sectional area of the plant tissue 

and entered into the DynaMax software; this value is latter adjusted by subtracting out 

baseline values above or below zero for transpiration measured at the low point during 

the night period (assuming the plants do not transpire at night) (Devitt et al., 1997). We 

used 4 am transpiration values, averaged for each gauge over the 11 day experiment, as 

zero values. These values were positive and ranged from 4>1S% of daytime values. 

During the experiment there were two brief interruptions in data collection of 2.S and 3.0 

hrs duration afTecting one of the gauge sets. Values for the missing data were supplied 

by linear interpolation between the values on either side of the data gap. Two plants had 

large negative spikes followed by large positive spikes (single measurements) during one 

night period. These data were removed from the data set On Day 11, the experiment 

was ended at 4 pm, before the end of the light period. Data for the remaining daylight 

hours were extrapolated to sundown. 
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Harvest of branches and plant measurements 

All stems with gauges were harvested by cutting through the stem immediately 

above the point at which the gauge was attached. Following harvest, the basal stem 

diameter of each stem emerging from the soil in each pot was measured, and the 

diameters of each gauged stem was measured above the attachment point, using a 

micrometer accurate to 0.01 mm. Stems and leaves of gauged branches were placed in 

paper bags and dried in a solar greenhouse (day temperatures approximately 60" C (~ 2 

weeks) to determine dry weights. 

Canopy characteristics were measured using methods in Norman and Campbell 

(1989). The relationship between dry weight of leaves and projected leaf area was 

determined on samples of leaves collected from each canopy (six samples per plaM = 36 

per canopy) during the non-stressed portion of the experiment. For Cottonwood and 

willow, each sample was a single, fully-expanded leaf collected at random from side 

branches. Saltcedar has minute, scale-like, leaves grouped in cylindrical clusters that 

resemble pine needles. Rather than collecting the minute, individual leaves, sets of 

needles 2-4 cm in length, were harvested. Leaves or needles were arranged so they did 

not overlap on pieces of white, 21 x 27 cm paper (0.0567 m^) and photographed from a 

zenith angle with a digital camera. Wet weights of leaves were recorded then they were 

placed in a drying oven at 60° C for five days to determine dry weights. Photographs 

were overlain with a sheet of graph paper with 0.5 cm intersections and viewed over a 
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light table. The area covered by leaves on each sheet was detennined by counting the 

number intersections within the leaf silhouettes then dividing by the total number of 

intersections on the sheet and multiplying by the area of the sheet Leaf area was then 

divided by dry weight of leaves to determine leaf area per g dry weight. The leaf area of 

each harvested branch was then calculated based on the value of leaf area per g dry 

weight determined for each plam species. 

The dry weights of leaves and stems per canopy and total leaf area per canopy 

were extrapolated from values determined for the gauged stems by dividing the total 

cross sectional area of all stems in a canopy by the area of the gauged stems; leaf and 

stem weights detennined for the gauged stems were multiplied by this factor to determine 

canopy characteristics. This method assumes that leaf area is directly proportional to 

stem cross sectional area for the range of branch sizes in this experimem. The area of 

each canopy projected on the ground (ground cover) was determined by measuring the 

diameter of the leaf canopy near the base of the plants, in North-South and East-West 

directions. Area was calculated from the average diameter using the formula for a circle 

(the maximum difference between N-S and E>W duuneters was <20%). Results were 

checked against measurements made on digital photographs of each canopy taken at the 

beginning of the experiment at a zenith angle above the canopy. Leaf area index (LAQ 

for each canopy was calculated by dividing leaf area/canopy by groundcover/canopy. 
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Measurement of air and canopy temperatures and meteorological variables 

Canopy temperatures (Tc) were measured with a hand-held. Infrared 

Thermometer (IRT) gun (Everist Scientific Products, Tucson, Arizona) having a 4" field 

of view, using methods similar to those of boue and Moran (1997). Temperatures were 

measured at a near-zenith angle by hoisting the operator over each canopy on a platform 

attached to a fork lift. Care was taken not to shade the canopy with the forklift or 

platform. The distance between IRT and canopy was approximately 1.5 m and at each 

measurement event, six temperatures were taken by pointing the gun randomly at 

different places in the canopy. The mean value was used as canopy temperature. 

Simultaneously, air temperature (T.) over the canopy was measured with a shaded, digital 

thermometer. The canopy temperature - air temperature differential was calculated as 

Tc-Ti. IRT and thermocouple measuremeMs of a black surfiice agreed within 0.1° C 

under indoor conditions. We also measured soil temperatures by IRT. After measuring 

each canopy temperature, a patch of dry soil and wet soil near each canopy was measured 

6 times (n = 182 each for wet and dry soils over the experiment). 

Canopy temperatures were measured from approxinuttely 10 am to 2-3 pm each 

day during the experimem. Each canopy was measured 2-4 times during this period 

(measurements were suspended early on several days due to the proximity of 

thunderstorms). Most measurements were made under clear skies but some afternoon 

measurements were made under partially chNidy skies. With each measurement of TerT.^ 
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wind speed and relative humidity were measured using a hand-held anemometer and a 

wet-bulb/dry bulb thermometer, respectively. 

Additional meteorological data were supplied by AZMET, a system of automatic 

weather stations operated by the University of Arizona. Those meteorological data are 

used by AZMET to calculate potential evaporation (Eo) by a modified Penman equation. 

We used data collected at the University of Arizona's Campbell Avenue Experiment 

Station, approximately 20 km from the location of the experiment at the Tucson 

International Airport. We also used data sets collected by the National Oceanographic 

and Atmospheric Administration at the Tucson bitemational Airport The NOAA wind 

data are collected at 10 m height above ground level. 

Measurement of plant spectral properties 

Reflectance values for each canopy were measured six or more times during the 

experiment under clear sky conditions, using a Spectron SE 590 radiometer with the 

sensor held over the canopy similar to measurements of canopy temperature using the 

IRT. Reflectance was measured in 10 nm increments from 400-900 ran. Readings were 

corrected for sun angle using a reflective reference plate (Nagler et al., 2001). The 

fraction of photosynthetically active radiation absorbed by the canopy (fi^PAR, 400-700 

nm) was measured over the canopy with an AccuPARCeptometer Linear Quantum 

Sensor which measured incoming, transmitted, and reflected PAR in four measurements 
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independent of one another. Readings were taken on August 22,2000 at 11 am, 12 pm 

and 2 pm and were repotted as mean values and standard errors of the means. 

Sap flow models 

The availability of sap flow data, canopy temperatures, and detailed physical 

measurements of the trees afforded an opportunity to study the modeling techniques for 

describing transpiration. It also allowed us to estimate stomatal resistance, r,, from sap 

flow and meteorological data, to compare with values determined in other research on 

these species (Horton et al., 2001). For a preliminary test, we used a simple "single leaT 

model to predict an upper (dry leaQ and lower (wet leaf) temperature. If the measured 

canopy temperatures fell between these limits a more realistic model would be tested. 

The equations, calculations and model results are presented in the final section of Resuhs 

and Discussion. 

Other statistical methods and calculations 

Transpiration measurements were compared among species separately for 

unstressed (Days 1-7) and stressed (Days 8-11) periods. We used a repeated-measured 

ANOVA for which each day's data sets were considered as paM samples, similar to the 

paired t-test. Where ANOVA's were significant, means were separated using the Tukey 
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multiple means test. Mean daily values fix-transpiration and delta T were calculated for 

each canopy of plants, and used in correlation and regression analyses with daily vahies 

of meteorological variables. Statistics and grHihing were carried out with Systat or 

SigmaPlot software. Significance levels are indicated by asterisks; p<O.OS = *; p<0.01 = 

** and p<0.001 = ***. Non-significant relationships ^>>0.05) are labeled ns. 

The relationship between the canopy and air temperature differential (Tc-Ta) was 

modeled using analyses in Inoue et al. (1990) and Inoue and Moran (1997), in which 

canopy transpiration (Ei) is described as part of the energy balance of the leaf, as 

where; Et is the mean one-sided vahie of leaf transpiration, A is the latent heat of 

vaporization; and Rn is net radiation. R. is expected to be proportional to absorbed solar 

radiation (AR,) by a plant canopy, and AR. can be estimated from R, (incoming solar 

radiation) &om LAI by (Campbell, 1986; Inoue and Moran, 1997) 

E,cc(R^-H)U (1) 

AR,=RXl-r,)[l-txii-kLAI)] (2) 

where k is an extinction coefficient based on canopy architecture that depends on leaf 

angles within the canopy, and is spedes specific, and rr is the reflectance of the fiiU 

canopy, obtained from PAR measurements. We used a value of 1 fork because data fiyr 
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several species appear to converge on this value at leaf angles >30° (Campbell, 1986), but 

true values for our species are unknown. Knowledge of k is not needed to test the 

goodness of fit between Ei and Tc-T^ because it is assumed to be a constant for each 

canopy over the experiment. The final form of the equation we tested (Inoue and Moian, 

1997) was 

E,=aR,-biT,-TJ-c (3) 

where a, b and c are constants. We used muhiple linear regression analysis to obtain the 

equation of best fit for each species. 

Equation (3) applies to a full canopy. In the absence of a fiill canopy APAR or 

faPAR have been shown to be propoitional to spectral indices such as the normalized 

difference vegetation index (NDVI), where NDVI is defined as: 

NDVI = (MR - Re J)/(MR+Re<0 (4) 

where NIR (830-870 nm) and Red (630-670 nm) are the near infirared and red reflectance 

factors, respectively. NDVI was calculated from Spectron data. 
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RESULTS AND DISCUSSION 

General characteristics of plant canopies 

Leaves sampled from each canopy were used to determine the relationship 

between leaf dry weight and leaf surftce area. Vahies were 0.0141 g''fi>r cottonwood, 

0.0156 g ' for willow and 0.00898 m' g*' for sahcedar. Sahcedar needles had 

significantly (p<O.OS) lower projected surface area per unit weight than cottonwood or 

willow leaves. However, Chen and Black (1992) recommend using actual surface area of 

the side of the leaf receiving direct sunlight, rather than projected surface area, in 

calculating the LAI of cylindrical leaves. Sahcedar needles are cylindrical whereas 

cottonwood and willow leaves are flat, and actual surface area exposed to light (projected 

area x id!) for saltcedar is similar to projected areas of cottonwood and willow leaves. 

Canopy characteristics are in Table 1. All canopies were 3-4 m in height (data not 

shown) and had 2-4 of projected ground cover. LAI's were very high, ranging from 

6.S-10.5 among species. This partly reflects the vigorous growth of the plants, but was 

also due to the fact that each canopy was isolated from neighboring canopies during the 

growth period, so that the sides as well as the tops of the canopies were illuminated, 

promoting extra leaf growth above what would take place in a continuous, ck}sed canopy 

of trees. When LAI is calculated on canopy surftce area (assuming they are spherical) 

rather than projected area on the ground, vahies were 1.63-2.63, within the range of field 
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measurements of these species from the Colondo River delta (Nagler et al., 2001). 

When LAI for sahcedar is calculated by the method recommeiided by Chen and Blade 

(1992), differences among species are not apparent. 

Saltcedar developed significantly (p<0.05) more basal stems (3-4 per plant) than 

Cottonwood or willow, which had only 1 main stem per plant (6 per canopy). This 

reflects different growth habits of the plants; saltcedar grows in dense, muhistemmed 

thickets near ground while Cottonwood and willow develop mainstems and single crowns. 

Willow canopies had significantly QKO.OS) greater ground cover than ccttonwood or 

saltcedar. Other differences among species were non-significant (p>0.05), but because 

there were only two canopies per plant type, the power of the ANOVA was low. In 

general, saltcedar canopies tended to have lower ground cover and biomass than 

ccttonwood and willow canopies. Stems and leaves were approximately equal in 

contribution to total biomass for all species and all spedes produced about the same 

amount of total biomass per unit ground area (1230-1493 g m''). Although all plants 

grew vigorously, the native species tended to develop dense canopies more rapidly than 

saltcedar, supporting the conclusion of Cleverly et al. (1997) that saltcedar has slower 

growth than native species based on stem growth rate measurements in the field. This 

contradicts the notion that saltcedar is invasive due to unusually high growth rates (Loope 

et al., 1988; DiTomaso, 1998). 
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Meteorological conditions and Te>Ta during the experiment 

Mean values of AZMET meteorological data from 10 am to 3 pm and daily means 

of Tc-T, are in Figure 1. The experiment was carried out during the summer monsoon 

season. Air temperatures were as high as 36'C at the beginning of the experiment but 

cooled to <30°C by the end. VPD reached 3.6 kPa and closely tracked air temperature (r 

= 0.93***). Wind speed was low during most of the experiment, but reached 16 km hf' 

on one day. Radiation values tended to vary from day to day because cloud cover 

associated with monsoon storms devetoped in the afternoon on some days. However, 

there was no rain during the experimem. Eo, calculated by AZMET using a nwdified 

Penman equation closely tracked radiation over the experiment (r=0.900***). Daily 

means of Tc-T. were only weakly correlated with any of the meteorobgical data but were 

strongly correlated with each other (r - 0.795*** for cottonwoodrsahcedar; r=0.797*** 

for willowrsaltcedar, and r = 0.960*** for cottonwoodnwillow). The coefficients of 

variation (standard deviation/mean x 100) for Tc-T. measurements were high (63-

111%)(Table 2). Over the experiment, mean Te-T»for cottonwood (-2.40 *C) was higher 

than willow (-1.83 "C) (p<0.0S) while sahcedar was intermediate between the two. 

Hourly values of meteorological data collected by TIA are compared to data 

collected at the experimemal site over a cloudless day (August 24) in Figure 2. Both dry 

bulb and digital thermometer measurements of air temperatures were several degrees 

higher than air temperature data collected by the airport Soil temperatures reached as 
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high as SO °C, so it is understandable that air temperatures over the canopy were higher 

than those measured by the airport weather station. VPD calculated fiom wet and dry 

bulb temperature measured at the site were also higher than those from the TIA met 

station. On the other hand, AZMET and TIAhourly data for temperature, VPD and wind 

agreed closely with each other (not shown). Since Te-T. requires an accurate 

measurement of T,, meteorological station data may not be suitable for calculation of Te

la. It might be necessary to collect this data in the field simuhaneously with acquisition 

of Tc by remote sensing methods. 

Transpiration rates measured by sap flow 

Diurnal transpiration curves over the experiment are ilhistrated in Figure 3. Each 

curve is the mean of three gauged branches per canopy. The curves are not smooth but 

have numerous spikes and dips, espedally during the day period, as noted also in other 

studies (Schaefer et al., 2000, Devitt et al., 1997). Hence, calculation of sap flow over 

short time periods is problematical, and we used daily totals for comparisons among 

species. All species showed a clear daily cycle of transpiration, with highest vahies 

between 10 am and 3 pm, and minimal values throughout the m'ght period. Maximum 

daily peaks declined for Cottonwood and willow when salt or water stress was imposed, 

declining to near zero values for plants underwater stress as they reached the wih point. 
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On the other hand, saitcedar plants appeared relatively unaffected by stress, even though 

by the end of Day 11 the plants under water stress had reached the wih point along. 

Relationship between Tc-T. and Et 

Linear regression equations for predicting Ei from Tc;-!. were signifioutt 

(P<O.OS) but of low predictive power for all species, judging by low r values and high 

standard errors of estimates (Table 3). The species with the largest leaves, Cottonwood, 

had the tightest relationship between Et and Te-T.; willow, with narrower leaves than 

Cottonwood, was intermediate; and sahcedar, with needle-like leaves, had the poorest 

relationship. The relationships between Et and Te-T, for these tree canopies were in 

general lower than those reported for crop pbnts (e.g. soybeans, Inoue and Moran, 1997). 

This is understandable since the canopy structure of trees, even under the idealized 

conditions studied here, are more complicated than typical crop plants, leading to large 

errors in estimating both Tc and T.. Despite the high CV's, however, trapezoid graphs 

used to evaluate water stress for crop ptants take the same shape for these riparian species 

(Figure 4). The comers ofthe trapezoid represent extremes of T^-T.: fiilly transpving 

and non-transpiring plants at 100% vegetation cover (estimated by NDVI), and wet and 

dry soils with no vegetation cover. IfNDVI or percent plant cover is known, it is 

possible to estimate degree of water stress by placing data points for Te-T. in this graph. 

Note that these graphs are usually prepared for data collected over agricultural fields over 
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a single day so that meteorological conditions are similar among fields of crop under 

comparison; we combined data across days in our experiment due to lack of sufficient 

data on any single day. 

Evaluation of Et = aR, - b(Tc-Ti) - c 

A radiation term can improve the accuracy of estimating Et from Tc-T. because Te 

is increased by absorbed radiation even as it is cooled by transpiration. Inoue and Moran 

(1997) used vegetation indices, which can be easily estimated by remote sensii^ 

methods, to estimate Ra lirom R,. Vegetation indices estimate foliage density firom the 

ratio of reflected radiation in the Red and NIR. Estimates of intercepted radiation, 

calculated from LAI data by equation (2), predicted that >99% of R« wu imercepted by 

each canopy. However, inspection of digital photographs of each canopy, taken at a 

zenith angle, showed there were numerous gaps in each canopy and that the ground was 

visible through these gaps. Direa measurement of R« ftPAR (Figure S) showed that 

canopies absorbed ca. 70% of R« with littie variation among canopies. On the other hand, 

NDVI values varied by as much as 50% among canopies, with as much variation 

occurring within species as among species. NDVI vahies were not well correlated with 

LAI values of individual canopies, and measurements of the same canopy at different 

times showed as much variability as canopy to canopy variations. Estimating R* is 
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therefore problematic, and a potential source of error in estimates of Et by remote sensing 

methods. We used R<, which is easily measured, as the radiation term in equation (3). 

We constructed plots of Ei = aR. - b(Tc-T.) - c for each species (Figuie 6). 

Correlation coefficients improved, ranging fit)m 0.76*** for cottonwood and willow to 

0.54* for saltcedar. The stress treatments did not produce low vahies ofEi fix* sahcedar, 

hence data points tended to be chistered at high values of E|, which limited the accuracy 

of the regression analysis for this species. However, all species showed considerable 

scatter in the plots. For stressed and unstressed soybean crops, r vahies predicting daily 

Et from radiation and Tc.-T. measurements using equation (3) were 0.88 Gnoue and 

Moran, 1997), higher than those for riparian spedes. 

Comparison of transpiration rates among species 

The second main objective of this study was to compare transpiration 

characteristics among species. Total daily transpiration rates were calculated for each 

gauged branch. An ANOVA of resuhs for Days 1-7, representing unstressed plants 

(Table 4), showed that transpiration rates among canopies were not different (p>0.0SX 

but when transpiration was expressed on the basis of projected leaf area or ground cover, 

there were species differences (Figure 7). Saltcedar had ol 50% higher rates of 

transpiration than cottonwood and willow on a projected leaf area basis, but this 

difference disappeared when leaf area for saltcedar was calculated based surftce area/2 
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(Chen and Black, 1992) (data not shown). Willow had lower ^<0.0S) tianspiratiofl rates 

than Cottonwood or saltcedar on a ground cover basis, because willow canopies had 

larger ground cover than the other species. There was no significant difference (P>O.OS) 

between cottonwood and saltcedar on a ground cover basis. Transpiration rates on a leaf 

area or stem-area basis (data not shown) were within the range reported for these species 

in field studies (Sala et al., 1996; Devitt et al., 1997a,b; Cleverly et al., 1997; Schaeffer et 

al., 2000). Due to the high LAI of the canopies, transpiration rates were high on a 

ground area basis, equivalent to 1.2-2.S cm Et per day, compared to vahies of O.S>1.2 cm 

per day for these species reported in field studies of natural stands (Schaefer et al., 2000; 

Salaetal., 1996). 

Stress effects differed among species and treatments (Table 5). Salt stress 

reduced the transpiration rate of cottonwood and willow but not saltcedar, whereas all 

species were affected by water stress (Figure 8). Saltcedar maintained transpiration 

longer than the other species (see also Figure 3), but by the final day plants in all 

canopies, including saltcedar canopies, where exhibiting wih. The final soil moisture at 

the wilt point was low (ca. 2% soil moisture) for all species figure 9). These resuhs 

support previous, greenhouse studies showing that sahcedar has greater salt tolerance 

than cottonwood or willow, but is able to deplete soil moisture to approximately the same 

extent before wilting in the absence of salt stress, with wiH occurring at -22 to -26 bar 

soil water potential for all species (Glenn et al., 1998; Vandersande et al., 2001). 



372 

Aiter harvest of gauged branches, the remaining plants were left outdoors in their 

pots but watering was discontinued. Within a week, all plants had lost their leaves and 

were seemingly dead. However, when winter rains began (in November), 6 of the 12 

pots containing saltcedar sprouted new shoots from the stems; one cottonwood sprouted 

new shoots, and no willows revived. This unintended experiment shows that while all 

species depleted soil moisture to the same extent and reached the wih point at about the 

same time, saltcedar has secondary adaptations that allow it to recover from drought 

better than the other species (Devitt et al., 1997b). 

Correlation of Et with mean daily meteorological variables 

We attempted to detect ecophysiological difTerences among spedes by comparing 

transpiration rates as affected by meteorological variables. A correlation matrix relating 

Et to these variables over the non-stress portion of the experiment is in Table 6. Ei was 

moderately correlated with air temperature for willow and cottonwood, and negatively 

correlated with wind speed for all species. Correlations with radiation and Ee tended to 

be weak. VPD reached 3.6 kPa (see Figure 1), much higher than the threshold values that 

reportedly lower stomatal conductance for cottonwood and willow (1.2 kPas) Norton et 

a!., 2001), but there was no negative correlation between sap flow and VPD in this 

experiment. When each factor was added to a stepwise multiple linear r^ression 

analysis for each species, only the temperature term was significant in preduting E|. 
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Sap flow models based on hourly meteorological data 

The availability of sap flow data, canopy temperatures, and detailed physical 

measurements of the trees afforded a rare opportunity to study the modeling techniques 

for describing transpiration. For a preliminary test, we used a simple "single leaT model 

to predict an upper (dry leaf) and lower (wet leaf) temperature, the measured canopy 

temperatures fell between these limits a more realistic model would be tested. The 

familiar energy balance for a single horizontal leaf, fully exposed to solar radiation, with 

the wind flow perpendicular to the stem, is; 

a.F.R. = *• -C)l (5) 

where a, is the solar absorptivity, R. is the total horizontal solar radiation; X is the latent 

heat of vaporization of water, e is the vapor pressure of water.e* is the saturated vapor 

pressure at leaf temperature,«« is the vapor pressure in the ambient air, p is density and 

Cp the heat capacity of air, 9 is the Steftn-Bohzmann constam; istheemissivityofthe 

leaf, t is temperature CC); tc the leaf temperature and t. the dry-bulb an* temperature; T is 

absolute temperature (°K), Tc, T,, and T. of the leaf, air and sky, respectively. T« is the 

effective black-body temperature of the sky, or 7^ with f,the atmospheric 
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emissivity =0.605+0.l5l8^e,kPa (Sellers 1965). F is the view factor, or a shade 

factor (F,) factor for solar radiation; Fu is determined by the amount of the sky the leaf 

"sees;" similarly Fj is determined by the leaf exposure to the ground. Initially all F 

values were taken as one. The mass transfer conversion fiictor kv is given by: 

M. k = -
RL 

(6) 

where My is the molecular weight of water, R is the gas law constant, P is the 

atmospheric pressure, and p. bn is log mean of the dry air partial pressure. The group 

(P/pa im), a correction for um'component diflusion (Eckert and Drake 1959), is normally 

near one, but could significantly increase the rate of mass transfer in high temperature, 

desert environments; in this woric its maximum value was roughly l.OS. 

Tm and r,v (s m*') are the boundary layer resistances for heat and vapor transfer, 

respectively, and are related as; r«v=0.921rdi (Thom 1968). r^ is the leaf stomatal 

resistance for vapor transfer, for a wet leaf r„-*0, and for a dry leaf riv-xe. Values for 

Tah were calculated from correlations in the heat transfer literature (Parkhurst et al. 1968), 

(Holman, 1963) in the form r^-Cfl4u for forced convection, or = c, / for free 

convection, where u is the windspeed (m s''), and At is the temperature difference 

between the leaf and the air. Leaf dimensions required for determining the convective 

heat transfer resistances were taken from the photographs used in estimating leaf areas; a 

more-or-less average leaf was selected fivthe measurements, with no rigorous attempt to 

select a true "average" leaf For saltcedar, a needle diameter was used with heat transftr 



yis 

correlations for a single cylinder perpendicular to the air stream. Values determined fix* 

the convection resistance equation constants were: willow, cr= 29, Ca=3Sl; cottonwood, 

Cf = 55, Cn=481; and saltcedar, Cf= 8.8, c,=l40. 

Using TIA NOAA weather data for August 24,2000, a value of using f=0.77 

(Jensen 1973), and our IRT measurements, equation (1) was solved for leaf temperature 

by Newton's method (Abramowitz and Stegun I96S). Wind velocity at a 2 m height was 

estimated from the NOAA wind velocity data measured at 10 m (Baumeister and Marks 

1967). Cottonwood and willow leaves only transpire from one side of the leaf, saltcedar 

transpires around the needle circumference, and its circular leaf cross section requires 

seme modifications to equation (S): 

The results of these calculations are shown in Figure 10 along with the IRT 

measurements for the trees. The experimental values all He between the wet and diy 

computed results, although the computed wet leaf cottonwood temperatures are only 

slightly below the measured values. These results led to the development of a more 

detailed model, including stomatal response to atmospheric variables, to describe the 

hourly transpiration rate from the trees. 

F, in equation (5) can be estimated from the equation for solar radiation within a 

canopy (Massman and Dijken 1989): 

R,=R,txp-k LAIil-4) (8) 
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where 4 is the upward cumulative leaf area normalized by the LAI. An avenge value for 

radiation within the canopy can be estimated as: 

R„ = f'exp-* =-^(l-exp-it LAI) (9) 
"• (1-0)^0 ^ V ^ F / 

Earlier k was estimated to be near one, and the vahie of exp -LAI will be very small for 

the trees in this work, so; 

(10) 
' R, LAI 

Evaluation of Fu and Fd is not so straightforward, but since nearby leaves will be 

roughly at the same temperature as the leaf modeled there will be little net long wave 

radiation between them, so a value of Fu= Fd=O.S was used initially. Equation (S) then 

becomes: 

-^R , ,jto.sgf.K?:' -0-^(C-01 00 
LAI r„+r„ 

Sap flow and IRT measurements were averaged to yield one data set for each species. 

Aug. 24 data, with solar radiation at roughly 91% of the clear day value, was selected tor 

analysis. Four data points for each species were available in the time interval of roughly 

900-1500 hr for which both the sap flow and canopy temperatures were available. These 

were substituted into Equation (7) to determine values for r^ and T„. The single leaf 

equations previously described for r^ for a willow leaf would not be mpected to hold for 

a leaf in the tree canopy, because of the interftrence effect of adjacent leaves, leaf flutter, 

and possibly other factors. Regression equations for r* and rn, and the appropriate 
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atmospheric parameters will allow computation of the sap flow and canopy temperature 

for the entire day. rah is calculated as: 

r = O «2) 
^ ia,R,/LAD-AE,-0.5as,i(i:-T;)HT:-T:)] 

and r,v is determined ftom; 

t.i(e.-e,)-092|,^ (13) 
E, 

Here Et is the transpiration per unit leaf area, r^ was correlated with wind 

velocity by equations of the form rA^c/u" with r^ values of 0.9+, and rw was correlated 

with the vapor pressure difference between the leaf and ambient air (Dl) and solar 

radiation with equations such as rw^Ci+cjDL [0LA]yR«)^3 (R^LAI)] with r'>0.99. There 

are other expressions which would also give satisfactory results. Relative humidity to the 

-3/2 power (1/rh'̂ ) also gave good results when repladng Dl in the expression for rn. 

The results of the calculations are shown in Figure 11. All the expressions examined 

passed though the experimental leaf temperatures, while the sap flow results showed 

varying deviations from the experimental results depending on the species. It seems that 

an inverse relationship between r«v and R, must be included in that expression forthe sap 

flow to reach zero at sunrise and sunset Figure 12 shows the variation of during the 

day, along with the vapor pressure depression. A satisfactory expression for stomatal 

functioning should clearly consider many other environmental Actors, including soil 
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moisture availability and salinity, internal CO2 concentration, leaf temperature, and 

possibly others not presently appreciated. 

While the stomatal resistance values shown in Figure 12 are approximate, the 

curves are of interest relative to some results reported in the literature. Based on 

boundary line analysis of widely scattered data collected in the field, Horton et al. (2001) 

concluded that saltcedar did not show increased stomatal resistance up to a VPD of 2.5, 

whereas Cottonwood and willow had increased stomatal resistence above VPD's of 1.2. 

The diurnal curves presented in Figure 12 show that lowest stomatal resistance for all 

species occurs between 8-9 am (VPD approximately 0.8), then increases over the rest of 

the day. Contrary to Horton et al. (2001X saltcedar had higher stonutal resistance than 

the other species. However, LAI is used in calculating Tn, and the cylindrical rather than 

flat leaves of saltcedar account for differences in calculated rw. 

The techniques used in preparing Figures 11 and 12 were also tested using data 

fi-om the other days collected during this program. Some of the values for the heat 

transfer resistances rah were found unreasonably low when the correlations from Aug 24 

were applied to data from other days. Consequently, the equations for r^i used in the 

single leaf model discussed earlier were employed in equation (13), again using Aug 24 

data, to determine very slightly different vahies for the stomatal resistances, which were 

again correlated by an expression of the form: ri«=Ci+C2DL [^AI/R«)H3 9^AI)]. 

Equations (7) and (11) were used with the nndified correlations forriv, the single leaf 

equations for r«h, and the values ofF., Fa, F4, ^ and LAI employed for the earlier Aug 24 
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computations to calculate houriy sap flow values for Aug 21- Aug 30. Tfiese values were 

integrated for each day and used to prepare Figure 13. Standard errors for the unstressed 

period, 8/21-8/26, were 229 (15%), 412 (21%X and 772 (22%) g/m^ day for willow, 

Cottonwood and saltcedar, respectively. The method could yield better results if data 

were collected more frequently, or at hourly intervals over the day, at the site of the 

experiment. 
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CONCLUSIONS 

Tc-T. as a method to estimate Ei 

Et was significantly correlated with TrTaand more strongly with equation (3) 

which includes a radiation term. Although there was more scatter in data collected with 

these riparian plant canopies than with soybean (Inoue and Moran, 1997) and other crop 

species, this method could prove to be useful in remote sensing surveys of riparian zones. 

Large amounts of spatially-distributed Tc data can, in principle, be collected using aerial 

or satellite methods, to counter the scatter in the data and high variability assodated with 

measurement of Tc-T,. These measurements would need to be calibrated with 

simuhaneous (ground) measuremems ofEi by sap flow on selected trees within the 

survey site. Measurement of T. nuy be difUcuh, as data from meteorological stations do 

not correspond well with actual measurements over individual canopies in our 

experiment. However, so long as it does not vary too much spatially over the canopies, a 

relative measure of T. can be used to calculatc Te;-Ta if T«;-Ta can be calibrated to on 

selected plants. Addition of a radiation term to the equation improved the prediction of 

Et fi-om Tc-Ta but use of NDVI to estimate Ra may introduce another source of error into 

the analysis. The Tc-T. method for estimating Ei did not seem accurate enough to 

distinguish between plant species, but combined with R, and ground measurements ofEi 
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by sap flow it can be regarded as a promising method to quantify Et and detect plant 

stress within riparian corridors. 

Comparison of Et among plant species 

These results were collected under controlled and simplified conditions and 

cannot be extrapolated directly to natural sites. Some of the conclusions from field 

studies, suggesting that T. ramosissima has higher Et and ftster growth rates than other 

species, were not supported in this study. Canopy rates of Ei were nearly identical for 

plants under non-stressed conditions. On a ground-area basis, cottonwood and sahcedar 

had nearly equal rates of transipriation whereas willow was lower, due to a greater 

canopy area. In the field, these species can grow either as isolated, individual plants 

surrounded by bare soil or as closed canopies (Nagler et al., 2001). bi either case, 

saitcedar does not appear to be a "water spender" or an inherantly fast-growing species 

compared to the native species. Furthermore, under these idealized conditions, the 

species did not react differently to high VPD or air temperatures, as repotted in field 

studies (Horton et al., 2001). In general, the native trees developed greater biomass, 

canopy area and LAI than saitcedar under well-watered conditions. Under salt stress, 

saitcedar clearly outperformed the native species. Under water stress, saitcedar and the 

native trees were able to remove most of the water from the soil sohition before wilting. 
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However, saltcedar was able to resprout dioots after a prolonged period in dry soil, a 

clear advantage in surviving temporary periods of desiccation. 

This experiment does not refute the results of field studies, but ft suggests that in 

the field, rates of Et and plant growth may be differentially affected by salt stress or other 

uncontrolled factors. Under idealized conditions there were no obvious physiological 

differences among species with regard to water use. Field surveys in the Colorado River 

delta (Nagler et al., 2001; Zamora-Arroyo et al., 2001) revealed that Cottonwood and 

willow have reestablished in the riparian corridor following 20 years of flood releases 

from upstream dams following the filling of Lake Powell, even though saftcedar is still 

the dominant species in the delta. Stromberg (1998a) found that Cottonwood could 

establish in spite of dense populations of saltcedar during ftvorable flood years, and that 

these two species can be functionally equivalent along firee flowing rivers (Stromberg et 

al., 1998b). We conclude that saltcedar is more salt tolerant than native species, but does 

not have unusually high water use or growth rates compared to native trees. All species 

performed well in hot weather and at high VPD's, indicating that the native species are as 

well adapted as saltcedar to the hot, dry desert conditions that characterize southwestern 

USA and northwestern Mexico riparm zones, so long as suffident and non-saline soil 

moisture is available. 
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Table 1. Canopy characteristics for each pod ofpbuits compared for transp^on rates in 

outdoor experiments at Tucson, Arizona in August, 2000. Significant differences 

(p<O.OS) among species are denoted by different letters following means in 

columns. 

Pod DiyWt. DryWt. Total No. Basal Stem Area Leaf Area Ground LAI 
Stems L^ves Biomass Stems Cover 
(g) (g) (8) (cm  ̂ (m  ̂ (m  ̂

CWl 2142 2490 4632 6 32.7 35.2 2.84 12.4 
CW2 1849 1522 3371 6 23.5 26.2 3.06 8.54 
Mean 1996 2006 4002 6a 28.1 30.7 2.95a 10.5 

WI 2786 2474 5260 6 51.8 38.8 3.98 9.74 
W2 3006 1972 4978 6 40J 30.9 4.25 7J6 
Mean 2896 2223 5119 6a 46.2 34.9 4.16 b 8.50 

SCI 1280 1178 2458 16 24.6 10.6 1.89 5.60 
SC2 2166 2216 4382 23 41.6 19.9 2.69 7.40 
Mean 1723 1697 3420 20 b 33.1 15.3 229ti 6.50 

F 4.92 0.37 1.67 18.9 2.08 5.56 13.5 L95 
P 0.11 0.72 0.33 0.03 0.27 0.10 0.03 0.29 
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Table 2. Means, coefficients of variation (CV) and standard errors of the means (^M) 

of Tc-T. measurements for Cottonwood, willow and sahcedar canopies in outdoor 

experiments at Tucson, Arizona, August, 2000. Different letters by means denote 

significant differences among species (p<O.OS) by i»ired t-tests. 

Cottonwood Willow Saltcedar 

Mean -2.40a .1.83b •2.13a,b 
CV (%) 82.1 111 63.4 
SEM 0.25 0.26 0.17 
N 62 60 62 
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Table 3. Linear regression equations (y mx + b) predicting Et from Tc-Ta (x) for 

Cottonwood, willow and saltcedar canopies in outdoor experiments at Tucson, Arizona, 

August, 2000. SB m = standard error of the slope. 

Cottonwood Willow Saltcedar 

b 9.69 7.47 19.3 
m -2.75 .L23 -1.81 
SE m 0.643 0.450 0.871 
F 18.3*** 7.47* 4.31* 
r 0.692 0.541 0.421 
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Table 4. Repeated-measures ANOVA, showing F-values and probabilities for 

differences in sapflow data collected for cottonwood, willow and saltcedar canopies over 

7 days under well-watered conditions in Tucson, Arizona, August, 2000. Dependent 

variables were Plant Type and Day. Sapflow was expressed on the basis of kg water loss 

per day per canopy (CANOPY); per projected leaf area (LEAF); and per m' canopy 

area projected on the ground (GROUND). Interaction terms (PLANT TYPE x DAY) 

were not significant (p>O.OS) for all cases. 

CANOPY LEAF GROUND 

Plant Type 
F 
P 

0.100 
0.906 

8.706 
0.003 

4.23 
0.035 

Day 
F 
P 

8.45 
<0.001 

7.35 
<0.001 

7.36 
<0.001 
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Table 5. Repeated-measures ANOVA, showing F-values and probabilities (P) for 

difTerences in sapflow data collected for Cottonwood, willow and sahccdar canopies over 

4 days of either Water Stress or Salt Stress in Tucson, Arizona, August, 2000. Dependent 

variables were Plant Type and Day. Sapflow was expressed on the basis of kg water loss 

per day per canopy. Interaction terms (PLANT TYPE x DAY) were not significant 

(p>0.05) for all cases. 

Water Stress Sah Stress 

Plant Type 
F 
P 

19.7 
<0.001 

4.59 
0.021 

Day 
F 
P 

11.6 
<0.001 

2.39 
0.095 
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Table 6. Correlation coefficients of mean daily meteorological data and daily Et 

measured by sap flow for cottonwood, willow and saltcedar canopies measured over 7 

days under well-watered (non-stress) conditions at Tucson, Arizona, August, 2000. 

Meteorological data are from AZMET; sap flow was based on kg water loss per canopy 

per day. Eo was calculated by AZMET using a modified Penman equation. 

Cottonwood Willow Saltcedar 

Temperature 
VPD 
Radiation 
Wind 
EO 

0.371 
0.217ns 
0.172ns 

-O.SSO  ̂
0.05 Ins 

0.674** 0.731 •• 
0.S02ns O.SlOns 

0.42Sns 0.046ns 
-0.796*«« -0.867*** 

0.206ns -0.13 Ins 
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Figure 1. Daily meteorologicai conditions and canopy and air temperature differentials 

(Tc-T.) during an 11 day period in August, 2000 in Tucson, Arizona. Radiation and 

potential evaporation (Eo) are daily totals whereas other data are mean values between 10 

am and 3 pm. For the panel ilhistrating Te-T«, open circles are willow, closed circles are 

Cottonwood and triangles are sahcedar. 

Figure 2. Hourly temperature data collected the Tucson International Airport met station 

(TIA) compared to values collected at an expenmental site where canopies of 

Cottonwood, willow and saltcedar were measured for Et and Tc-T« on August 24,2000. 

Figure 3. Daily Et curves for canopies of Cottonwood, willow and saltcedar measured 

outdoors at Tucson, Arizona, in August, 2000 using the sap flow heat-balance method. 

Arrows show day at which Water Stress or Salt Stress was applied. Note different scales 

of y-axis for different canopies. 

Figure 4. A trapezoid graph for cottonwood Et showing the boundaries of Te-T« 

expected for fully-transpiring and non-transpiring canopies at vegetation covers ranging 

fi-om 0 to 100%, as estimated by NDVI measurements of canopies and the r^ression 

equation of best fit 0fE|0nTc-T.. The trapezoid is based on an experiment conducted 

over 11 days in August, 2000 at Tucson, Arizona. Individual values of Te-T. for each of 
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two Cottonwood canopies are shown, as well as NDVI and Tc-Ta values for wet and diy 

soils, making up the lower comers of the trapezoid. Error bars are based on standard 

errors of NDVI measurements and standard errors of Tc-T*. Experimental values of Tc-T. 

determined at difTerentiai values of partial vegetation cover can be placed with the 

trapezoid to estimate the relative degree plant stress (Moran et al., 1994). 

Figure 5. Comparison of faPAR and NDVI measurements for 6 canopies of cottonwood, 

willow and saltcedar grown at Tucson, Arizona, August, 2000. Error bare are standard 

errors of the means. 

Figure 6. Regression equations for predicting Ei &om net radiation (R,) and Tc-T. for 

cottonwood, willow and saltcedar canopies measured in August, 2000 at Tucson, 

Arizona. 

Figure 7. Comparison of Ei rates measured among cottonwood, willow and saltcedar 

canopies measured by the sap flow heat-balance method over 8 days in August, 2000 at 

Tucson, Arizona under non-stressed conditions. Et was measured as kg water lost per day 

per canopy (A) and on a leaf (B) and ground area (C) basis. Different letten over bars 

denote significant differences at p<0.0S; error bars show standard errors of the means. 
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Figure 8. Comparison of Et rates measured among cottonwood, willow and sahcedar 

canopies measured by the sap flow heat-balance method over 3 days in August, 2000 at 

Tucson, Arizona under stress conditions. Canopies in (A) were subjected to water stress 

while those in (B) were subjected to salt stress. Different letters over bars denote 

significant differences at pO.OS; error bars show standard errors of the means. 

Figure 9. Soil moisture levels {% water on a gravimetric basis) in pots of cottonwood, 

willow and saltcedars grown in closed canopies at Tucson, Arizona in August, 2000. 

Plants were allowed to deplete soil moisture over 3 days and soil was sampled when 

plants reached the wilt point. 

Figure 10. Single leaf model; comparison of calculated and experimental values of leaf 

temperatures. Calculated values are for dry leaves and fully wet leaves; experimental 

values fall within these boundary conditions. 

Figure 11. Comparison of computed and measured sap flow and leaf temperatures for 

cottonwood (A), willow (B) and saltcedar (C) over a single day (Aug. 24) during the 

experiment. 
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Figure 12. Variation of stomatal resistance and vapor pressure depression during the day 

of August 24, for cottonwood (A), willow (B) and sahcedar (C). Stomatal resistance was 

calculated from measured values of sap flow and leaf temperatures for 4 sets of data 

points between 9 am and 3 pm (open squares) and extrapolated from the model presemed 

in the text for the rest of the day. 

Figure 13. Comparison of experimental daily total transpiration with that based on 

hourly model values. 
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