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ABSTRACT 

Vegetation change, particularly from the grass to shrub lifeform, is a critical issue 

on the world's rangelands. The plant community present on a site is the primary 

determinant of the land's value for watershed protection, wildlife habitat, livestock 

production, and recreation. Studying past vegetation composition can help separate 

natural fiom anthropogenic sources of change and guide natural resource conservation 

and management decisions. 

Stable carbon isotope (S"C) values and associated radiocarbon ages finm soil 

organic matter (SOM) were used to evaluate vegetation change across five landscape 

positions at a small enclosed basin in southeastern Arizona. The utility of the carbon 

isotope method was verified for this site based on the clear and wide separation in 5"C 

values between grasses having the C4 photosynthetic pathway and shrubs having the C3 

pathway. The direction and timing of vegetation dynamics differed with landso^M 

position along a gentle elevation gradient fix>m the basin outlet to a nearby volcanic ridge 

top. 

Warm-season C4 perennial grasses have dominated the basin outlet, center, and 

toe slope landscape positions since at least 5000-6000 yr BP, except for a dramatic 

increase in C3 plants at the bottom of the outlet excavation around 5000 yr BP. This 

isotopic change is associated with rounded cobbles that may have been a stream channel, 

suggesting the presence of C3 herbaceous or woody riparian vegetation. On mid-slope and 

ridge top landscq)e positions, ii«^ere semidesert shrubs now dominate, warm-season 
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perennial grass composition decreased finm approximately 60% as recently as 400 yr BP 

to only 1.5% now. 

SOM density separates were also analyzed. The youngest SOM is represented by 

the < 2 g/cm  ̂density fraction that turns over in a few years to several decades and has a 

post-bomb radiocarbon age. For the ridge top landscape position, this fraction yielded 

39% C4 vegetation, suggesting that the conversion from grass to shrub vegetation 

occurred recently. 
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INTRODUCTION 

Purposes of This Study 

Vegetation change on the world's rangelands, particularly fix)m grass to shrub 

dominance, is a well-recognized problem, but the causes remain controversial. Studying 

past vegetation composition can help separate natural from anthropogenic sources of 

change and guide natural resource conservation and management decisions. Historical 

records, pollen analysis, opal phytoliths, packrat midden macrofossils, and carbon 

isotopes have all been used to document vegetation change. Each of these methods has 

unique strengths and weaknesses, and each operates on different temporal and spatial 

scales and at different taxonomic resolutions. 

The purpose of this research was to explore vegetation change across landsci^M 

positions on the Walnut Gulch Experimental Watershed (WGEW) in southeastern 

Arizona using carix)n isotopes. Changes in vegetation were not necessarily expected to be 

uniform across proximal landscapes. Geomorphic location affects soil variables, such as 

parent material, weathering, texture, depth, and water relations, that profoundly influence 

plants on individual and community levels. Stable carbon isotopes from soil organic 

matter (SOM) and present vegetation and radiocarbon from SOM were used to construct 

a long-term vegetation chronology for a small enclosed basin on the WGEW and to 

evaluate the relationships over time between vegetation and geomorphic location. The 

WGEW, where decades of historic vegetation changes, precipitation, and land use are 

documented, offers a unique setting to investigate past vegetation dynamics. The small 
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enclosed basin is siuiounded by low volcanic hills, providing an ideal opportunity to 

study adjacent grasslands and shrublands and the geomorphic surfaces that support each. 

Vegetation and SOM from basin outlet, basin center, toe slope, mid-slope, and ridge top 

landsc  ̂positions were evaluated. 

Importance of Vegetation Change on Rangelands 

Vegetation change is a critical issue on rangelands throughout the world. The 

plant community present on a site determines its value for domestic livestock grazing, 

wildlife habitat, watershed protection, and recreation. The current conununity may differ 

fix)m that which existed prior to European settlement, and the site may no longer have the 

potential to support the pre-settlement plant community due to the loss of soil, seedbanks, 

or natural periodic fire. Long-term alterations in climate or atmospheric carbon dioxide 

(CO2) levels may also affect vegetation. Depending on these interacting factors, the 

potential plant community may be continuously shifting over geological and ecological 

time frames. 

Clementsian successional theory predicts that once a disturbance (such as grazing, 

fire, erosion) has been removed from an ecosystem, an orderly unidirectional recovery 

will proceed toward a single climax vegetation community. However, the state-and-

transition model of vegetation change acconmiodates the possibility of alternative stable 

states where changes in vegetation composition may not be uniform across space or time. 

Irreversible transitions (on a time scale relevant for management) may be induced if 

threshold values for critical environmental determinants such as soil erosion, species 
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replacement, or drought ate reached (Westoby et al. 1989; Archer and Smeins 1991). 

Some authorities question the concept of ecosystem stability itself, proposing a 

nonequilibrium theory in w^ch communities undergo continuous temporal and spatial 

changes in species composition with functionally interchangeable dominant species 

(Johnson and Mayeux 1992). 

One of the most serious problems on rangelands today is the increase in woody 

species. Since the turn of the century, many grasslands in the southwestern United States 

have been transformed into savannas or shrublands (Hastings and Turner 196S; Young et 

al. 1979; Cox et al. 1982; Bahre 1985, 1991; Archer 1994). Recent increases in woody 

vegetation have been reported for various ecosystems, including oak and mesquite 

woodland in Arizona and Texas (Tieszen and Archer 1990; McPherson et al. 1993; 

McClaran and McPherson 1995; Boutton 1996), temperate Montana grasslands (Tieszen 

and Archer 1990), and South Dakota oak savannas (Tieszen and Archer 1990). This 

change in vegetation has often been accompanied by accelerated erosion and the loss of 

forage resources. 

Domestic livestock grazing is one of the most commonly cited causes for 

increases in woody vegetation. However, this explanation may be oversimplified for 

many areas, because grazing occurred simultaneously and interacted with several other 

possible mechanisms, including periodic droughts, fire suppression, alterations in climate 

such as temperature and seasonal precipitation patterns, and increases in atmospheric COj 

(Wright and Bail  ̂1982; Osbom and Lane 1984; Bahre 1985, 1991; Humphrey 1953, 
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1958; Mayeux et al. 1991; Johnson et al. 1993; Archer 1994). Cole and Monger (1994) 

attributed present-day shrub invasions of grasslands to the current interglacial rise in 

atmospheric COj concentration, instead of to anthropogenic causes. Their soil carbonate 

and SOM carbon isotope measurements fit>m south-central New Mexico indicated a shift 

from 70-90% grass vegetation around 9070 yr BP to only 20-40% now. 

Predictions differ on how increasing atmospheric CO; concentrations and global 

warming will affect ecological relationships between herbaceous and woody species. 

Increases in atmospheric CO; during interglacial periods and since the Industrial 

Revolution could favor woody species, most of which are CO; limited under glacial and 

pre-Industrial levels. However, temperature and aridity also increa  ̂during interglacial 

periods, which could favor warm-season perennial grasses, as could global warming from 

greenhouse gases, because waim-season perennial grasses ate capable of photosynthesis 

at higher temperatures than most woody species (Raven et al. 1981; Salisbury and Ross 

1985; Nobel 1991; Ehleringer and Monson 1993; Cerling et al. 1993; Cerling et al. 1997). 

These generalizations may not be applicable to specific ecosystems with um'que 

local conditions. For example, in extremely arid areas such as the Sonoran Desert where 

rainfall is inadequate to support grasslands, schlerophyllous and drought deciduous 

shrubs and succulent species dominate. They possess numerous adaptations to prolonged 

drought that grasses do not, such as deep root systems to access subsur&ce moisture, 

waxy cuticles to retard evjqporation, and water storage ciqpabilities (Tieszen and Archer 

1990). For the Chihuahuan semidesert grassland of southeastern Arizona that is the focas 
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of this study, generalizations regaiding lifefoim distribution must be considered carefully. 

Here the species that have increased at low elevations since the turn of the century are 

drought-resistant desert shrubs longer et al. 1998). It is possible that desertification due 

to natural and/or anthropogenic causes is creating an environment that is too arid to 

support the grass lifefonn. In this scenario, global wamiing and drying would accentuate 

the aridification process, thereby favoring shrubs instead of grasses in this region. 

Unlike the intensive human inputs on agricultural lands (tillage, irrigation, 

fertilization, cropping systems), modem management on rangelands consists primarily of 

vegetation manipulation through grazing of domestic livestock, prescribed fire, and 

introduction of new plant species. Land managers struggle to balance short-term 

economic returns from grazing on semiarid grasslands with maintaining the stability and 

sustainability of vegetation and soil. At the same time, conflicts over appropriate land 

uses for public lands have forced the re-evaluation of livestock production as the primary 

use of rangelands. 

In making management decisions it can be helpful to know the dynamics of past 

vegetation in order to set realistic goals for productivity, conservation, long-term site 

stability, and restoration. It is also important to be able to separate natural from 

anthropogenic sources of vegetation change (Lane et al. 1994). A long-term vegetation 

chronology for a region provides a perspective for evaluating recent vegetation change, 

land use, and erosion, as well as insights into climate and atmospheric change and their 
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effects on vegetation dynamics (BufBngton and Herbel 1965; Bradley and Jones 1992; 

Williams etal. 1993). 

Historical Records for Southeastem Arizona 

In southeastem Arizona, written and photographic records indicate that since the 

late 1800's grasses have declined in many areas, and mesquite and various shrubs and 

subshrubs have increased. In 1983-84, Humphrey (1987) rephotographed 258 

international monuments along the border between the United States and Mexico initially 

photographed fom 1892-94. The monuments extend from the Chihuahuan Desert near El 

Paso, Texas, through the Sonoran Desert of southem Arizona to the Pacific coast. 

Monuments closest to the WGEW are located in or near the towns of Douglas, Bisbee, 

Naco, and the San Pedro and Santa Cruz Rivers. Humphrey found that many areas in the 

Chihuahuan Desert and the semidesert grasslands that supported grasses or a grass-shrub 

mixture 90 years ago now support only shrubs. 

Bahre (1991) examined vegetation change in southeastem Arizona using repeat 

photography and archival records. He found that increases in woody plants, the 

degradation of riparian areas, and the spread of non-native plants followed anthropogenic 

disturi)ances, including livestock grazing, wild hay harvesting, fiielwood cutting, wildfire 

suppression, agriculture, and development. Overgrazing led to fire exclusion by reducing 

fine fuels, which in turn encouraged the establishment and persistence of woody species. 

In the early to mid-1960's, Hastings and Turner (1965) rephotographed 19 

semidesert grassland sites in the San Pedro Vall  ̂that had been origuudly photographed 
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in the late 1800's, including several near Tombstone, a town within the WGEW. Their 

work clearly showed a decline in grasses and an increase in shrubs at some sites, as well 

as extensive arroyo cutting. At other sites, land use disturbances ate evident in the early 

photos (towns, dams, mining, grazing) followed by post-disturbance shrub dominance. 

In 1967 Gardner (unpub. data) established, inventoried, and photographed 110 

permanent vegetation transects on the WGEW "for the purpose of following any 

vegetation changes that may occur with time." In 1994 these transects were monitored 

and rephotographed, and 13 sites representative of shrub-dominated and grass-dominated 

watersheds were selected for aimual monitoring. By comparing these data sets, changes in 

canopy cover and species composition were evaluated (Kidwell et al. 1998). Grass 

canopy cover increased significantly on grass sites over the thirty year time frame, but 

there was no change in grass density. Shrub canopy cover increased on all sites, and 

shrub numbers increased significantly on grass sites. Further analysis showed that the 

subshrubs burroweed (Haplopappus temisectus (Greene) Blake) and desert zinnia 

(Zinnia pumila Gray) rather than the large shrubs whitethorn acacia {Acacia constricta 

Benth.), creosotebush (Larrea divaricata (DC.) Coville), and Mormon tea (Ephedra 

trifiarca Torr.) were responsible for the increases. There was no change in species 

richness for shrubs or grasses. 

Historic records are valuable if available, but this source of information is subject 

to sevoe temporal and spatial constraints. Only since European settlement has written or 

photogn^hic evidence been collected for North America, and initial exploration and 
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settlement were limited to a few geographic areas. Another consideration is the reliability 

of anecdotal reports, both in the initial perceptions of the observers and in their 

interpretation decades or hundreds of years later (Buffington and Herbel 1965). The 

taxonomic resolution and accuracy of written records depend on the expertise of the 

witness. Photographs can usually identify plants to lifeform or sometimes genus but 

usually not species. 

The Pollen Record for Soatheastem Arizona 

The pollen record has been widely used to create long-term vegetation 

chronologies in the Southwest. Radiocarbon dating of pollen can provide a time fi:ame for 

the deposits in which it is found. Pollen provides a regional record of vegetation because 

wind-blown pollen can be transported over substantial distances. Pollen grains can be 

identified to the fiimily level of taxonomic resolution for most taxa (Spaulding 1990). The 

preservation of pollen is favored by non-oxidizing conditions found in dry caves and 

buried sediments. 

Pollen records &om Murray Springs, located in a tributary arroyo of the San Pedro 

River, suggested a more mesic climate during the Altithermal 4000-5000 yr BP than 

today (Mehringer et al. 1967). The Altithermal was a mid-postglacial period experienced 

by much of western North America as a dry interval, based on pollen records finm the 

northern and central Roclty Mountains, the Great Basin, and the Mohave Desert. 

However, at Murray Springs the Altithermal appeared to have been relatively wet, at least 

in summer. Pine, sedge, and cattail pollen m radiocarbon-dated beds in the arroyo profile 
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indicated ponding at the site. The pollen record was interpreted to indicate a regional 

climatic shift to greater effective moisture, expansion of grasslands and woodlands in the 

upper San Pedro Valley, and a downward displacement of present vegetation zones by 

about 300 m. The current vegetation is desert scrub with acacia, creosotebush, and 

Mormon tea. 

The stratigraphy of ancient Lake Cochise, now Wilcox Playa, was evaluated and 

sediments from the shoreline were dated by Waters (1989). High lake levels between 

13,400 and 13,750 yr BP were interpreted to reflect glacial conditions of cool 

temperatures, low evaporation rates, and winter precipitation. As the North American ice 

sheets retreated between 9000 and 12,000 yr BP, a warmer interglacial climate with 

greater summer precipitation developed, corresponding to another high lake level dated at 

or before 8900 yr BP. Lake Cochise receded during the early Holocene Altithermal SOOO 

to 7000 yr BP, suggesting to Waters that summer precipitation declined and the 

Altithermal was arid in southeastern Arizona. Since then only shallow ephemeral lakes 

have formed on the Wilcox Playa. 

The pollen record from a 42-meter core of Lake Cochise indicated a variable 

Pleistocene climate for the area (Martin 1963). The record did not extend into the 

postglacial period. Comparing the fossil pollen to modem pollen rain of various natural 

communities, one major pluvial period was indicated, with high pine pollen counts 

occurring during cool and wet conditions 20,000-23,200 +/.S00 yr BP when vegetation 

consisted of pine, spruce, fir, oak, grass, chenopods, and composites. 
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Despite its proven utility for vegetation reconstruction, the pollen record has 

limitations, leaving gi^s in our knowledge of past environments and sometimes 

producing conflicting scenarios and interpretations of late Quaternary vegetation and 

climate for southeastern Arizona and other regions (Waters 1989; Spaulding 1990; 

Anderson and Van Devender 1991). The pollen record can provide only family level 

identification for most taxa, and pollen preservation is not favored by dry alkaline soils 

common in grasslands (Boutton 1996). Another possible problem in pollen-based 

reconstructions lies in the common assumption that associations of plants respond 

uniformly to changing environments, producmg vegetation zones that retreat or advance 

altitudinally and latitudinally. When individual species respond independently to 

environmental change, the composition of associations may not be preserved (Spaulding 

1990). In addition, species that produce abundant pollen, such as pines and some 

composites, may be over-represented in the pollen record, whereas species that produce 

less pollen or whose pollen is less widely dispersed may be under-represented. Finally, 

the interpretation of pollen counts depends on the relative proportions of the species 

represented, so sparse local vegetation may contribute less pollen than more abundant 

vegetation from some distance away whose pollen was wind-transported to the deposition 

site ̂ ehringer et al. 1967). 

Opal Phytolith Rcscarch on Vegetation Change 

Phytoliths ("plant stones") are microscopic opaline silica or calcium minerals. 

Silica is abundantly available from the weathering of rocks and is soluble in groundwater. 
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foiming monosilicic acid [Si(0H)4], which plants absorb through their roots. Silica is 

then deposited in mineral form (SiO}) in and between plant cells. (Raven 1983; Rovner 

1983, 1988; MulhoUand and Rapp 1992). It is thought that most silica deposition occurs 

where water is utilized or transpired, concentrating the SiOj. Once precipitated, the SiOj 

becomes unavailable for retranslocation (Raven 1983). Silicon oxide may serve a 

structural fimction in plants, and as a deterrent to herbivory (Cheng 1982; Raven 1983; 

McNaughtonetal. 1985). 

Opal phytoliths are widely produced in the plant kingdom (MulhoUand and Rapp 

1992). Morphological characteristics such as size, shape, and surface texture can 

distinguish source plants at the family and sometimes the genus level. Opal phytoliths can 

persist in rocks for millions of years, and archeologists have used them for several 

decades, primarily for reconstruction of prehistoric diets, climates, and micro- and 

macroenvironments (Rovner 1983, 1988; Powers 1992; MulhoUand and Rapp 1992). 

They have also been recovered from modem soUs and proved useful for studies of 

vegetation change. One advantage of phytoliths for the purpose of dating soils or 

determining vegetation composition is that phytoliths remain intact and are not rapidly 

chemicaUy degraded into smaUer fractions that can move down through the soU profile. 

Another advantage is their relatively large size (2-SO ^m) ̂ artolome et al. 1986), v^ch 

may limit translocation. According to Rovner (1988), a phytoUth assemblage reflects 

microenvironmental conditions compared to a poUen assemblage, much of w^ch is wind 

disseminated and reflects macroenvironmental conditions. Fredlund and Tieszen (1994), 
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however, consider phytoiiths to represent landscape scale vegetation patterns because of 

evidence that th  ̂can also be wind transported over long distances. 

Grass phytoiiths have been especially intensively studied. Grass species having 

the C3 and C4 photosynthetic pathways (refetring to the number of carbon atoms in the 

initial products of photosynthesis) produce distinctly different proportions of opal 

phytolith shiqpes (Twiss 1992). Members of the Pooideae subfamily are primarily Cj 

grasses, grow in high latitudes or high elevations, and produce circular, rectangular, 

elliptical, crescent, or oblong phytoiiths. Most Chloridoid grasses use the C4 

photosynthetic pathway, grow in warm arid to semiarid areas, and produce saddle-shaped 

phytoiiths. Panicoid C4 grasses which grow in wami tropical to subtropical areas with 

moderate moisture have phytoiiths shaped like crosses and dumbbells (Twiss 1992). This 

information can also be used to measure fluctuations in mean annual temperatures, since 

the dominance of Panicoid versus Festucoid grasses depends on annual temperature 

changes a small as +/. PC (Livingstone and Clayton 1980; Rovner 1983). 

An example of the use of opal phytoiiths to investigate vegetation change is a 

study by Bartolome et al. (1986). The/ analyzed soils under what is presently an annual 

grassland in California, finding opal phytoiiths firom native perennial species at a depth of 

10 cm, confirming the hypothesis that the non-native annual grass displaced the native 

grassland. 

Opal phytoiiths contain occluded carbon that can be used to determine the stable 

carbon isotopic content, v«^ch is the ratio of carbon-13 ("C) to carbon'-12 ("C). hi 
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addition the occluded carboii-14 (*^C) can be used to date the material. »^ding (1967) 

and Wilding et al. (1967) processed biogenic opal fiom 45 kg of soil and, after acid 

treatment to remove extraneous organic and inorganic carbon contamination, a 60 g 

ground sample containing 1.3% carbon was radiocarbon dated at 13,300 +/- yr B.P. A 

date fiom opal phytoliths is the mean age of all the phytoliths in the sample (Kelly et al. 

1991). It must be interpreted as a relative rather than an absolute age with potentially 

large but essentially unknowable ranges. 

Kelly et al. (1991) obtained carbon isotope values and '̂ C ages for carbon 

occluded in opal phytoliths from six northem Great Plains sites. They found a significant 

correlation between host plant tissue carbon isotope composition and phytolith carbon 

isotope composition, although the phytoliths were sigm'ficantly depleted in '̂ C relative to 

host plant tissue. '*C dates became older with depth and indicated largely Cj vegetation 

during the late Pleistocene changing to C4 dominance during the mid-Holocene. Kelly et 

al. (1993) combined measurements of carbon isotopic composition for SOM, carbonate, 

and opal phytoliths to estimate relative proportions of Holocene C, and C4 vegetation in 

Colorado. They also obtained conventional '̂ C dates from SOM and charcoal. Despite 

some disagreement between methods and their three sites, a general trend from C3 

dominance in the Pleistocene towards C4 dominance since the early Holocene was 

indicated. 

Combining carbon isotopes in SOM with carbon isotopes in opal phytoliths from 

the same soil depth has the potential to expand the time scale and the taxonomic 
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resolution beyond the limits of either proxy analyzed separately ̂ cClaran and Umlauf, 

in press). Grass subfamilies fall into mostly C, or mostly C4 photosynthetic pathways, 

which can be detected by carbon isotopes. Grass phytoliths are taxonomicaily more 

refined, often offering resolution to the genus level. Phytoliths yield much older "C ages 

than SOM fix)m the same strata, hence extending the temporal scale at 'wiiich a change 

from C3 to C4 grasses occurred. McClaran and Umlauf analyzed SOM and phytoliths 

fiom the open grassland and beneath a patch of small mesquite trees within a C4 grassland 

matrix on the Empire-Cienega Resource Conservation Area in southeastern Arizona. 

Both phytoliths and carbon isotopes in deep SOM reflected the past dominance of C4 

grasses, with the surface horizon reflecting the increase in C3 mesquite. The '̂ C ages for 

phytoliths were significantly older than SOM fix)m the same horizon at all soil depths, 

extending the period of record fiom 211S+/-4S yr BP from SOM to 819S-i-A^S yr BP 

from phytoliths. 

One of the primary concerns with using opal phytoliths to date sediments or track 

vegetation change is the possibility of open system behavior. Phytoliths may be subject to 

movement with soil by water and wind erosion, and mixing within soil profiles by 

bioturbation and illuviation. These processes can result in opal phytolith assemblages 

from a given site or depth being potentially composed of phytoliths of various ages and 

origins (Kelly et al. 1991). Rovner (1988) asserted that phytoliths are not susceptible to 

translocation in soil and that phytolith populations typically represent decay-in-place 

plant residues in sediments, but he admitted that phytoliths can be moved by wind and 
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water erosion. Fredlund and Tieszen (1994) identified several mechanisms for phytolith 

dispersal on a landscape or regional scale, including eolian or fiie-eolian transport, 

herbivory, and fluvial/colluvial movement. Their study of 15 Great Plains native 

grassland sites showed that soil assemblages strongly reflected regional rather than local 

vegetation. 

The production of opal phytoliths at a given site is subject to many influences 

such as variation in precipitation on seasonal, annual, and longer time scales, removal of 

above-ground biomass by herbivory, the possibly significant but essentially neglected 

contribution of roots to soil phytolith inventories (Pease and Anderson 1969; Sangster 

1978; McNaughton et al. 198S), and the composition of the dominant vegetation. 

Although grasses produce abundant and persistent phytoliths, many dicots produce few, 

undiagnostic, or readily dissolved calcium phytoliths. As with pollen, some phytolith 

forms may be over-represented due to greater biomass of genera producing them 

(Fredlund and Tieszen 1994). 

Phytolith taxonomy remains problematic because the same plant may produce 

many different phytolith forms (multiplicity) and a single phytolith form may be 

produced by a number of plant taxa (redundancy) (Fredlund and Tie^n 1994). Several 

classification systems are in use, and the development of phytolith taxonomies has been 

identified as a pressing need to enhance the utility of this technique (Twiss et al. 1969; 

Brown 1984; MulhoUand 1989; Pearsall and Dinan 1992). 
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Packnt Middens in tiie Sonoran and Ciiilittaliuan Deserts 

Plant and animal maciofossils found in packrat middens present an unparalleled 

opportunity to understand vegetation change in the Southwest. Packrat middens preserved 

in dry caves and rock shelters provide macrofossils that can be identified to the species 

level and radiocarbon dated (Webb and Betancourt 1990). The spatial scale of an 

individual midden is a radial area approximately SO m around the midden, representing 

the woodrat (Neotoma spp.) foraging area. However, numerous middens collected fiom a 

region provide information on a much larger spatial scale. 

The midden record contains many instances of anomalous species pairs, e.g. 

species associations without modem analogs. According to Van Devender (1990) this 

strongly supports the Gleasonian individualistic view of community organization 

(Gleason 1939). Species with broad environmental tolerances have persisted through 

periods of great climatic change, and some less tolerant relicts of past climates remain, 

restricted to acceptable microclimates. These difTering species tolerances to continuing 

environmental fluctuations seem to have resulted in dynamic non-equilibrium community 

compositions in midden records. 

Vegetation reconstructions based on packrat middens covering the approximately 

40,000 years since the last full-glacial period have focused on the Sonoran Desert of 

south-central Arizona and the Chihuahuan Desert of southern New Mexico and northern 

Mexico. Based on macrofossils and radiocarbon dates fiom 199 middens representing 36 

local areas in the Sonoran Desert, Van Devender (1990) reported unidirectional 
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vegetation change since the last glaciation similar to moving down in elevation or 

latitude. During the late Wisconsin and early Holocene 9000-11,000 yr BP, pinyon-

juniper-oak woodlands expanded downslope in southern Arizona fix)m ISSS to SSO m 

elevation, indicating cooler summers with more winter precipitation. Woodland trees 

coexisted with present-day Mojave Desert species such as Joshua tree (Yucca brevifolia 

Engehn.). Van Devender suggested that winter temperatures were mild due to arctic air 

masses being blocked by continental glaciers, resulting in ecological mixtures of 

woodland and desertscrub plants not found in association today. During the middle-to-

late Holocene 9000 yr BP, winter rainfall declined and summer temperatures increased, 

but summer precipitation was greater than today. Van Devender proposed that the 

Holocene monsoonal maximum occurred after 9000 yr BP, disagreeing with Spaulding 

and Graumlich, who proposed a dry Altithermal. By 4000 yr BP, middens contained 

modem plant macrofossil assemblages, indicating less fivquent winter fieezes and 

summer precipitation similar to that seen today. 

A study of 220 middens finm 24 sites in the Chihuahuan Desert (Van Devender 

1990) showed patterns similar to those found in the Sonoran Desert, with a more or less 

unidirectional vegetation sequence firom Late Wisconsin pinyon-juniper-oak woodland to 

middle Holocene desert grasslands to late Holocene Chihuahuan desertscrub. Warm-

season perennial grasses appeared in several middens firom the late Wisconsin (11,000 yr 

BP), indicating some summer precipitation. The middle Holocene brought increased 

summer temperatures and greater monsoonal precipitation than occurs today. Unlike the 
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Sonoran Desert, however, severe winter freezes due to southerly incursions of arctic air 

were more common in Ae northern Chihuahuan Desert than today, and may have favored 

the development of grasslands over subtropical desertscrub. Since the late Holocene 

around 4000 yr BP winter freezes have become less frequent, summer precipitation has 

remained available, droughts have increased, and many grasslands have been displaced 

by desertscrub. Creosotebush appeared in the northern Chihuahuan Desert at this time, 

and probably spread westward along the desert scrub corridor connecting the Chihuahuan 

and Sonoran Deserts across the Continental Divide. 

McAulifTe and Van Devender (1998) examined plant macrofossils from packrat 

middens from the northern border of the Sonoran Desert in Arizona. Agreeing with 

midden results from more southern locations, they found Holocene vegetation changing 

from evergreen woodland ^ines, oaks and junipers) to desert shrubs and succulents. The 

presence of warm-season perennial bristlegrass (Setaria leucopila Scribn. & MertJS. 

macrostachya H.B.K.) on exposed slopes during the middle Holocene suggested greater 

warm-season moisture than today. 

Spaulding and Graumlich (1986) compared paleoclimate reconstructions based on 

plant macrofossils from three radiocarbon dated packrat midden sites in the northern 

Mojave Desert with those modeled by the U.S. National Center for Atmospheric 

Research Community Climate Model (CCM). The model simulated the position of the 

Pacific winter storm track, \^ch is now north of 42 degrees N, but may have shifted 

south during the full glacial period, possibly resulting in pluvial climatic conditions in the 
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Southwest In the model, the Siena Nevada Mountains presented a barrier to westerly 

flow north of 36 degrees N, so drier conditions prevailed north of the mountains 

compared to pluvial conditions south of the mountains. The CCM model indicated 

intensified monsoonal July precipitation during the late Wisconsin and early Holocene, 

corroborated by the Mojave Desert midden data. Spaulding and Graumlich attributed the 

change in climate to increased summer insolation between 9000 and 11,000 yr BP. 

Van Devender et al. (1990) presented the grass record ftom four middens in the 

northwest Sonoran Desert Nme of the 23 grass species they found were 11,000 yr old or 

older, all but three were C4 species, and most are found near the midden sites today as 

well as at higher elevations in pinyon-juniper-oak woodlands. They are typical of 

dTought-adiq)ted grass species that are small, short-lived, and flower quickly in response 

to seasonably available precipitation. 

Van Devender (1995) summarized and interpreted the pollen and midden 

evidence for semidesert grassland dynamics during the 2.4 million years of the 

Pleistocene to the present Fifieen to 20 glacial-interglacial cycles occurred during that 

time. Grasslands declined during ice ages and were replaced by woodlands, subsequently 

expanding during interglacial periods as woodlands retreated to higher elevations. 

Grasslands reformed during the Holocene at the end of the last ice age and peaked in 

concert with sunomer monsoon rain&ll between 9000 and 4000 years ago. Desert shrubs 

and succulents have increased since then as aridity has intensified. This transition is a 

natural process with precedents m the paleoenvironmental record. However, the change 
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finm glass to shrob vegetation experienced since the turn of the century has been so 

severely compounded by human activities that recovery of grasses may be impeded when 

the climatic pendulum swings back towards a more mesic regime. 

Although it is a powerfiil tool for vegetation reconstruction, packrat middens have 

limitations for studying grasslands (Waters 1989; Spaulding 1990; Anderson and Van 

Devender 1991). Few midden analyses have focused on grass macrofossils. Southwestern 

broad alluvial fans, valley bottoms, and table lands are not well represented in the midden 

record because of the spatial constraints of the method (Spaulding 1990). Midden data are 

not ideally suited for documenting grassland vegetation due to midden location in rocky 

outcrops and the limited packrat foraging range of40-60 m (Van Devender et al. 1990). 

For these reasons, midden pollen and macrofossils tend to underestimate grasses 

(Anderson and Van Devender 1991). In addition, the semiarid grasslands of southeastern 

Arizona are geographically and climatically intermediate between the Sonoran and 

Chihuahuan Deserts (Van Devender 1990). It may not be possible to extrapolate past 

climate or vegetation assemblages fiom middens located in these deserts to southeastern 

Arizona grasslands, and regional climate simulations cannot necessarily be extrapolated 

to subregions. 

Carbon Isotopes to Study Vegetation Change 

A vegetation reconstruction for southeastern Arizona fi»m carbon isotopes would 

provide different temporal and spatial scales and taxonomic resolution than historic, 

pollen, phytolith, and midden evidence. Carbon isotope studies have the potential to 



32 

provide direct and spatially explicit vegetation reconstructions in grasslands (Boutton 

1996; Boutton et al. 1998). Carbon isotopes in SOM offer broad taxonomic resolution 

capable of distinguishing trees, shrubs, and forbs having the Q photosynthetic pathway 

fiom warm-season perennial grasses having the C4 pathway. 

Most of the earth's carbon (98.89%) is found as the stable isotope '̂ C, with 1.11% 

found as stable isotope "C (Ehleringer and Rundel 1988; Tieszen and Archer 1990; 

O'Leary et al. 1992; O'Leary 1993). The isotopic composition of an organic substance is 

the ratio of '̂ C to '̂ C in the COj fi»m a combusted sample measured in a mass 

spectrometer that separates the '̂ C and '̂ C isotopes on the basis of their different masses. 

The carbon isotope ratio is expressed relative to the Pee Dee Belemnite (PDB) standard, a 

limestone fiom South Carolina that contains 1.123% "C. Results are calculated as delta 

carbon-13 values (S'̂ C) on a per mil basis Q)arts per thousand, %o) according to the 

following formula: 

8"C = [("C/'̂ C sample) - ("C/'̂ C standard)] / ("C/"C standard) x 1000 

where '̂ C/"C sample and '̂ C/'̂ C standard are the ratios of '̂ C to '̂ C in the sample and 

the standard, respectively. Negative values indicate that there is less "C in the sample 

material than in the standard (Ehleringer and Cooper 1988). 

The ratio of stable carbon isotopes in plant tissues and subsequently in litter and 

SOM varies with photosynthetic pathway. En^rmes used by C3 plants via the Calvin 

cycle discriminate against, the heavier '̂ C atom to a greater extent than the enzymes used 

by C4 plants via the Hatch-Slack photosynthetic pathway, resulting in distinct values of 
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caxbon isotopes in C, and C4 plant tissues ̂ ven et al. 1981; Salisbury and Ross 1985; 

O'Leaty 1993). In southeastern Arizona, most woody plants have the C3 photosynthetic 

pathway, whereas warm-season peremiial grasses have the C4 photosynthetic pathway. 

SOM reflects the S'̂ C value of the plant material from which it originated, 

making it an appropriate indicator of the photosynthetic pathway and hence the C3 shrub 

versus C4 grass composition of past vegetation (Deines 1980; Quade et al. 1989; Tieszen 

and Archer 1990; Cerling et al. 1993; Kelly et al. 1993; Boutton 1996). Carbon isotopes 

in SOM have been used to study vegetation change on various time scales in other parts 

of the world, but few studies have been conducted in southeastern Arizona. 

Stable carbon isotopes in carbonate and SOM firom the San Pedro Valley St. 

David Formation provided geologic time scale information on the proportion of C, and C4 

vegetation (Wang et al. 1993). A mixture of C, and C4 plants existed before about 1.8 

million yr BP. C4 biomass, as revealed in carbon isotope values in SOM, then increased 

until about 0.8 million yr BP, which could be attributed to increased sununer moisture 

and/or higher temperatures. Analysis of fossil teeth firom horses and mammoths revealed 

that the C4 biomass was graminoid. Cerling et al. (1998) documented the expansion of C4 

ecosystems in the south central Great Plains and the Chihuahuan and Sonoran Deserts in 

Arizona and northern Mexico 4-7 million years ago by examining stable carbon isotopes 

in equid tooth enamel. During that time span, C4 grasses became important in equid diets 

and the present North American distribution of C4 ecosytems became established. 
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including the south-north gradient of C4 to C3 grasses in the Great Plains and the 

Southwest summer monsoon precipitation pattern. 

The encroachment of C3 oak woodland (Quercus emoryi Torr.) and mesquite 

communities into two C4 grassland-savannas in southeastern Arizona was documented 

using stable carbon isotopes from SOM (McPherson et al. 1993). In grass areas, the 

isotopic value of litter, roots, and organic matter sampled to a depth of 50 cm were 

similar to the existing C4 grass vegetation. Under oak and mesquite trees, however, S'̂ C 

for organic matter became less negative with increasing soil depth, indicating a past of €« 

vegetation, >^le root values reflected a mixture of Q and C4 contribution. 

In a related study in southeastern Arizona, the oak savanna-grassland ecotone 

appeared to have shifted downslope into the C4 desert grassland between 700-1700 yr BP 

(McClaran and McPherson 199S). Soils sampled to a depth of 75 cm under oak trees at 

the tree-grass ecotone showed less negative values with depth, indicating previous C4 

occupation of the sites. Within the oak savanna itself however, S"C of SOM could not 

describe tree-grass dynamics, because decomposed deep tree roots contributed a Cj value 

to the SOM samples, and recent bomb-contaminated carbon afTected the '̂ C dates of the 

deeper SOM. 

Biggs (1997) used stable carbon isotopes and nutrient concentrations in soil to 

identify Holocene patterns of mesquite distribution in a warm-season perennial grassland 

under various fire frequencies. 5'̂ C values of SOM coincided with the concentrations and 
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spatial distribution of soil phosphorus and mtrate and confirmed the recent encroachment 

of mesquite into grasslands on Fort Huachuca in southeastem Arizona. 

Like other methods for studying vegetation change, carbon isotopes have 

limitations and assumptions. Stable carbon isotopes in present vegetation and in SOM 

provide taxonomic resolution only to the level of photosynthetic path^y. Although 

photosynthetic pathway is strongly linked to lifeform for plant species found in 

southeastem Arizona, there are several exceptions, notably the C4 shrub saltbush (Atriplex 

spp.), and C3 graminoids growing in cooler, moister habitats. There are a number of 

environmental sources of variation in plant and SOM carbon isotope values that must be 

accounted for in order to draw conclusions regarding vegetation change, including more 

negative isotope values of l-2%o in the atmosphere with fossil fuel burning (Tieszen and 

Archer 1990; O'Leary 1993; Toolin and Eastoe 1993; Cerling et al. 1997); variations on 

the order of several per mil in the isotope values of plant biomass due to temperature, 

moisture availability, and irradiance (Ehleringer and Cooper 1988; Tieszen and Archer 

1990; Ehleringer et al. 1992; Leavitt 1993; O'Leary 1993); and enrichment in carbon 

values during decomposition of l-3%o ^ecker-Heidmann and Scharpenseel 1986, 

1989,1992; NatelhofTer and Fry 1988; Wedin et al. 1995; Agren et al. 1996). SOM 

fiactions formed during decomposition (Mvic and humic acids, humtn, lignin) differ in 

carbon isotope values, decay at variable rates, and vary in vulnerability to translocation 

(Becker-Heidmann and Scharpenseel 1986, 1989, 1992; Balesdent et al. 1988; 

Christensen 1992; Trumbore et al. 1996). SOM is an open system in ^ch recent and 
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older plant materials are mixed by illuviation, bioturbation, and fivezing and thawing. 

Radiocarbon ages for SOM are influenced by the constant incorporation of new biomass, 

resulting in ages that are always younger than the oldest organic matter and the age of 

initiation of soil formation (Gilet-Blein et al. 1980; Scharpenseel and Becker-Heidmann 

1992; Trumbore 1996; Wangetal. 1996). 

Vegetation Change and Geomorphology 

Although the increase in woody species on rangelands is often presented as a 

ubiquitous ecological phenomenon, neither natural nor anthropogenic vegetation change 

has been uniform across landforms (McAuliffe 1995; Boutton 1996). It is possible that 

shrubs dominated certain ecological sites prior to European settlement due to soil or 

geomorphological constraints, creating mosaics of grasslands and shrublands that 

responded differently to disturbance. Soils and geomorphology control the distribution 

and storage of soil water, and this can have a strong influence on vegetation, particularly 

in regard to shrub and grass dominance. Landscape scale variation in site potential is an 

important consideration in assessing past and fiiture causes of vegetation change and 

approaches to resource conservation and management (McAuliffe 1994). Site capability 

assessments and management prescriptions may need to be customized for those parts of 

the landscape with different potential to support grass or shrub vegetation and unique 

responses to various land uses. 

Darrow (1944) observed different vegetation types associated with three major 

geomorphic locations and soil groups in Cochise County in southeastern Arizona. Red 
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Desert soils along the lower drainage of the San Pedro and the San Simon River had 

calcareous hardpans and supported creosotebush and mixed desert shrubs. Reddish 

Brown soils on bajadas had limy subsoils and were vegetated by grasslands or grasses 

and desert shrubs. Noncalcic Brown soils along the margins of intermountain basins had 

heavy textured subsoils and were associated with dense grass coyer or chaparral and oak 

woodland. Within grasslands, the tobosa and sacaton subtypes characterized heavy 

bottom land soils, with tobosa also occurring on gravelly slopes and ridges. A grassland-

desert shrub complex with grasses in the understory of large shrubs was found in habitats 

ranging from heavy clay soils of valley bottoms to coarse, roclgr soils of the upper 

piedmont and lower mountain slopes. Based on historical records, Darrow believed that 

the grassland-desert shrub vegetation type associated with shallow soils or rocky slopes 

had undergone little change in species composition since European settlement, but that 

grasses had decreased and shrubs increased on deep alluvial soils. 

Humphrey (1958) described the desert grassland of the Southwest as a 

heterogeneous landscape encompassing almost pure grass stands, savannas, and areas in 

v^ch grasses interspersed with a wide diversity  ̂ of shrubs. According to Humphrey, 

shrubs and cacti were present prior to human degradation but restricted to drainages or 

rocl  ̂areas with shallow soils. Humphrey and Mehriioff (1958) divided the plant cover 

on the Santa Rita Experimental Range (SRER) in southeastem Arizona into three major 

subtypes, each associated with a unique geomorphic setting prior to heavy livestock 

grazing. Semidesert shrubs grew at elevations from 2900 to 3500 ft (884 to 1067 m); 
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mesquite {Prosopis j'tdiflora (Swaitz) DC) with an undeistory of perennial grasses 

occupied the mesas from 3S00 to 4000 ft (1067 to 1219 m); and mixed grama grasses 

{Boutelom spp.) with intermittent mesquite and oaks (Quercus spp.) grew in the foothills 

from 4000 to 4500 ft (1219 to 1372 m). Vegetation surveys fiom 1904,1934, and 1954 

showed that woody plants increased markedly in area and abundance, and there was a 

relationship between landscape position and the timing, extent, and species composition 

of the increase. Grass dominated more than half the SRER in 1904, but by 1954 was 

largely restricted to the foothills. Burroweed was limited to the lower northwest part of 

the SRER in 1904 and spread across the entire range by 1934 except for a few areas in the 

foothills, with little increase in density after 1934. ChoUa {Opwntia spp.) was also 

restricted to the northwest and central portions of the SRER in 1904 and increased in area 

and density from 1904 to 1934 and again from 1934 to 1954, including the foothills. 

Mesquite grew in drainages and on the southern portions of the area in 1904, became 

firmly established throughout the SRER by 1934, and continued to spread until it covered 

almost the entire range by 1954. However, mesquite density was lower on the foothills. 

Creosotebush was confined to a small area in the northeast comer in 1904, and had 

increased to occupy 73 times as much area by 1954. 

Buffington and Herbel (1965) examined woody species encroachment with 

respect to soil type on the Jornada Experimental Range in New Mexico using vegetation 

surveys conducted from 1858 to 1963. During that time period mesquite, creosotebush 

and tarbush (Flourensia cermut DC.) increased as grass decreased from 90% to 25% of 



39 

the study area. The main invasion of mesquite was on sandy soils, with very little 

increase on gypsiferous soils. Creosotebush occurred mainly on slopes in gypsum-fiee, 

shallow, coarse-textured soils, where it coexisted in some areas with good grass stands in 

1858. However, selective grazing and recurring droughts reduced grass cover, resulting in 

erosion and a rapid increase in creosotebush. Tarbush invaded both mixed grass areas on 

medium-textured soils and heavier soils associated with tobosa grass and burrograss 

iScleropogon brevifolius Phil.). 

McAulifTe (1994) found a strong association between geomorphology and 

vegetation on three alluvial fans in the Sonoran Desert. Soils of different ages and 

stability were juxtaposed due to spatially and temporally variable erosion and deposition 

processes. Vegetation patterns corresponded closely to the resulting patchy landscape 

mosaic. Creosotebush was excluded finm areas with well developed argillic horizons due 

to limiting seasonal and surficial water availability in these soils. Comparing the three 

fans showed the importance of igneous lithology (highly weatherable intrusives versus 

weathering resistant extrusives) in controlling scales and patterns of erosion and 

aggradation and ultimately the scale and pattern of vegetation distribution. 

On the SRER, some areas that were denuded of native perennial grasses in the late 

I800's have been invaded by mesquite and AMcan Lehmann lovegrass (Eragrostis 

lehmarmiana Nees.), \«^ereas other similarly affected areas have experienced limited 

shrub invasion and are presently dominated by Lehmann lovegrass (McAuUffe 1995). In 

the latter instance, a shallow clay horizon prevents the penetration of both precipitation 
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and mesquite roots. The shallow roots of grasses rely primarily on summer precipitation 

in the upper soil layers, and the clay near the surface holds moisture where grass roots 

have access to it In areas of thick, coarse-textured alluvial deposits, mesquite roots reach 

deeply stored soil moisture that sustains them throughout the year and during periodic 

droughts. 

Monger et al. (1998) studied stable carbon and oxygen isotopes in buried soil 

carbonates as indicators of vegetation and geomorphic change in New Mexico and Texas. 

They examined three landforms: middle piedmont slopes, a lower piedmont slope and 

adjacent playa depressions, and an intermontane basin floor. Their results suggested a 

conversion firom warm-season perennial grasses to desert shrubs accompanied by 

Holocene erosion. The most prominent shift in carbon isotope values occurred at 

discontinuities between the youngest Organ alluvium, radiocarbon dated between 6400 

and 2200 yr BP, and underlying buried soils. Of the three landforms, vegetation changes 

indicated by carbon isotopes were greater on the middle piedmont slopes, indicating 

higher vulnerability  ̂ to climate change than lower landforms with finer textured soils 

receiving runoffl 

These studies indicate that different geomorphic surfaces in close proximity and 

exposed to essentially the same climatic conditions nevertheless often support very 

diverse vegetation. It is reasonable to expect that these environments and plant 

communities respond uniquely to natural and anthropomorphic forces driving vegetation 

change, such as global warming and cooling, shifting seasonal precipitation patterns. 
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atmospheric CO2 concentrations, and land use CBoutton 1996; Monger et al. 1998). In this 

study, the relationship between geomorphology and vegetation change was examined 

using carbon isotopes in SOM to trace grass and shrub dynamics on basin outlet, basin 

center, toe slope, mid-slope, and ridge top landsc£q)e positions. 
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RESEARCH QUESTIONS 

The overall purpose of using carbon isotopes to document vegetation change and 

its relationship to gieomorphology on the WGEW was addressed by three major study 

components: stable carbon isotopes in the present plant community; stable carbon 

isotopes in SOM as indicators of past vegetation; and radiocarbon ages for past 

vegetation assemblages. The carbon isotope method can distinguish changes in vegetation 

patterns at a very site-specific scale, allowing the spatially distinct distributions of present 

and past communities to be traced across a landscape of heterogeneous geomorphic 

features. Understanding landscape scale patterns of vegetation change allows resource 

managers to develop reasonable expectations regarding vegetation that can be supported 

in an area and thereby determine appropriate land uses. At the same time, investigating 

the spatial scope of vegetation change on different landscape positions in close proximity 

constitutes a test of the sensitivity of the carbon isotope method to resolve vegetation 

dynamics at a local scale, compared to regional scale resolution yielded by pollen, 

midden, and phytolith data. 

Stable Carbon Isotopes in the Present Plant Community 

Stable carbon isotope values for the present plant community were determined to 

test if S"C values of current vegetation could serve as a reference for SOM values. 

Carbon isotope values for present vegetation and organic matter were compared to 

determine if present plant communities are in accord with the belowground evidence for 

past communities. Di order to be useful in identifying if the grass or shrub lifeform was 
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the source of SOM, 5'̂ C values for C3 and C4 plants must be clearly distinguishable. S"C 

values for vegetation inputs into SOM must be estimated in order to calculate the 

proportions of C3 and C4 plants that initially contributed to it. S"C values have not been 

determined for many native Sonoran and Chihuahuan desert grasses and shrubs. 

This study sought to identify and quantify sources of variability in S'̂ C values 

within C3 and C4 plants that might obscure the distinction between them and hence input 

S"C values reflected in SOM. Species having the same photosynthetic pathway may 

differ by several per mil in their S'̂ C values, and within-species variability can be of 

similar magnitude. Two possible sources of within-species variability in 5"C are 

differences between above- and belowground biomass and differences arising fi:om water 

availability via landscape position. 

No data is available on 5"C values for below-ground biomass for most of the 

species evaluated in this study. However, the 5'̂ C values of above and below-ground 

biomass for an individual plant may vary, and this variation may be unportant due to the 

large contribution of roots to SOM. Roots and leaves contain different proportions of 

plant biochemical fiactions, and each component has a characteristic 5'̂ C value (Tieszen 

and Archer 1990; Boutton 1996). Leaves and roots for selected species were analyzed 

separately to document and quantify such differences for the dominant shrub and grass 

species. 

Soil and geomorphology can influence soil water availability and thus affect the 

S"C values of grasses or shrubs growing on different landscape positions. Other studies 
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have shown that within-species S"C values increase (become less negative) by up to 

several per mil with decreasing moisture availability ^hleringer and Cooper, 1988; 

Ehleringeretal. 1992). 

The analysis of plant material S"C sought to answer three specific research 

questions to confirm the utility of SOM for describing differences in vegetation change 

among landscape positions: 

1. What were the stable carbon isotope values for dominant modem C4 grasses 

and C3 shrubs at this site? 

2. Were there within-species isotopic differences between the wetter basin center 

and drier ridge top landsc£q)e positions? 

3. Were there isotopic differences between above- and belowground biomass for 

selected species? 

Carbon Isotopes and Photosynthetic Pathway. 5'̂ C values for C3 plants range fit)m -

22%o to -38%o with an average of -21%o, and values for C4 plants range fiom -9%o to -

21X0 with an average of -13%o (Tieszen and Archer 1990). These values include an initial 

discrimination of •4A%o against the heavier "C isotope during difiiision of atmospheric 

CO2 into stomates (O'Leary 1993). In C3 plants, the ribulose l,S-bisphosphate 

carboi^lase/oxygenase ^uBP carboiQrlase) pathway is the first step in COj fixation, 

producing a three-carbon compound (Raven et al. 1981; Salisbury and Ross 1985; 

O'Leary 1993). hi the Hatch-Slack C4 photosynthetic pathway, phosphoenolpyruvate 

^EP) carboxylase catalyzes the initial fixation of CO}, producing a four-carbon 



45 

compound. RuBP carboxylase and PEP carboxylase fiactionate the heavier "C atom to 

different degrees. 

Waller and Lewis (1979) published a compilation fix)m a literature survey of 5"C 

values for grasses. For common C4 species in the WGEW area, they found values of -

13%o and -14%o for three-awns {Aristida spp.), -14%o for wolftail (Lycuns phleoides 

H.B.K.), -1396o for dropseed (Sporobolus spp.), -ll%a for bull grass (Muhlenbergia 

emersl̂  Vasey), -ll%o for cottontop (Digitaria califomica (Benth.) Henr.) and -12%o 

for the non-native Johnson grass (Sorghum halepense (L.) Pers.) and buffel grass 

(Cenchrus ciliaris L.). Boutton et al. (1998) reported S"C values for common C3 shrubs, 

including -26.8%o for desert hackberry (Celtis pallida Torr.), -25.IXo for honey mesquite 

(Prosopis glandulosa Torr.), and -26.8960 for grey thom (Condalia hookeri). 

Plants that use crassulacean acid metabolism (CAM) separate the two 

photosynthetic pathways temporally instead of spatially (Raven et al. 1981; Salisbury and 

Ross 1985). CAM plants open their stomates at night to receive CO2, which is converted 

via the C4 pathway using PEP to create malic acid that is stored in vacuoles until light is 

available, when it is processed via the Calvin cycle. The entire process takes place in the 

same cell. By opening their stomates only at night, transpirational water losses are 

minimized. CAM plants are mostly succulents such as cacti, yuccas, agaves, and 

stonecrops (Crassulaceae family), and are isotopically intermediate between Cj and C4 

plants. Some succulents are obligate CAM plants, but others are facultative CAM plants. 

In moisture-stressed environments, they are isotopically similar to C4 plants, but under 
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higher moisture availability they are isotopically similar to Q plants. OpurUia 

macrofossils fiom Mohave Desert packrat middens dated 10,000 yr BP, when the 

postglacial climate was warming and drying, had a S"C of -13.9%o, whoeas those fiom 

>40,000 yr BP, during the cool, moist glacial period, had a value of -21.9%o (Wells 

1976). 

Environmental Sources of Variability in Plant Isotope Values. Environmental factors 

can cause more negative 5'̂ C values in plant material by reducing the availability or 

activity of the photosynthetic en^rmes, such as sub-optimum temperatures, low nutrient 

status, or low light (Tieszen and Archer 1990). If enz^e activity declines and stomates 

remain open, the internal leaf concentrations of CO2 rise, permitting greater 

discrimination against "C as mote '̂ C is available (Leavitt 1993). Reducing water 

availability, on the other hand, has the opposite efTect If stomates close while light for 

enzyme activity is available, virtually all internal CO2 is utilized, less discrimination 

against '̂ C is possible, and S"C values become less negative (O'Leary 1993). 

Soils and geomorphology control the distribution and storage of soil water, and 

this can influence the 5"C values in plant biomass. Ehleringer and Cooper (1988) 

sampled Cj plants along a wash-to-slope moisture gradient in the Sonoran Desert and 

found that 5"C values within species became more negative by about 2%o as moisture 

increased. The same relationship was evident for seasonal moisture fluctuations at the 

same study site, with intraspeciflc S"C values varying fiom l-3%o during the year 

(Ehleringer etal. 1992). 
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S"C in plants can vary due to environmental effects by several per mil in a 

positive or negative direction. However, these effects are most pronounced in C3 species, 

whereas carbon isotope values in the tissues of C4 species are much less affected by 

environmental conditions (O'Leary et al. 1992). Temperature in particular may influence 

C] species. In C3 plants, the CO2 compensation point increases with increasing 

temperature. Q plants have much higher COj compensation points than C4 plants, so C4 

plants become COi-saturated at lower intercellular CO2 levels than C3 plants (Nobel 

1991). The CO2 compensation point is the atmospheric CO; concentration at which the 

CO2 evolved by respiration and photorespiration balances CO2 fixation in photosynthesis 

(Salisbury and Ross 1985; Nobel 1991). Net COj fixation can only proceed at 

atmospheric CO2 concentrations above the COj compensation point. C4 plants are almost 

saturated at ambient CO2 concentrations. C3 plants, however are not saturated at 

atmospheric CO2 levels, and show increased fixation and yield with increasing ambient 

CO2 levels (Nobel 1991). In C3 plants, increased atmospheric CO2 concentration 

decreases photorespiration by increasing the ratio of CO; to O2 available to RuBP 

carboxylase (Salisbury and Ross 1985). Photorespirational losses of CO2 also increase 

with temperature, because higher temperatures increase the ratio of dissolved O2 to CO2 

(Salisbury and Ross 1985). Optimal temperatures for photosynthesis are 20-35* C for C3 

plants and 30-45* C for C4 plants 0>lobel 1991). Net photosynthetic rates are higher for C4 

plants than for C3 plants under conditions of unlimiting light and high leaf temperatures. 
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Because €« plants have lower CO2 compensatioii points than C3 plants, C3 plants 

are also affected more by limited moisture availability than C4 plants. Water use 

efficiency (WUE), defined as the amount of photosynthate produced per amount of water 

transpired, is twice as great for C4 as for C3 plants (Nobel 1991). WUE and carbon 

isotope discrimination are both a function of the ratio of COj concentration in leaf 

intercellular spaces to that in the atmo^here, because both depend on stomatal resistance. 

Because they use COj more efficiently, C4 plants can attain the same photosynthetic rate 

as C3 plants with smaller stomatal openings, and therefore less water loss (Raven et al. 

1981). WUE increases as stomates close (Ehleringer 1993), but lower concomitant CO2 

uptake results in lower productivity if internal CO2 falls below the CO2 compensation 

point ̂ obel 1991). WUE can confer a competitive advantage under conditions of highly 

variable moisture availability and periodic droughts (Ehleringer et al. 1992), and could 

have consequences for plant community composition as long>term climate changes. 

Carbon Isotope Variability Among Plant Tissues 

Large differences in S"C values have been documented among biochemical 

fractions within plants (Deines 1980; Boutton 1996). The S"C values of above- and 

belowground biomass for an individual plant may differ because roots and shoots contain 

different proportions of plant biochemical fractions (Tieszen and Archer 1990; Boutton 

1996). Pectin, hemicellulose, amino acids, and sugars are enriched by l-4%o with respect 

to v^ole plant values, whereas cellulose, lignin and lipids are depleted by 1-S%e, 

resulting in a possible spread of 10-12%o between the least and most enriched fractions. 
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Lignin is depleted in '̂ C by S-696o compared to bulk plant tissue (Jenkinson 1981; 

Boutton 1996). Wedin et al. (1995) found that grass lignin was consistently more 

negative than bulk tissue by an average of -3.696o, and aboveground lignin was -l.l%o 

more negative than belowground lignin. 

Lignin is second in abundance only to cellulose in terrestrial plants, and fimctions 

as a strengthening material for ceil walls, in particular the xylem elements (Salisbury and 

Ross 1985; Crawford 1991). It occurs in largest amounts in wood, comprising 15-25% of 

the dry weight of many woody angiosperms, 25-35% of gymnosperms, and 10-30% of 

monocots (Crawford 1991). SOM derived fix)m labile plant components (sugars, amino 

acids, pectin, cellulose and hemicellulose) has S"C close to whole-plant values, and these 

fi:actions are the most quickly utilized by microorganisms near the soil surface (Deines 

1980; Natelhoffer and Fry 1988). Lignin is the SOM fraction that is most resistant to 

decay (Jenkinson 1981; Wedin et al. 1995; Boutton 1996). 

Despite variability among biochemical fractions, however, variation among 

tissues within a plant is relatively small (Deines 1980; Boutton 1996). Tieszen and 

Boutton (1988) found less than 2%o difference among tissues for six east African C4 

grasses, with roots and live leaves less negative than dead leaves and stems. Their species 

included one three-awn (Aris/ida adoensis) and one lovegrass (Eragrostis racemosa). 

Balesdent et al. (1987) measured average 5"C values of -13.5%o for com leaves, -11.8%o 

for roots, and intermediate values for sheaths and stalks. Deines (1980) cited reports that 

tomato roots were 2%o less negative thaa leaves and IXo less negative than stems, and 
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that roots of the grass Thalassia testudimm were 3.1%o less negative than leaves. Dzurec 

et al. (198S) measured a difiference of less than 2%a between winter&t {Ceratoides lanata 

(Pursh) XT. Howell) leaves and roots, with roots fiom the surface 0-15 cm being less 

negative and those from depths of 15-100 cm being more negative. For shadscale 

{Atriplex confertifolia (Torr. et Frem.) S. Wats.), roots at all depths fiom 0-100 cm were 

less negative than leaves by less than one to almost 2%o. McPherson et al. (1993) found 

mesquite and oak roots &om depths up to 50 cm to be slightly less negative than litter. 

Study Design. To assess the utility of using SOM to describe vegetation change across 

landscape positions, this study first established S'̂ C values for species common in present 

grass and shrub communities on the WGEW. S"C values were determined for five warm-

season perennial C4 grass species, four large and five small C3 aiidland shrub species, and 

one forb species. Based on 5'̂ C values widely reported in the literature, C4 grasses on the 

WGEW were expected to have values ranging from -129(o to -14%o. C3 shrubs and forbs 

were expected to have values ranging from-21%o to-29%o. 

One C4 grass and one Q shrub species were evaluated for differences in S'̂ C 

values associated with landscape position. Although the basin and ridgetop geomorphic 

locations host very different vegetation communities, two species were identified that 

currently occupy both areas, and these were collected to compare the possible efifects of 

the different environments on 8"C values within species. Sideoats grama is a dominant in 

the basin and a few plants were found along small ridgetop gullies. Scattered w^tethom 

acacia grow on the basin floor. Based on research by Ehleringer and Cooper (1988) and 
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Ehleiinger et al. (1992), plants growing in the more mesic basin were expected to have 

S"C values that were l-296o more negative than plants of the same species growing on the 

more xeric ridge top due to the effects of moisture stress on S"C values. 

Differences in above- and belowground S"C values were also determined. Few 

studies have reported S'̂ C values for within-species above- and belowground biomass, 

and no research has addressed this question for the species evaluated in this study. If 

above-ground structures contain more lignin than roots (Salisbury and Ross 1985), it 

would be expected that aboveground biomass would have more negative S"C values than 

belowground biomass, because lignin is depleted in "C with respect to bulk tissue 

03eines 1980; Tieszen and Boutton 1988; Boutton 1996). Comparisons in the literature 

indicate that roots tend to be up to 2%o less negative than other plant parts (Dzurec et al. 

1985; Tieszen and Boutton 1988; McPherson et al. 1993). 

Stable Carbon Isotopes in Soil Organic Matter 

Past shrub and grass vegetation composition on the WGEW was investigated by 

interpreting the 5'̂ C values in SOM at various depths in the soil for the five landscape 

positions. The modem vegetation composition changes dramatically across these five 

geomorphic locations, but it is not known if or when the plant communities diverged in 

the past However, 5'̂ C values of SOM at different depths can vary by several per mil 

due to factors independent of vegetation change, specifically alterations in 8"C resulting 

from diagenesis of SOM, variation in the S"C of atmospheric CO2, and environmental 

fiictors <?nntTflMiting to the S"C value in the plant material. It is important to assess the 
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magnitude of variation in S"C values due to decomposition or atmospheric COj S"C in 

order to discem variation arising fit)m vegetation change. To aid in this assessment, the 

S"C values of the low density (<2g/cm^) and high density (>2g/cm^) SOM fiactions were 

compared. The low density SOM fraction decomposes in a few years (less than a decade 

in warm climates), and represents recently deposited SOM that has not undergone 

decomposition. The high density fraction is composed of SOM integrated over the past 

several decades to several hundred years (Balesdent et al. 1988; Trumbore et al. 1996). 

The specific research questions regarding past vegetation composition were: 

1. What were the dynamics of past C4 grass and Cj shrub vegetation composition 

as determined by 5"C values in SOM at different depths in the soil? 

2. Did vegetation change occur consistently across the five landscape positions? 

3. Did the light and dense SOM fractions differ in their isotopic value and if so 

what does that mean in terms of vegetation change, dii^enesis, or atmospheric S'̂ C 

values? 

Soil Organic Matter Carbon Isotopes and Vegetation Change. Depth distributions of 

5"C and '̂ C activity can be used to investigate processes such as decomposition, 

percolation, clay adsorption, vegetation change from C3 to C4 plants, and climate change 

(Becker-Heidmann and Scharpenseel 1992). Many studies have investigated vegetation 

change between C3 and C4 species based on changes in SOM 8'̂ C with profile depth. 

In the Congo organic matter S"C values from a 260 cm-thick horizon showed that 

C3 forest vegetation had been replaced by a C4 grass savanna (Schwartz et al. 1986). 
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Organic matter in the A1 horizon matched the existing C4 graminoid vegetation in its 5'̂ C 

value (-13.3%o), whereas organic matter in the B horizons matched the value under 

nearby forests (-26.6%o and -27.8%o) and that of a fossil root fragment found in the B 

horizon (-28.8%o). The B horizon was dated at 30,000-40,000 yr BP, and very little 

modem organic matter had been translocated below the A horizon. 

A comparison of SOM 5'̂ C with the value of the current prairie cover in Montana 

showed a trend towards C4 replacement by C3 vegetation (Tieszen and Archer 1990). The 

soil beneath a stand dominated by C3 westem wheatgrass (Agropyron smithii Rydb.) 

contained a strong C4 value. At a site with approximately 50% C4 blue grama (Bouteloua 

gracilis (H.B.K.) Lag.ex. Steud.) cover and 50% C3 cover, the soil value was also 

strongly C4. 

At Lamto along the African Ivory Coast, organic matter tumover under savanna, 

deciduous woodland, and transitional grass savanna-to-woodland vegetation was 

investigated using 5'̂ C (Martin et al. 1990). Soils were sampled to 120 cm. As expected, 

a strong C4 value was found in SOM under grass savannas (-12.9%o to -15.8%o) and a 

strong C3 value under forests (-27.5%o to -23.5%o). Under savannas, S"C became more 

negative with depth, whereas under forests the value became less negative. Woody 

vegetation may have existed under the present-day savanna at some point in the past. In 

the top 10 cm, most of the carbon was present in the 0-2 jim and the 2-20 ^m fractions. 

All fractions had similar values except the finest fraction (0-2 fun) under the savanna, 

\^ch was more negative in 6"C value (-14.1%o). Under the forest-invaded savanna. 
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values near the sur^e reflected the new C, vegetation (-28.3%o to -29.796o) and became 

progressively more C4 with depth, and the values of the size fiactions varied. The finest 

firactions (0-2^m, 2-20 ^m) were presumably older materials and were less negative (-

I8.IX0 to -19.4Xo) than the presumably younger coarse firactions (>S0 ^m, -26.39(0 to -

27.0%o). These size fiaction differences indicated a slower turn over time for smaller 

firactions (<S0 ̂ m), about 50% in 16 yr. 

In the Colorado Central Plains, Kelly et al. (1993) sampled the isotopic 

composition of SOM, carbonate, and opal phytoliths to a depth of200 cm. At two sites, 

the data indicated an increase in C4 vegetation over the last several thousand years, but at 

a third site C4 vegetation appeared to have peaked during the mid-Holocene and declined 

since then. 

Carbon isotope values of SOM were used to assess conmiunity composition 

changes in Utah (Dzurec et al. 1985). It was found that the C4 shrub shadscale was 

invading areas previously occupied by the Cj shrub winterfat. S"C &om SOM and roots 

sampled to a depth of 45 cm under pure stands of winterfat were similar to the values in 

the vegetation itself and surface litter. Under shadscale, however, the value finm roots 

and organic matter was much more negative than would be expected for pure C4 

vegetation due to remnants of C3 roots and organic matter under the present C4 canopy. 

Litter and root values were {^proximately 3%o more negative than SOM under C3 shrubs, 

with no difference under C4 shrubs. 5"C under C3 shrubs became less negative with depth 

by about IXo to 45 cm and by 2-3%o over 100 cm. Under C4 shrubs SOM 5"C was 
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depleted slightly to 45 cm, but enriched between 45 and 100 cm by almost 296o, showing 

a Cj contribution to the organic matter at greater depths. 

In a woodland-savanna in southern Texas, SOM carbon isotope data was collected 

to verify that C3 thorn woodland has displaced C4 savanna grasses in recent history 

(Tieszen and Archer 1990). Soil S'̂ C beneath thorn shrubs were less negative than the -

27%o to -32%o expected for C3 vegetation, but as shrub habitation time increased, the 

degree of departure 60m the expected Q value decreased. Soil S"C measured to a depth 

of 60 cm became less negative as sampling moved along a C4 to C3 continuum fi»m open 

grassland to pioneer shrub cover into mature shrub cover. 

Few studies have been done in southern Arizona using the carbon isotope method 

to docimient vegetation change. Notable among these are the SOM studies by McClaran 

and McPherson (1995), McPherson et al. (1993) and Wang et al. (1993), and the work by 

McClaran and Umlauf (in press) on SOM and phytolith 5'̂ C values. These studies are 

described in the Introduction. 

Soil Carbon Isotope Variability  ̂Independent of Vegetation Change. Although SOM 

reflects the 5'̂ C of the plant material from which it originated, studies from many settings 

have examined in-situ changes in 5'̂ C with depth independent of vegetation change. It is 

important to understand the magnitude and direction of these changes to distinguish their 

effects on S"C from those of vegetation change. The 5'̂ C value of bulk SOM increases 

slightly downprofile, with the value becoming less negative by l-3%o. There are several 

proposed reasons for this phenomenon, including illuviation of '̂ C-enriched SOM 
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firactions, preferential preservation of SOM fiactions higher in microbial 

discrimination against "C during decomposition, and declining 5"C values for 

atmospheric COj since the beginning of large-scale burning of fossil fuel around 1800 

AD. 

Becker-Heidmann and Scharpenseel (1989) used the thin layer sampling method, 

where successive one square meter horizontal layers were completely removed in 2 cm 

increments, to determine the S"C and dates for several tropical soils under 

agricultural production. The thin layer sampling provided high resolution of the depth 

fimcti'ons and the detection of old acid modem carbon within individual horizons. In the 

topsoil, plowing produced uniform isotope concentrations, and recent changes firom Q to 

C4 plants resulted in less negative 5"C. Below the mixed topsoil 5"C became less 

negative with depth. Becker-Heidmann and Scharpenseel attributed the increase in 5''C 

values to decomposition and vertical translocation of organic matter. Clay-enriched zones 

affected both 5'̂ C and '*C values as younger material accumulated at the less permeable 

textural boundaries. In German Alfisols, Becker-Heidmann and Scharpenseel (1986) 

showed young and undecomposed material was concentiated at horizon boundaries, 

where permeability decreased with changes in pore size distribution between layers. In 

the Bt horizon, old carbon was strongly adsorbed to clay, and the smaller-sized clay 

fraction (02-0.6 ̂ m) contained the oldest organic matter in all horizons. 

niuviation of soluble SOM fractions has been shown for some soil environments 

(Becker-Heidmann and Scharpenseel 1989), but not for others. Natelhoffer and Fry 
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(1988) found no evidence for illuviation of "C-enriched dissolved organic matter or 

differential preservation of "C-depleted materials such as lignin. They proposed that 

microorgau'sms discriminate against the heavier "C isotope during decomposition, 

resulting in "C-enriched residues. Their study of litter and SOM &om two oak forests in 

Wisconsin showed there was a small isotopic fractionation during decomposition, 

resulting in organic matter enrichment in "C with depth (-2S.2%o at 0-10 cm versus -

23.69(o at 10-20 cm). New inputs of C, oak litter reduced 5"C for organic matter in the 

first few cm of mineral soil. Isotopic firactionation during decomposition resulted in more 

positive values in organic matter with depth as well-decomposed, "C-enriched particles 

migrated gradually downward due to physical mixing with soil. The magnitude of the 

enrichment in finm S to 20 cm was l-2%o. 

In a grass decomposition study in Minnesota, Wedin et al. (199S) presented 

evidence for decomposer mixing to explain opposite shifts during decomposition in 5"C 

for C3 and C4 peremual grass litter. In litter bags, above- and belowground biomass from 

monocultures of the C4 grass Schizact^ium scoparium (Michx.) and the Q grasses 

Agropyron repens (L.) Beauv., Poa pratensis L., and Agrostis scabra Willd. were 

allowed to decompose for 2 years. At 70% mass loss during decomposition, bulk and 

lignin S"C values for Schizachyrium (the C4 species) became more negative by l.S%o and 

1.0%o for bulk above- and belowground tissues, respectively, and by 1.3%o and O.696o for 

above- and belowground lignin, respectively. Average S"C values for the three Q species 

became less negative by 0.69(o for bulk above- and belowground tissues, and by 1.5%o 
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and l.lXo for above- and belowground Ugnin, respectively. A mixing model in which 

carbon from SOM was incorporated into litter by microbial decomposers accounted for 

the shifts rather than differential loss of labile and resistant carbon fractions or microbial 

fractionation. The SOM 5"C value (-22%o) was intermediate between the C4 (-12.22%o) 

and C3 (-25.9996) to -27.69%o) grass values, so microbial mixing brought both signals 

closer to the SOM value. The incorporated carbon was estimated to comprise 12-19% of 

the total litter carbon at the point of 70% mass loss. This study also did not find evidence 

for selective preservation of lignin, and no subsequent convergence of bulk tissue 5'̂ C 

towards lignin values. 

Agren et al. (1996) used the continuous quality theory to account for the 

commonly observed l-2%o increase in SOM 5"C with depth. The continuous quality 

theory modeled SOM 5"C based on how litter properties interacted with decomposer 

properties. Since lignin is depleted in '̂ C due to plant metabolic fractionation and is 

resistant to decay, litter should become depleted (more negative) during decomposition. 

However, this trend is counteracted by preferential decomposer use of "C, leaving a "C 

enriched residue. Deines (1980) compiled data from several sources to estimate lignin 

depletion with respect to whole plant tissues of -2.4+/-2.3%o. According to the continuous 

quality model, microbial growth rates (per unit of carbon utilized) and assimilation 

efGciency (amount of carbon converted to new decomposer biomass per unit carbon 

utilized) ate increased by high quality litter. High quality litter is low in lignin and 

enriched in "C with respea to lignin. As carix>n is cycled between litter and decomposer 



59 

biomass, part of the carbon is lost in respiration, and the ensuing mixture of litter and 

dead microbial biomass results in a shift in substrate quality and an enrichment in "C. 

The argument for preferential preservation of SOM fiactions higher in "C is not 

supported by the articles reviewed here. Lignin is the SOM fraction most resistant to 

decay, and it is depleted in '̂ C, which would result in a trend towards more negative S"C 

values with depth or time, which is opposite that which is observed. Decomposer 

respiration, however, could account for the frequently observed increase in SOM S"C 

with depth (Boutton 1996). Boutton reviewed the literature on invertebrate and microbial 

soil organisms and found their biomass had more positive S'̂ C values than their dietary 

carbon sources by l-696o. Respired CO2 on the other hand, was lower in S"C than 

associated substrates by O.S%o to ahnost 2%o. So as decomposers repeatedly process 

SOM, they sequester '̂ C in their tissues and respire '̂ C as CO2 into the atmosphere, 

leaving a residue enriched in "C over time (Boutton 1996). 

The approximately l%o decline in the 6"C value of the atmosphere since the 

Industrial Revolution would shift SOM to lower 6"C values by the same amount Since 

plant S"C values closely reflect atmospheric values, this change will be reflected in 

young SOM, with the most recent SOM in the upper part of the soil profile depleted in 

'̂ C compared to that deposited over 200 years ago and now located deeper in the soil. 

The youngest SOM is also expected to be associated with the less dense fraction, and the 

older SOM associated with the denser and smaller*sized particle fraction. 
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Study Design. This study first sought clear evidence for vegetation change indicated by 

large variations in SOM dense fiaction 5"C with soil depth ^ical of the wide dispariQr 

between C3 (-22%o to -28%o) and C4 (-1296o to •14%o) vegetation. Large and often abrupt 

changes in SOM 5"C with depth allow conclusions regarding directional vegetation 

change to be drawn without undue concern for the small per mil differences caused by 

diagenesis and other soil processes, atmospheric changes, and within-species 

environmental variations. In controlled field experiments or where vegetation history is 

well-documented, these causes may be eliminated or quantified, and smaller differences 

in SOM values can safely be attributed to vegetation inputs. However, when SOM 5"C 

values are used to determine if and when C3 - C4 vegetation change occurred in an area 

with an unknown or disputed history, uncertainty surrounding the effect of diagenesis, 

atmospheric changes, or environmental effects on SOM S'̂ C values may exceed the 

effects of vegetation change on SOM 5'̂ C values. 

In addition, this study determined if vegetation change occurred uniformly across 

five proximal landscape positions along a geomorphic gradient firom the outlet of a small 

enclosed basin to a bordering ridgetop. Vegetation change was not expected to occur 

consistently across the five landscape positions. It was hypothesized that vegetation 

composition did change on the C3 shrub-dominated ridge top and mid-slope landscape 

positions due to land use, and that a greater proportion or possibly primarily C4 grasses 

grew there prior to European settlement Vegetation composition was not expected to 

have changed on the C4 grass-dominated basin outlet, center, and toe slope landso  ̂
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positions. The loss of waim-season perennial grasses and their seedbanks on the slopes 

due to continuing selective livestock grazing was predicted to be accompanied by 

erosional soil loss and the resultant decline in soil water holding capacity, hindering the 

ability of grasses to regenerate on the ridge top and mid-slope. On the basin outlet, center, 

and toe slope landscape positions, however, vegetation was not expected to change, 

because both soil and runoff fix)m the slopes accumulated and enhanced soil water 

holding capacity, enabling grasses to persist despite continuing herbivory. 

Finally, this study evaluated differences in 5"C values between the light and 

dense (</> 2 g/cm^) SOM fi:actions in an attempt to identify the magnitude and direction 

of variation with depth independent of vegetation change. The light and dense SOM 

fraction isotopic signals were measured for selected soil depths on the five landscape 

positions to isolate the effects of vegetation change fiom diagenesis or atmospheric 6"C 

values. It was expected that the h'ght and dense fractions would differ on the ridge top and 

mid-slope landscape positions due to the predicted change from C4 to C3 vegetation, and 

that the difference would exceed the l-3%o expected from diagenesis or post-Industrial 

atmospheric CO2 concentrations. For the basin outlet, center, and toe slope positions, the 

difference between light and dense fractions was expected to be within the l-3%o range 

attributable to diagenesis or atmo^heric COj concentrations. 

Radiocarbon Ages for Soil Organic Matter 

Vegetation reconstruction requires a chronological time frame over which 

vegetation change occurred. In this study, the activity of in SOM was measured to 
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provide a corresponding relative age for past vegetation assemblages determined from 

d"C values. Where current and past carbon isotope values diverged, the extent and 

relative time of the change were examined. The period of particular interest in this study 

was the Holocene. 

Radiocarbon dating can provide an estimate of MRT for SOM (Tieszen and 

Archer 1990; Trumbore 1996; Wang et al. 1996). Since the light fiaction was expected to 

be younger than the dense fraction, the relative ages for the light and dense SOM from 

the same strata were obtained to provide an additional means of identifying recent 

vegetation change ̂ outton et al. 1998). The light SOM fraction turns over in less than 30 

yr and is expected to include bomb '̂ C from atmospheric weapons testing and to yield a 

modem or post-modem '̂ C age. The age of the passive dense fraction SOM pool can be 

best estimated from the '*C of the deepest strata, assuming that the source of new SOM is 

primarily in the upper soil layers and that the abundance of the active pool decreases to 

zero at depth (Trumbore 1996). 

The specific research questions regarding the relative ages of past vegetation 

assemblages were: 

1. What were the associated relative ages for the past vegetation assemblages? 

2. Did the timing of vegetation change vary among landscape positions? 

3. Did the light and dense SOM fractions differ in age and if so what does that 

mean? 
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The Radiocarbon Dating Technique. '̂ C is produced in the atmosphere fiom stable 

nitrogen-14 interacting with neutrons produced by cosmic rays (Faure 1977; Smart 1991; 

Trumbore 1996). Radioactive carbon is present in the atmosphere at a natural level of 

about one part in 10'̂  (Pilcher 1991). The '*C is incorporated into atmospheric and 

hydrospheric CO2 and very rapidly reaches a steady state concentration, maintained by 

atmospheric production and continuous radioactive decay back to nitrogen-14 by the 

emission of a beta particle. Living tissue is in equilibrium with atmospheric or 

hydrospheric until death, when radioactive decay results in declining '̂ C activity. By 

comparing the activity of the atmosphere with that of dead tissue, the time elapsed since 

death can be estimated. decays exponentially with time and the limits of the technique 

are approximately 50,000 years (Pilcher 1991). 

The half-life of '̂ C adopted in 1962 by the Fifth Radiocarbon Dating Conference 

was 5730 +/- 40 yr, although the journal Radiocarbon uses the value of 5568 +/- 30 yr 

initially proposed by W. F. Libby, a pioneer in the '̂ C dating method (Faure 1977). The 

modem (1950) activity of '*C is 13.56 +/• 0.07 disintegrations per minute per gram of 

carbon (dpm/g). The specific activity of a sample can be measured using traditional beta 

counting methods and related to the rate of '*C decay (Stuiver and Polach 1977). 

Accelerator mass spectrometry (AMS) is a newer and faster measurement method in 

which the ratio of '̂ C to "C atoms in the sample is counted (Smart 1991; Pilcher 1991; 

Trumbore 1996). Much smaller amounts of material can be dated with AMS. Solving the 
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following equation for time (t) gives the number of years since the death of the plant or 

animal tissue being dated: 

A = A,e-»' 

>^ere: A == measured '̂ C activity (dpm/g carbon) 

Ao = '*C activity when sample tissue was alive 

A.= hi2/t|/2 

t,yi = ''C half-life 

Sample specific '̂ C activity is compared with that of the National Bureau of Standards 

oxalic acid (Faure 1977). Like '̂ C and "C, fractionation of '*C occurs during biological 

and chemical processes, so sample activities are normalized to a S"C value of -2596o 

(relative to PDB). 

The internationally accepted form for expressing radiocarbon ages is yr BP, 

indicating that the age is calculated from 19S0 AD using the original half-life of SS68+/-

30 yr (Smart 1991). Conversion to the 5730 yr half-life can be made by multiplying by 

1.03. ages converted to calendar years are expressed as cal yr BP. 

A number of corrections must be made to obtain an accurate radiocarbon date 

from measured activity. The radiocarbon content of the atmosphere varies with solar 

cosmic ray flux, changes in the Earth's magnetic field, and variation in carbon reservoirs 

due to climatic changes. Anomalously high radiocarbon activity of unknown origin 

around 1710 and 1500 AJ). is known as the de Vries effect. In addition, combustion of 

fossil fuel since the 1850's has caused atmospheric radiocarbon content to decline by 
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adding older carbon in which activiQr has ceased, referred to as the Suess effect At the 

same time, above-ground nuclear testing during the 19S0's and early 1960*s caused 

atmospheric '̂ C to increase by 200 percent in 1963. Even now, atmospheric levels of'*C 

are 7% greater than pre-19S0 levels. 

To account for variation in past atmospheric '̂ C content, tree ring chronologies 

from European oaks are used to calibrate measurements within the last 8000-9000 yr. 

Deviations between tree ring calendar dates and '̂ C ages indicate that '*C ages are too 

young after the first millennium BP (Levi 1990). A uranium-thorium (U-Th) chronology 

from Barbados corals has been proposed to calibrate '*C dates to 40,000 yr (Bard et al. 

1990). The U-Th chronometer was created by comparing U-Th ages with '*C 

measurements and annual growth bands in coral skeletons (Levi 1990). The U-Th 

chronometer agrees well with the tree ring calibration for the last 9000 yr. The U-Th ages 

are older than the corresponding '*C ages, and the discrepancy widens with time, with a 

maximum difference of about 3500 yr at 20,000 BP. The explanation favored by Levi 

(1990) and Mazaud et al. (1991) is that a weaker geomagnetic field in the past allowed 

more cosmic rays to penetrate the Earth's atmosphere, creating a higher '̂ C concentration 

and thereby artificially younger ages in materials exposed to the enriched atmosphere or 

hydrosphere. 

Mazaud et al. (1991) predicted the atmospheric production of "C from the marine 

core record of geomagnetic field intensity for the last 80,000 yr, then compared it with 

the Barbados coral U-Th chronology. Good agreement between the magnetic calibration 



66 

of '̂ C ages and the U-Th coral chronology supported the hypothesis that geomagnetic 

fluctuations were the major source of variation in atmospheric during the last 50,000 

yr. From 18,000-40,000 years ago '̂ C ages were 2000-3000 yr younger than U-Th ages, 

and there was a small difference from 45,000-50,000 years ago. 

Radiocarbon Activity of Soil Organic Matter. Absolute '̂ C dating of soils cannot be 

done, except for buried paleosols or fragments of charcoal or wood (Gilet-Blein et al. 

1980; Scharpenseel and Becker-Heidmann 1992; Trumbore 1996; Wang et al. 1996). An 

exact numerical soil age cannot be determined because of open-system behavior caused 

by continuous rejuvenation of soil carbon in topsoil. Soils of various ages are mixed by 

bioturbation, illuviation, differential decay rates for organic matter components, 

complexing of organic matter with soil colloids, and root growth and decomposition. '̂ C 

dating of SOM represents the average age of the carbon atoms in this heterogeneous 

reservoir and is always younger than the age of soil formation. Although not an absolute 

age, '̂ C can be valuable in determining relative ages of soils with depth. Researchers 

have used various means to separate SOM into chemical and physical components in 

attempts to isolate the oldest fraction for dating, or the youngest fraction for investigating 

relationships between soil carbon sequestration and atmospheric CO2, and to calculate 

turnover times for various SOM pools. 

Chemical and Particle Size Separates. Gilet-Blein et al. (1980) tested two chemical 

methods for isolatmg the oldest fraction from SOM in order to use '^C to estimate ages of 

soil formation. They compared alkaline separation of humin and humic and fiilvic acids 



67 

with successive acid hydrolysis using soils from five sites in France. The successive 

hydrolysis method yielded residues with older dates for some samples but not others. The 

alkaline separation method produced different results depending on soil type, SOM '̂ C 

ages were consistently too young regardless of the chemical technique or site. 

Martin and Johnson (199S) investigated radiocarbon ages for SOM from buried 

soils in Nebraska and found "considerable differences among, but no consistent order to, 

the ages" of three SOM fractions (total, humic acid, and residue). For Holocene soils the 

residue was the oldest fraction and the humic acid fraction was the youngest, with the 

total fraction falling in between. However, for Pleistocene soils, no systematic pattern of 

ages was evident. 

Balesdent et al. (1988) planted com, wheat, and timothy in a C3 Missouri prairie 

soil and followed the changes in S'̂ C over 13 years. Soils were separated into particle 

size fractions, and the most stable organic matter was associated with the clay fraction. 

According to their calculations, labile carbon in the upper 20 cm of soil was exhausted in 

30-40 yr, depending on the type of cultivation, but a pool of stable organic matter of 

prairie origin persisted over approximately 100 yr of cropping. The authors predicted 

complete turnover of the stable organic matter under wheat in 600 or mote years, and 

1400 or more years under timothy with no mechanical cultivation. Below 20 cm a B 

horizon contained biologically stable organic matter of essentially prairie origin 

unaffected by cropping of either C3 or C4 plants, with S"C values approximately l%o 

higher than prairie surface soil. 
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Becker-Heidmann and Schaipenseel (1986) analyzed two German forest Alfisols 

for 5"C and to depths of 120 and 80 cm, respectively. The thin layer sampling 

technique was used, in which successive one square meter horizontal layers were 

completely removed in 2 cm increments. Despite considerable variation between 

successive layers, '*C age increased with depth. Young and undecomposed material was 

concentrated at horizon boundaries, where permeability decreased with changes in pore 

size distribution between layers. In the Bt horizon, old carbon was strongly adsorbed to 

clay. The clay fraction (0.2-0.6 fim) contained the oldest organic matter in all horizons. 

Becker-Heidmann and Scharpenseel (1989) also used the thin layer sampling method to 

determine '̂ C ages for several tropical soils under agricultural production. In the topsoil, 

plowing produced uniform isotope concentrations, and clay enriched zones caused an 

inflection of values as younger material accumulated at the less permeable textural 

boundaries. 

Becker-Heidmann and Scharpenseel (1992) developed a model to calculate the '*C 

age of soil organic carbon undergoing a constant rate of exchange with new organic 

material. In this model, a substance was partitioned into components, for example the 

mixture of metabolites fiom C, and €« plants. For German soil profiles having a 

maximum age between 2000 and SOOO yr BP, the model predicted an extremely low 

exchange rate. The authors attributed this large fraction of old organic compounds to 

adsorption of organic matter by clay. For the Alfisols th  ̂tested, the **C age was 

proportional to the clay content both within a soil profile and between profiles. 
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Paiton et al. (1987) applied the Century model to SOM decomposition in 24 Great 

Plains grasslands. They found the mean residence time ̂ «1RT) for the active fraction of 

SOM (microbial biomass and products, plus readily decomposable organic matter), was 

1-5 yr. Slow organic matter, consisting of physically protected or chemically resistant 

pools, had a turnover time of 20-40 yr. For recalcitrant or passive carbon, the Century 

model proposed an MRT of 200-1500 yr. They did not correlate the active, slow, and 

recalcitrant pools with density or chemical fractions. The model required only four 

driving variables: annual precipitation, temperature, soil texture, and plant lignin content 

Estimates of regional trends in organic matter content had an overall error of about 15%. 

Modeled SOM was very sensitive to grazing levels, with SOM decreasing by 40% as the 

simulated grazing level increased to 50% of annual production. 

Soil Grganic Matter Density Fractioiis. According to Christensen (1992), the concept 

of the light fraction was originally experimentally based on a liquid density near 2.0 

g/cm ,̂ but a density of 1.6 g/cm  ̂ has also been extensively used. The light fraction is 

generally considered to be a transitory pool dominated by decomposing plant and animal 

residues plus microbial decomposers and microfauna. Although no critical density has 

been found to completely separate light from mineral-complexed SOM, the amount of 

light SOM in a sample is highly dependent on the density of the fractionating liquid 

(Christensen 1992). A density of 1.6 g/cm  ̂ can produce four to 50 times lower light-

fisction yields than a density of 2.0 g/cm .̂ The proportion of light SOM also varies with 
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season, climate, land use, and vegetation type, and declines with soil depth (Christensen 

1992). 

Tnimbore et al. (1995) defined the active SOM fiaction as detrital plant material 

plus microbial biomass with a 1-3 yr turnover time, the slow fraction having decadal and 

shorter turnover time, and the passive fraction with centemiial to millennial tumover 

time. They physically separated SOM from forests and pastures in Brazil into high and 

low density compartments (>/<2g/cm^), then chemically treated the high density fraction 

with a sequence of acids and bases to produce a residue. The low density fraction 

consisted of the active plus slow pools, and the residue from the chemically treated dense 

fraction was composed of the passive fraction. 

Trumbore et al. (1996), analyzing A-horizon SOM, found the low-density fraction 

(<2 g/cm^) consisted of relatively undecomposed vascular plant material mixed with 

some charcoal. The high-density fraction (>2 g/cm^) was associated with the mineral soil. 

They used stable and radiocarbon isotopes in SOM along an elevation gradient in 

California to determine the effects of temperature on tumover rates. Sample sites shared 

common parent material, age, relief, slope, and aspect. Temperature decreased with 

elevation. Archived soils collected in the late 1950's served as the pre-bomb comparison 

for samples collected in 1992. The low density fraction (<2g/cm^) had a tumover time of 

6-8 yr at a mean annual temperature ̂ dAT) of 17.8 degrees C. At a MAT of 4 degrees C, 

the tumover time increased to 53-71 yr. The dense fraction had the longest tumover time, 

ranging finm 20-300 yr, and was not predictable firom temperature. 
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Density separation is usually done using the <2 nun soil particle size fraction, but 

it can be done on sand, silt and clay size separates. Densunetric analyses of particle size 

separates has shown that a larger proportion of the light fraction is often associated with 

sand than with silt or clay, but there is no clear relationship between particle size and 

SOM density fiiactions (Christensen 1992). Magid et al. (1996) tested three fractionation 

methods based on size and density. Two chemicals, Ludox TM40 (a colloidal silica 

suspension) and sodium polytungstate, were used for density separations at </> 1.13,1.4, 

and 1.8S g/cva?. The sodium polytungstate was used on whole soil samples and on </> 

100 |im size fi:actions. None of the fractions represented a distinct homogeneous pool 

with a uniform rate of decay, and the clay and silt fractions contained both very old and 

young organic matter. The authors concluded that the active fractions of SOM "are 

probably distributed among particles of various size and density and an isolat^le, active 

fraction is likely to remain elusive." 

Study Design. In this study, radiocarbon ages were obtained from surface, mid-profile, 

and the deepest horizons from basin outlet, basin center, toe slope, mid-slope, and ridge 

top landscape positions in order to estimate the time frame for vegetation changes 

suggested by the 5'̂ C values. Radiocarbon ages were expected to be stratigraphically 

consistent, e.g. ages increasing with soil depth with no age inversions. The upper strata of 

the depositional landscape positions (basin outlet, basin center, and toe slope) were 

expected to be mid- to late Holocene in age. Lower strata on these landscape positions. 
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especially near bedrock, and soil firom the mid-slope and ridge top landscape positions, 

were expected to be early Holocene or possibly older. 

The timing of vegetation change across the five landscape positions was 

compared with the expectation that the warm-season perennial grass communities on the 

basin outlet, basin center, and toe slope landscape positions existed since the early 

Holocene. If grass-shrub composition was different on these geomorphic locations in the 

past, it was expected to have been during the cooler and more mesic glacial period prior 

to the Holocene. Expectations for the timing of vegetation change on the mid-slope and 

ridge top landscjqw positions were less clear. One possibility was that if grasses declined, 

they did so during historic times, and the decline was unrelated to the glacial-interglacial 

transition at the end of the Holocene. An alternate possibility was that if the S'̂ C 

evidence showed grass decline on mid-slopes and ridge tops, it was associated with 

climatic warming and drying at the end of the Holocene. These landscape positions have 

shallower soils, higher runoff rates, and less water-holding capacity, and hence might 

have experienced postglacial xeric conditions sooner than the bottomlands. Although 

warm-season perennial grasses are adapted to heat and drought, desert shrubs are better 

adiq)ted to extreme heat and dryness. 

Radiocarbon ages for the light and dense SOM firactions for the surface and mid-

profile depths were compared for the five landscape positions to refine the time-fiame for 

possible vegetation changes. The light fractions were expected to always be younger than 
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the dense fractions, and the light fractions from surfrice soils were expected to have 

modem radiocarbon ages. 
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SITEDESCRIPnON 

Walnut Gulch Experimental Watershed 

Geologjr and Soib. The ISO-square kilometer WGEW is located in the San Pedro River 

Valley in southeastern Arizona's Cochise County at N3r43* and W110*41' (Renard et 

al. 1993). Located on a high, thick alluvial fan, the watershed surrounds the town of 

Tombstone and is characterized by rolling hills dissected by numerous stream channels at 

elevations ranging fit)m 1250 to 1S8S meters. Upland slopes are as great as 65%, with 2-

3% slopes in low-lying areas. The mountainous portions of the watershed consist of 

limestone ridges and igneous intrusions. Soils are well-drained, calcareous, gravely loams 

with abundant surface rock and gravel (Gelderman 1970; Simanton et al. 1994). Limy 

upland Natural Resources Conservation Service range/ecological sites account for 

approximately 46%, and loamy upland-limy slopes for about 25% of the entire watershed 

(Kidwell unpub. data). 

Climate. The WGEW has been instrumented to measure precipitation, runoff, and 

sediment since 1954 (Renard et al. 1993). The watershed receives approximately 300 

mm of bimodally distributed annual precipitation, with about 70 percent felling fiom July 

through mid-September. Both spatial and temporal precipitation variability are high 

(Osbome 1983). Osbom and Frykman (1984) analyzed the 1866-1981 precipitation 

records of five Arizona and three New Mexico stations for trends in seasonal patterns. 

For the Tucson station, both total annual and summer ^ay through September) 

precipitation showed a downward trend. Tucson winter November through March) 
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precipitation showed no annual trend over a 1 IS year period. However, winter rainfall 

increased from 1866-1914 and 1954-1981 and decreased from 191S-19S3. Although not 

statistically significant, the decrease in summer rainfall showed by the Tucson record 

amounts to about S cm per yr, and coupled with the periodic increases in winter moisture 

lasting several decades, could have significant effects on vegetation (Osbom and Lane 

1984). Semiarid plant communities are sensitive to episodic climatic events occurring at 

one to ten year intervals, that can result in dramatic shifts in community composition 

(Ehleringer et al. 1991). Winter finntal storms occur when runoff and evaporative 

demand are low, recharging the soil profile and providing a water source for deep-rooted 

woody species, whereas warm-season perennial grasses rely on summer rainfall for 

growth and reproduction Ehleringer et al. 1991). 

The Wahiut Gulch area experiences about 239 &ost-fi»e days per year (Renard et 

al. 1993). A time series analysis of point, regional, national, and global change data for 

the period 1901-1987 revealed an increase in average annual temperature for the 

southwestern U.S. of 1.2 degrees C per century, and 0.8 degrees C per century for Wahiut 

Gulch (Lane et al. 1994). Increasing temperatures were significantly correlated with 

rising atmospheric COj concentrations. 

Vegetation. Wahiut Gulch lies in a transition zone between the Sonoran and Chihuahuan 

Deserts (Hastings and Turner 1965; Brown 1994). With annual precipitation averaging 

300 mm, Wahiut Gulch hovers between the upper rainfidl range for desertscrub and the 

lower rainfall limit for semidesert grassland (Brown, 1994). The vegetation is 
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representative of proximately 60 million hectares of semiarid southwestern rangeland 

(Renard et al. 1993). Following the classification system of Brown (1994), the 

Chihuahuan desertscrub biotic community  ̂dominates the western half of the watershed. 

The eastern half of the watershed is characterized by semidesert grassland. A small higher 

elevation area at the most eastem comer of the watershed is madrean evergreen 

woodland. The areas bordering the channels throughout the watershed are represented by 

riparian scrublands. 

Land Use Histoiy. The town of Tombstone, surrounded by the WGEW, became 

Arizona's leading silver producer after its discovery there in 1878, and cattle ranching 

boomed with the completion of the Southern Pacific Railroad. Many early researchers 

and ranchers documented the explosion in cattle numbers on southeastern Arizona ranges 

beginning in the mid-1800's. Rangelands in southeastern Arizona underwent drastic 

deterioration from a series of droughts and severe overgrazing that co-occurred at the turn 

of the century (Toumey 1891; GrifBths 1901; Thoraber 1911; Haskett 1935; Flory and 

Marshall 1942; Hastings and Turner 1965; Young et al. 1979; Cox et al. 1982; Bahre 

1991; Roundy and Biedenbender 1995). 

RJV. Darrow from the UniversiQr of Arizona Agricultural Experiment Station 

described Cochise County, where the WGEW is located, as heavily grazed by 1885 

(Darrow 1944). Cattle numbers peaked in 1891, rapidly declining thereafter due to *\..the 

combined effects of drought and overstocking." Overutilization by livestock continued 

into the fi  ̂ decades of this century (Wilson 1931; Cassaday and Glendening 1940; Flory 
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and Marshall 1942). Darrow reported that in 1944 that levels of livestock utilization in 

Cochise County still exceeded the forage capacity of the range. The enclosed basin 

research site is part of a grazing allotment owned by the State of Arizona and is utilized 

under a rotational management system. Cattle preferentially consume the palatable grama 

grasses in the basin, and a water development on the northern ridge top encourages 

animal congregation and movement up and down the slope. 

Enclosed Basin Research Site 

The research site is a small enclosed basin located in the southeastern comer of 

the WGEW (T. 20 S, R. 23 E). The basin drains northeast, apparently only during very 

high intensity precipitation events, into the main channel of a larger subwatershed. The 

basin is bordered by a pair of volcanic hills to the east. The hills are surrounded by 

Pleistocene alluvial fans overlain by Holocene deposits (Angeles Alonso 1997). This 

setting offered an ideal opportunity to study grass and shrub dynamics, because the ridges 

with C3 semidesert shrubs are immediately adjacent to the basin with C4 warm-season 

perennial grasses. There is only a 130 m elevation gradient between the ridges (ISSS m, 

5100 ft) and the basin (1425 m, 4675 ft), so there are insignificant temperature and 

precipitation differences that could affect vegetation 8"C values. The major differences 

between the geomorphic locations are soils and soil moisture regimes. 

Locations for soil pits were selected during reconnaissance trips to the basin and 

excavation began in early summer, 1996. Geomorphology, soils and vegetation in and 

immediately around the basin are heterogeneous, but one gradient is obvious, fiom the 
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center of the grassy basin to well within the shrubby uplands. The basin outlet and center 

are dominated by tobosa, grading into patches of blue grama at the toe slope, and rising to 

the shrubs on the slopes. Excavations were sited at five positions along the gradient to 

obtain estimates of soil and stratigraphic variability, match shared underlying 

stratigraphic layers, and gain information on the vegetative, geologic and depositional 

history of the basin. 

Basin Outlet Landscape Position. The outlet excavation was situated at the lowest 

elevation v^ere the basin narrows as it nears a large channel. Although the depth of the 

pit was greater than 2 m, bedrock was not encountered. The soil is classified as a fine, 

montmorillonitic, thermic Typic Haplotorrert ^reckenfeld 1993). It is very deep, well-

drained, well-mixed, clay-enriched, and has calcium carbonate accumulation throughout 

the profile. The parent material is mixed alluvium, probably Holocene in age. The outlet 

profile exposed a strata of well-rounded cobbles near the bottom of the excavation, 

possibly representing an old stream bed. There was a buried B horizon under the cobbly 

alluvium that could be the previous basin surface. For the complete pedon descriptions, 

see Appendix A. Appendix B contains the methods used in the soil chemical and physical 

analysis. 

Soil micromorphology was examined with mineralogical thin sections prepared 

firom clods taken fiom selected horizons within the soil pits. The thin sections were 

«>YflnnineH under 4X magnification using both plain and polarized light. Qualitative 

agMiajwnimts were made of the composition of the matrix and the identities, proportions. 
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and general sizes (reported as diameters in ̂ m or mm) of mineral grains. The amount and 

nature of calcium carbonate, argillans, and root channels were noted. Detailed 

descriptions of each thin section are included in Appendix C. Changes with depth within 

each pit were detennined, and general information was derived from the thin sections 

regarding soil weathering and age, as indicated by accumulation of clay and calcium 

carbonate, and sources of soil minerals, such as volcanic and sedimentary lithics. 

Six thin sections were prepared for the outlet profile, starting at the surface and 

extending to ahnost 2.5 meters. Clay dominated the matrix of the surface (80%, 0-13 cm) 

and near-surface (60%, 20-31 cm) horizons and decreased with depth (49%, 71-81 cm; 

30%, 114-129 cm). (Quartz crystals were generally sand-sized (greater than SO microns, 

USDA classification system) and increased in frequency with depth. Fine-grained 

calciimi carbonate (micrite) was first noted at 71-81 cm and increased with depth, 

dominating the matrix below 228 cm. Chert and feldspar were present in small amounts 

throughout the profile. Sand-size quartz was present in all samples except the surface (0-

13 cm) and one lower horizon (180-198 cm). This absence could be due to the small 

sample size (one thin section per horizon). Volcanic lithic grains were present only in the 

surface sample and at 180-198 cm. Clay skins appeared below 180-198 cm. 

Stage I carbonate began to develop at 71-81 cm and continues to 228 cm, 

consistent with a Holocene age for ahnost the entire profile (Birkland et al. 1991). The 

beginning of clay skins at 180-198 cm suggested an older age at that depth, but the clay 

in the upper profile, as well as the chert, was probably deposited fi»m eroding surfaces in 
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the upper basin and surrounding hills. The carbonate matrix at 228-243 cm showed Stage 

m or IV development, bracketing the age of this horizon between 100 and 500 ka 

(Biricland et al. 1991). This horizon was designated as a buried Bt (Shiers, unpub. data 

1997), and was overlain by several cm of what appear to be well-rounded, stream-

deposited cobbles. 

The aspect at the basin outlet is that of a swale, with tobosa grass (Hilaria mutica 

(Buckl.) Benth.) sharing dominance with several other warm-season perennial grasses, 

including sideoats grama, blue grama, vine mesquite (Panicum obtusum H3.K.), and 

creeping muhly (Muhlenbergia repens (Presl.) Hitchc.) Taxonomy follows Kearney and 

Peebles (1960), Lehr (1978), and Gould (1988) unless otherwise noted. Line intercept 

transects measured in the fall of 1996 showed 85% of absolute canopy cover and 81.1% 

of species relative cover were accounted for by warm-season perennial grasses. Absolute 

and relative percent canopy cover by species were calculated with the following 

formulas: 

% absolute cover=(m of intercept per species/50m transect length) x 100 

% relative cover - (m of intercept per species/total m of intercept) x 100 

Total canopy intercept was sununed across all species. Species lists for the landscape 

positions and data finm the 1996 transects are provided in Appendix D. 

Annual and peremuai forbs comprised 24.8% of absolute canopy cover and 18.6% 

of relative cover. Common species included three-seeded mercury (Acalypha ostryaefolia 

Riddel.), painted spurge {Euphorbia heterophylla L.). thistle {Cirsium spp.), morning 
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gloiy (Ipomoea costellata Torr.), and toothed spurge (Euphorbia dentata Michx.X These 

are Cj forbs except for the Euphorbias  ̂wliich are C4. 

Basin Center Landscape Position. The basin center landscape position is located at 

approximately 1-3% slope in the middle of the basin. The basin center soil is a fine, 

montmorillonitic, thermic Typic Calciargid (Breckenfeld 1993), also very deep, well-

drained and derived fix)m alluvial parent material. Red siltstone was encountered in this 

excavation at 186 cm. 

Like the basin outlet profile, clay decreased and quartz increased with depth, 

implying deposition of clay from surrounding areas. However, clay skins began at 13-26 

cm and continued with depth, suggesting either clay development in place or profile 

stability for a long enough period of time for argillans to form. Micrite was mixed with 

clay in almost equal proportions in the soil matrix, a pattem not found in the outlet 

profile, also indicating greater profile stability and/or age. Volcanic clasts were found 

throughout the profile and were probably reworked &om the adjacent volcanic outcrops. 

The red siltstone underlying the profile could reflect a depositional environment 

such as a lake or lagoon at some time in the past (Pleistocene/Pliocene), where low 

turbulence and weak currents permitted the settling of fine silt-sized particles (Monroe 

and Wicander 1995). The siltstone also included large areas of reduction (Shiers unpub. 

data 1997), indicative of an aquatic environment. 

Basin center vegetation is similar to the basin outlet and is dominated by warm-

season perennial grasses, including tobosa grass, blue grama, and sideoats grama, that 
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made up 76% of absolute canopy cover and 88.4% of relative cover in the 1996 census. 

The forb component was 10% of absolute canopy cover and 11.6% of relative cover. 

Common forb species were the same as those found at the basin outlet 

Toe Slope Landscape Position. The toe slope profile is located on a gently sloping 

transition (3-5% slope) between the basin and a proximal volcanic ridge. Its classification 

is a fine loamy, montomorillonitic, thermic Typic Calciargid (Breckenfeld 1993) 

developed on mixed alluvium over residuum. The soil is moderately deep and well-

drained. Red siltstone began at around 91 cm. 

Three thin sections were prepared finm this profile. Clay increased with depth, 

from about 40% near the surface (S-16 cm) to 70% at 49-68 cm, accompanied by a 

decrease in quartz with depth. Clay skins were observed throughout the profile, but were 

most evident in the 32-49 cm sample. The increase in clay with depth and the argillans 

suggested that the clay developed in place on residual alluvium. Calcite appeared at 32-49 

cm as coatings on quartz, and occurred as coatings and micrite grains in the 49-68 cm 

sample. Coatings on grains signified Stage II carbonate and probably bracket the age of 

the profile to 10-50 ka (Birkeland et al. 1991). Volcanic clasts appeared at 32-49 cm and 

sandstone clasts at 49-68 cm. Chert was present throughout 

The toe slope landscape position is a transitional zone between the grasslands of 

the basin center and outlet and the shrub-dominated uplands. Blue grama was the only 

warm-season perennial grass present on the toe slope site in the 1996 census, with 30.3% 

of absolute canopy cover and 66.9% of relative cover. Perennial forbs included bahia 
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{Bahia absinthifolia Benth.̂  Sanvitalia aberrt Gray, painted spurge; and a prostrate 

spurge {Euphorbia spp.), comprising 13.6% of absolute canopy cover and 29.9% of 

relative cover. Burroweed made up a small component, 1.4% of absolute canopy cover 

and 3.1% of relative cover. 

Mid-Slope Landscape Position. The mid-slope landscape position is approximately 

equidistant from the toe slope and ridge top and was added in 1997 to provide additional 

information about the area between these two positions. Material was not available fiom 

this excavation at the time the soil chemical and micromorphology analyses were 

conducted. However, there are strong similarities between the mid-slope and ridge top 

soils. 

Rock fragment ground cover on the slope is almost 100% and is composed of 

limestone clasts up to 20-30 cm in diameter as well as sandstone and igneous lithics 

(Osterlcamp pers. comm. 1997). The profile to a depth of approximately 180 cm 

contained 75-80% rock fragments by volume. Most of the rocks were less than 5 cm. The 

profile showed moderate calcium carbonate accumulation throughout, with coatings on 

all pebbles, hardening into massive calcrete below 180 cm. 

Mid-slope vegetation is dominated by large semidesert shrubs with an understory 

of subshrubs. Large shrubs were white thom acacia, tarbush, creosotebush, desert sumac 

{Rhus microphylla Engebn.), and bear grass (Nolina microcarpa Wats.). The most 

conunon subshrubs were desert zinnia and dog weed (Dyssodia acerosa DC.), with a few 

marriola (Parthenium incanum H.B.K.), range rattany (Krameria parvifolia Benth.), and 
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buROweed. C  ̂grass cover was negligible, comparable to the 1.5% absolute canopy cover 

measured at the ridge top position. 

Ridge Top Landscape Position. The ridge is underlain by volcanic rocks, and is about 

ISSS m (5100 ft) in elevation. For comparison, the basin center lies at about 1425 m 

(4670 ft), falling to 1400 m (4600 ft) at the outlet. The classification of this soil is a 

coarse loamy, mixed, thermic Typic Petrocalcid (Breckenfeld 1993). Ridge top soils are 

heavily enriched with calcium carbonate and cemented Stage m-IV carbonate begins at 

about 61 cm, indicating an age of25,000 to over 400,000 yr (Birkeland et al. 1991). 

Only one horizon (16-32 cm) firom this pit was available for thin section analysis 

because the surface soil sample contained no useable peds and the petrocalcic horizon 

was so close to the surface (61 cm). The analyzed horizon is described as a loamy sand 

(Shiers unpub. data 1997), confirmed by the thin section matrix dominated by quartz 

firagments. Although clay comprised only a small part of the matrix, clay fihns appeared 

on the quartz grains, indicating that the soil has been developing in place since before the 

Holocene. Chert was also common in this section. 

Like the mid-slope landscape position, the ridge top is dominated by large 

semidesert shrubs (creosotebush, bear grass, white thorn acacia, tar bush and squaw 

berry) with subshrubs in the understory (desert zinnia, dog weed, range ratany, marriola, 

bunoweed). Grasses are rare and confined to the protection of shrub canopies. At the 

excavation site, wdiite thorn accounted for 23% of the absolute canopy cover and 

subshrubs for 29.8% in the 1996 census. Total woody vegetation cover was 97.8%, with 
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only 1.5% grasses and 0.7% forbs. The grasses were three-awns and black grama 

(Bouteloua eriopoda (Torr.) Torr.). 
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FIELD AND LABORATORY METHODS 

Present Plant Community Biomass Collection 

Above- and belowgiound biomass samples were collected at the end of the 

summer of 1997. Community dominants &om two landscape positions were selected 

based on 1996 line intercept canopy cover. The grass species, collected fiom the basin 

outlet, were sideoats grama, blue grama, tobosa, creeping muhly and vine mesquite. One 

forb, Bahia, was included. The large shrub species, collected from the ridge top, were 

tarbush, whitethorn acacia, creosotebush, and beargrass. Ridge top subshrubs were 

burroweed, dog weed, range ratany, marriola, and desert zinnia. One shrub (whitethorn 

acacia) and one grass (sideoats grama) were collected &om both the ridge top and basin 

outlet, to compare within-species 5"C values finm the most xeric and most mesic 

landscape positions. 

Three individuals per species were sampled. Aboveground plant material included 

leaves, small twigs, and inflorescences if present In the case of large shrubs, leaves were 

collected from various parts of the canopy. Belowground plant material consisted of the 

entire root ball for grasses and several pieces of shallow roots per plant for shrubs, 

ranging from 1 mm to 1 cm in diameter. Roots were carefully hand-rinsed to remove 

adhering soil. Following the protocol of Ehleringer et al. (1992), plant materials were 

oven dried, finely ground, and combusted at very high temperature (900* C) to produce 

COj gas. After cryogenic purification, the S"C value of the gas was measured in a 
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Finnigan MAT-Delta S gas-source mass spectrometer housed in the University of 

Arizona Department of Geosciences. 

Results were analyzed using two-sample t-tests at the alpha = O.OS level of 

significance to compare C3 shrubs and €« grasses, above- and belowground values for 

each species, and basin versus ridgetop geomorphic locations for sideoats grama and 

whitethom acacia. Four grass and four large shrub species were compared to assess if 

differences in S"C between these lifeforms were statistically significant despite within-

lifeform variation among species. 

Soil Excavation and Collection 

The profiles were sampled by horizon to bedrock where possible. Horizons having 

a thickness of less than 10 cm were sampled over an area (length x width) that yielded a 

sample size of approximately 20,000 cm  ̂after field removal of large rocks. This volume 

was necessary to provide sample material for dating, 8"C determination, various 

laboratory characterizations (texture, carbonates, color, pH), and a related opal phytolith 

pilot project For horizons having a thickness of more than 10 cm but less than 20 cm, 

samples were collected in two equal increments. For horizons between 20 and 30 cm 

thick, 10 cm samples were taken immediately above and below each horizon boundary. 

These samples measured approximately 10 x SO x 40 cm, with 10 cm being the vertical 

dimension. Horizons that were 30 or more cm thick were sampled in 10 cm increments at 

the top, bottom, and in the center of the horizon. This ^iproach resulted in 4 to 10 
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samples per profile, depending on depth. By intensively sampling the profiles, the option 

was retained to analyze the samples separately or as a horizon composite. 

In this study, each pit constituted an unreplicated experimental unit remeasured 

over depth increments. The soil samples themselves were non-independent observations 

in which there was expected to be a positive correlation between depth and '̂ C age, 

violating the analysis of variance assumption of independent observations (Kuehl 1994). 

There was also a hypothesized correlation of unknown direction between depth and 8"C 

value. Therefore univariate descriptive statistics (means, ranges, standard deviations, 

absolute differences) were used to describe the data and address the research questions. 

Soil Organic Matter Pre-Treatment and Density Separation 

The soil samples were oven-dried at 100-105 degrees C to inhibit biological 

activity before the smaller than 2 nmi fiaction was separated by grinding and sieving 

through a Number 10 USA Standard Testing Sieve (ASTME-11 Specification; Tyler 

Equivalent 9 mesh; opening 0.0787 in, 2.00 mm). All visible roots were removed. 

Calcium carbonate was eliminated by leaching with 1 N HCl in an ultrasonic bath until 

effervescence ceased and a low pH was obtained. Samples were rinsed with distilled 

water, centrifiiged, and decanted until the residue returned to a neutral pH. 

The low densî  fraction (<2 g/cm') was separated fiom the high density  ̂fiaction 

(>2 g/cm^) with lithium metatungstate (LMT). LMT was added to each soil sample, 

ghalfan vigorously, and centrifiiged. Then the supemate was decanted and filtered to 

mnove the Ught finction. This process was repeated 3-6 times until all low density 
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material was separated. The light SOM fraction was rinsed three times with distilled 

water to remove LMT, then transferred fiom the filter into a centrifuge tube and oven 

dried. The heavy SOM fraction was rinsed with distilled water and centrifiiged three 

times to remove LMT, then oven dried in the centrifuge tubes. Paired t-tests (alpha = 

O.OS) were performed on the light and dense fraction S'̂ C values from each soil sample to 

determine if the fractions were significantly different. 

This protocol was modeled after that used by Trumbore (1993), Trumbore and 

Zheng (1996), and Trumbore et al. (1996), who used sodium polytungstate (SPT) for 

SOM density separation. Both SPT and LMT are nontoxic. SOM density and chemical 

separation have traditionally been performed using highly toxic organic liqw'ds such as 

tetrabromoethane and bromoform or the inorganic salt zinc bromide (Christensen 1992; 

Trumbore 1993; Magid 1996). For example. Head et al. (1989) used successive solvent 

extractions (benzene/ethanol) in an ultrasonic bath, followed by hot 0.5M NaOH and 

filtration to separate base soluble and insoluble fractions. The filtrates were acidified, 

precipitated, rinsed, and dried, and both fiactions were dated and analyzed for 5"C. 

Dzurec et al. (1985) separated smaller fragments from their SOM by flotation in zinc 

chloride. 

LMT is used for density separation of minerals, but has not been reported for 

separating organic matter. LMT can be filtered and reclaimed for reuse, and its density is 

easily adjusted with a hydrometer by adding distilled water to reduce density or heating 

to Increase density. To ascertain the effects, if any, of LMT on the S"C values of soil 



90 

density separates and on soil processed with reclaimed LMT, samples treated with LMT 

were compared to those treated with distilled water alone. Samples from two soil depths 

for three landscape positions (basm outlet, toe slope, and ridge top) were analyzed to 

insure the consistency of results across various soils and geomorphic locations. Samples 

treated with LMT and distilled water were centrifiiged, decanted, and rinsed the same 

number of times. 5"C results were analyzed with paired t-tests at the alpha = 0.05 level of 

significance. 

There was a small but statistically significant (P=O.OOS) and directional difference 

in 6"C value between LMT and distilled water-treated samples (Table 1). The absolute 

difference ranged from 0.16%o to 0.90%o and the average difference for all six samples 

was 0.44%o. In all cases, the samples with LMT were slightly enriched with "C with 

respect to those without LMT. Despite efforts to standardize the procedures, the 

difference could be due to the LMT methodology. For samples treated with LMT, the 

light fiaction was decanted, filtered, and added back to the dense fraction in order to 

simulate the process all the samples underwent, namely repeated treatment with LMT, 

centrifiiging, and decanting of the light fraction. The samples treated with distilled water, 

however, were never separated into light and dense fiactions and then reunited. If some of 

the light fiaction was lost during this extra step, the reconstituted 5"C value of the LMT 

treatment could be enriched, assuming the light fractions were depleted with respect to 

the mote decomposed dense fractions. Another possible explanation is that the used LMT 

retained a small amount of dissolved Mvic or humic acid that was not successfiiUy 
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removed during filtration, assuming these SOM components were younger than the 

mineral associated fiaction and had not undergone the enrichment typical of older SOM. 

In either case, the absolute differences, although directional, were so small that they can 

safely be considered inconsequential in terms of detecting lifeform differences in the 

SOM, which are on the order of 8-129(io. However, the 0.44%o LMT influence may 

hamper the assessment of changes in 5'̂ C due to diagenesis or atmospheric CO2 

concentration, where the expected differences are only l-3%o. 

Table 1.5"C values (%o) for SOM samples from two depths at three landscape positions 
treated with recycled LMT and distilled water; samples were compared with paired t-tests 
at alpha=O.OS; P(T<t) for one-tailed test was O.OOS. 

Landscape Position SoU Depth (cm) Distilled H2O LMT Absolute Diflerence 

S"CforSOM(9(.) 

Basin Outlet 31-42 
81-92 

-13.4 
-12.9 

'132 
-12.6 

0  ̂
02 

Toe Slope 32-49 
49-68 

-14.2 
-14.5 

-13.8 
-13.9 

0.5 
0.5 

Ridge Top 26-40 
70-85 

-133 
-14.6 

-12.9 
-13.7 

0.3 
0.9 
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Cryogcnic Purificatioii and Mass Spectrometry 

To obtain COj for mass spectrometry, samples were combusted at 900 degrees C 

in high-temperature vycor tubes from which atmosphere had been removed under 

vacuum. For 8"C analysis, 1 mg of carbon per sample is optimal for combustion. To 

obtain 1 mg of carbon, approximately 3 mg of the light fraction of SOM and up to 500 

mg of the dense fraction were combusted. Cupric oxide was added to the tubes to provide 

an oxygen source, and silver foil was included to react with nitrogen to prevent NO, from 

interfering with the COj signal in the mass spectrometer. After combustion the evolved 

COj was cryogenically purified under vacuum using liquid nitrogen to remove moisture 

and trace gases. Then the stable carbon isotope values for the COj were determined by 

analysis in a Finnigan MAT-Delta-S mass spectrometer at the University of Arizona. The 

light and dense SOM fractions were statistically compared with paired t-tests across all 

soil depths. 

Another way of looking at this data is in terms of the proportion of C4 vegetation, 

where percent C4 is calculated using the SOM S"C in a simple mass balance mixing 

formula (Natelhoffer and Fry 1988; Becker-Heidmann and Scharpenseel 1992; Cole and 

Monger 1994; Nordt et al. 1994; Wedin et al. 1995; Boutton 1996; Boutton et al. 1998; 

Bemoux et al. 1998): 

8"C^=X (8" C4) + (1-x) (8" Cj) 

where; = measured 8"C values 

8" C4 = 8'̂ C value for C4 vegetation=-12%o 



93 

8" Cj = 5"C value for C3 vegetation=-27%o 

X - percent C4 vegetation 

1-x=percent C, vegetation 

This two-compartment model can be used viiere the plant community has undergone a 

change in the photosynthetic pathway of the dominant vegetation. S"C values for past C3 

and C4 vegetation must be estimated and are usually based on average contemporary 

values (Nordt et al. 1994; Bemoux et al. 1998). Bemoux et al. (1998) working in central 

Texas used estimated values of •1396o for C4 and -27%o for C3 vegetation, which agrees 

well with values from the present plant community at the enclosed basin study site. 

However, because several SOM values for the basin outiet landscape position were 

greater than -13%o, using that value in the calculations resulted in C4 vegetation 

exceeding 100%. To remedy this problem, a value of •l2%o was used. In addition, the 

calculations were not adjusted for the expected l-3%o increase in SOM S'̂ C with depth 

due to diagenesis or atmospheric CO2 S"C. Although the results were less accurate, the 

trends remained distinct and pronounced. 

Mixing formula models may be too simple to fiiUy capture the complexity of 

SOM carbon isotope dynamics. Also, they require assumptions regarding past S"C input 

values that can only be bracketed. The mixing formula method is presented here because 

it has been and continues to be widely used by soil and plant isotope researchers, it can 

provide a means for comparing results from various studies, and it is useful for revealing 

and illustrating distinct and pronounced trends in Cj - C4 vegetation change. 
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Radiocarbon Analysis 

Radiocarbon ages were determined for selected SOM samples by the AMS 

facility at the University of Arizona. The light and dense fractions for the surface and 

mid-profile horizons of each landscape position, the deepest dense fraction sample from 

each position, and the horizon just above the cobbly alluvial horizon at the basin outlet 

position were dated. Mid-profile samples were selected from depths at which transitions 

in S"C values and/or horizon boundaries were observed. Samples were submitted to the 

AMS laboratory in the form of COj, which was converted to graphite by heating purified 

sample COj over zinc and iron (Slota et al. 1987). 
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RESULTS 

Stable Carbon botopcs in the Present Plant Community 

C4 Grass and Cj Shrub Lifefonns. Mean 5"C values for three aboveground biomass 

samples for five dominant C4 grasses (sideoats and blue grama, tobosa, creeping muhly, 

and vine mesquite) ranged fiom -12.8%o (vine mesquite) to -13.9960 (tobosa grass) with 

standard deviations fixim 0.3 (vine mesquite) to 0.2 (creeping muhly) (Table 2, Figure 1). 

For three large C, shrubs (whitethorn acacia, tarbush, and creosotebush) and beargrass, 

mean values ranged from -22.2%o (bear grass) to -27.8%o (whitethorn acacia) with 

standard deviations fiom 0.4 (whitethom acacia) to 1.0 (beargrass). The least negative 

8"C value was for beargrass, a semi-herbaceous member of the Liliaceae family 

(Kearney and Peebles 1960). For five C3 subshrubs (dogweed, burroweed, range ratany, 

mariola, and desert zinnia) mean values ranged fiom -26.4%o (range ratany) to -27.4%o 

(mariola) with standard deviations finm 0.3 (dogweed) to 0.9 (burroweed). The forb 

Bahia had a mean value of -25.2%o with a standard deviation of 1.6. 

Mean values for three belowground biomass samples for the same five dominant 

C4 grasses ranged fiom -12.6%o (vine mesquite) to -13.796o (sideoats grama) with standard 

deviations fiom 0.03 (blue grama) to 0.5 (sideoats grama). For the four large Cj shrubs, 

mean values ranged finm -22.0%o (bear grass) to -2S.7%o (whitethom acacia) with 

standard deviations fiom 1.1 (whitethom) to 1.5 (bear grass). For the five C, subshrubs, 

mean values ranged fiom -24.5%o (burroweed) to -26.5%o (range ratany) with standard 

deviations from 0.1 (range ratany) to 0.5 (desert zinnia). For both above- and 
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belowground biomass, the C  ̂ grass and Cj shrub lifefonns were highly significantly 

different (Table 3, Figure I). 

Basin and Ridgetop Landscape Positions. S'̂ C values were less negative on the 

ridgetop than in the basin for both sideoats grama and whitethorn acacia. For sideoats 

grama, there was only a O.59(o difference between the basin and ridgetop samples, which 

was statistically significant ̂  = 0.03) (Table 4, Figure 2). For whitethorn, basin values 

were approximately l%o enriched with respect to ridge top values, and this difference was 

not statistically significant (p = 0.08). 

Within-Spccies Above- and Belowground Biomass. For all species except range ratany, 

5"C values for belowgroimd biomass were less negative than aboveground biomass. Of 

the grasses, only blue grama and creeping muhly leaves and stems were significantly 

different firom roots, but of the shrubs and subshrubs, whitethorn acacia, tarbush, 

creosotebush, burroweed, dog weed, and marriola leaves and stems were significantly 

different from roots (Table 2, Figure 1). Although statistically significant, the absolute 

difference for blue grama was only 0.2%o and for creeping muhly was only 0.7%o. For the 

shrubs, absolute differences were somewiiat greater: creosotebush 1.2%o; whitethorn 

acacia 2.1%o; tarbush 3.0%o; burroweed 2.0%o; marriola 1.6%o; dog weed 1.2%o. The 

absolute differences for range ratany (0.2%o) and desert zimua (0.9%o) were quite small 

and not statistically significant The only forb, bahia, had an absolute difference of 2.4%o 

^ch was nevertheless not significant 
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Table 2.5"C values (%o) for above- and belowground biomass for C4 and C3 community 
dominants at the enclosed basin study site on the Wahiut Gulch Experimental Watershed; 
species values for above- and belowground biomass, standard deviations, and absolute 
differences (Xo) are for the means of three individuals; within-species above- and 
belowground values compared with two-sample t-tests. 

ABOVEGROUND BELOWGROUND 

5»C(*i) STDDEV 5"C(*.) STDDEV ABSDIF P(T< )̂ 

C4 SPECIES 

Sideoats gnuna .13.8 03 -13.7 0.5 0.1 0.4 
(Boutdoua curtipendula) 
Blue grama -13.9 0.2 -13.7 0.03 0.2 0.1 
{Boutdoua gmcilis) 
Tobosa •13.9 02 •13.6 0.4 0.4 O.I 
{HUaria mutica) 
Creeping muhly •13.2 02 -12.6 0.2 0.7 0.02 
(Muhlenbergia repem) 
Vine mesquite -12.8 03 -12.6 0.4 03 02 
(Pmtcum obtusum) 

Cj SPECIES 

Whitethorn acacia -27.8 0.4 -25.7 0.1 2.1 0.001 
{Acacia constrkta) 
Tarfoush -27.7 0.5 -24.7 0.5 3.0 0.001 
{Flouremia cemua) 
Creosotebush -24.9 0.6 -23.8 0.2 12 0.02 
{Larria tridentata) 
Dogweed -26.4 0.3 -25.2 0.1 12 0.002 
{Dyssodia acerosa) 
Bunoweed •26J 0.9 -24.5 0.4 2.0 0.02 
{Haplopaî tus tenuisectus) 

0.3 Range ratany •26.4 0.4 -26.5 0.1 0.2 0.3 
{Krameria parvifi)lia) 
Mairiola -27A 0.6 -25.9 02 1.6 0.01 
{Parthamm incanum) 
Desert zinnia •26.6 0.5 -25.6 0.5 0.9 0.1 
{Ziimiapumilqf 

Bahia •27.6 0.9 -252 1.6 2.4 0.1 
{Bahia t̂ synthfoUa) 
Beargrass •222 1.0 •22.0 1.5 02 0.4 
{Nolma microcarpa) 
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Table 3. Lifeform, photosynthetic pathway and S"C values (%o) for plant community dominants at die 
enclosed basin study site on the Walnut Gulch Experimental Watershed; lifeform 5"C values compared 
with two*sample t-tests. 

ABOVEGROUND BIOMASS 

€« GRASSES 
8"CCfc) 
MEAN C, SHRUBS 

«"C(X.) 
MEAN P(T<*t) 

Bouleloua curtipendula 
Bouteloua gracilis 
Hilaria mutica 
Panicum obtusum 

-13.8 
-13.9 
-13.9 
-12.8 

Acacia comtricta 
Fiourensia cemua 
Larrea trickntata 
Noiina microcarpa 

-27.8 
-27.7 
-24.9 
-22.2 

<0.0001 

Mean -13.6 Mean 

BELOWGROUND BIOMASS 

-25.7 

C4 GRASSES 

8"C(*.) 
MEAN C} SHRUBS 

5"C(X.) 
MEAN P(T<-t) 

Bouteloua curtipendula -13.7 Acacia constricta -25.7 
Bouteloua gracilis -13.7 Fiourensia cemua -24.7 
Hilaria mutica -13.6 Larrea tridentata -23.8 
Panicum obtusum •12.6 Noiina microcarpa -22.0 

Mean -13.4 Mean -24.1 

Table 4. Geomorphic iocatioii and 5'̂ C values (%o) for a common grass and shrub species 
at the enclosed basin study site on the Wahiut Gulch Experimental Watershed; within-
species values for basin and ridgetop locations compared with two-sample t-tests. 

S"C (%•) ABSOLUTE 

SPECIES LOCATION MEAN STD DEV DIFFERENCE P(Toit) 

Acacia constrkta Basm -26.7 0.9 1.1 0.08 
Ridgetop -27.8 0.4 

Boutetoyaeurtipendida Basin -13.8 OJ 0.S 0.03 
Ridgetop -143 0.1 



99 

6"C(%t) 

Figure 1. C4 and €3 species S"C values (%o) for above- and belowground biomass at the 
enclosed basin study site on the Wahiut Gulch Experimental Watershed; statistical 
differences (p .̂OS) between >vithin-species above- and belowground S'̂ C values (%o) 
indicated with an asterisk. 
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Figure 2. Basin center and ridge top landscape positions and 5"C values (%o) for 
Bouteiom cwrtiperuhda and Acacia constricta at the enclosed basin study site on the 
Wabut Gulch Experimental Watershed; within-q)ecies statistical differences (p .̂OS) 
indicated with an asterisk. 
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Stable Carbon Isotopes in Soil Organic Matter 

Basin Outlet Landscape Position. For the basin outlet landso  ̂position, S"C values 

for the present vegetation and the dense fraction in the first 10 cm of the A horizon were 

{^proximately -14%o, reflecting the predominance of C4 wami-season perennial grasses 

(Table S, Figure 3). There was a l%o increase to about -13%o from 10-20 cm, still in the A 

horizon. The Btl, Bt2, and Bt3 horizons firom 20-114 cm became incrementally less 

negative by a fraction of a per mil, ranging from -12.7%o at 20 cm to -12.1%o at 114 cm. 

At the Btlcl horizon, values began to become sh'ghtly more negative (-12.3%o) through 

the Bk5 horizon (-13.S%o). The buried 2Bt horizon just below the cobbly alluvium at 228-

243 cm deviated markedly from this consistently strong C4 signal with a S"C value of 

-18.49(0. 

The light SOM fraction from the basin outlet had a value of -lS.3%o in the upper 

10 cm, rising to -14.6%o at 20 cm and remaining at -1496o plus or minus a few fractions of 

a per mil through the Btl, Bt2, Bt3, Btkl, and Btk2 horizons (Table S, Figure 3). The 

values fell slightly to -14.9%o and -lS.l%o at the Btk4 and BtkS positions, respectively. 

The light fraction was always more negative (depleted in '̂ C) with respect to the dense 

fraction by 1.0-2.0Xo. There was not enough light fraction SOM in samples fi»m the 129-

143,163-180, and 228-243 cm depths to obtain isotope values. 

The mixing model suggests that at the basin outlet, the contribution of C4 species 

to present vegetation and the dense fraction for the upper 10 cm of soil was a little over 

80% (Table 5, Figure 4). Values were over 90% €« throughout the test of the profile, 
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rising fiom 92% at 10-20 cm in the A horizon to 99.7% at 114 cm at the base of the Bt3 

horizon. Values fell firom 98.0% in the Btkl horizon to 90.1% at 228 cm in the BtkS 

horizons. Percent C4 dropped to only 57.3% for the buried 2Bt horizon, corresponding to 

the pronounced C3 signal at the bottom of the excavation just below the rounded rock 

strata. Light fiaction percent C4 values were always less than the dense fraction, but 

followed the same pattern, with 78% C4 at the surface, rising to 82% at the bottom of the 

A horizon at 10-20 cm, 86% at the bottom of the Btl horizon at 31-42 cm, and 88% at the 

top of the Btkl horizon at 114-129 cm. Then values fell to 83% in the Btk3 (163-180 

cm), 80% in the Btk4 (180-198 cm), and 79% in the BtkS (198-228 cm) horizons. 

Basin Center Landscape Position. The dense fiaction SOM for the basin center 

landscape position showed a strong C4 5'̂ C signal at the surface (-14.7%o) that remained 

consistently C4 throughout the profile (Table 6, Figure 3). At the interface between the A 

and Btl horizons, values rose to -12.7%o and -12.8%o, respectively. The deepest horizon 

analyzed was the Btk at 137-186 cm with a value of-I S.8%0. 

The light fraction was always depleted (more negative) in "C with respect to the 

dense fraction, except for the 8S-102 cm depth in the Bt2 horizon, where the light fraction 

was slightly less depleted (Table 6, Figure 3). The absolute difference was approximately 

l%o in the A horizon, rising to almost 2%o at the top of the Btl horizons, and Ming 

thereafter. 

The mixing formula calculation of percent C4 vegetation for the basin center dense 

fraction produced values of 82% C4 at the suifrue, rising to 93% and 9S% at 13-26 cm 
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and 26-40 cm, respectively, declining to 83% C4 at the bottom of the Btl horizon at 70-85 

cm and 81% C4 at the bottom of the horizon at 119-137 cm (Table 6, Figure 4). 

Percent €« for the light firaction followed the same pattern but was always less than the 

dense fraction, beginning with 73% C4 at the surface, rising to 88% C4 at 26-40 cm, and 

Ming to 81% at 70-85 cm. The lowest strata for which light SOM was available was 85-

102 cm, where percent C4 rose slightly to 86%. 

Toe Slope Landscape Position. For the toe slope landscape position S"C for the dense 

fraction SOM in the A horizon surface 0-5 cm was -15.9Ko, rising to -14.0%i at 5-16 cm 

(Table 7, Figure 3). In the Btkl and Btk2 horizons from 16-68 cm, values were -13.4%o to 

-13.8%o, and in the Btk3 horizon from 68-91 cm the value was -14.9%o. For the light 

fraction, the value at 0-5 cm was -17.696o, and -14.796o, -14.696o, and -14.69(o for the 5-16, 

16-32, and 32-49 cm depths, respectively. Absolute differences between the light and 

dense fractions ranged from 0.7%o to 1.8%o. 

Using the mixing model, the percent C4 vegetation calculated from the dense 

fraction SOM was 74% and 86% in the 0-5 and 5-16 cm depths in the A horizon, 

increasing to 90% in the Btkl, and decreasing to 80% in the Btk3 horizons (Table 7, 

Figure 4). For the light fraction, percent C4 was 62% at 0-5 cm, 81% at 5-16 cm, and 82% 

from 16-49 cm. 

Mid-Slope Landscape Position. Mid-slope landscape position S"C values for dense 

SOM were -18.2%o from 0-15 cm and -16.3%o from 15-30 in the A horizon. S"C values 

were -16.4%o and -I6.7X0 from 30-40 and 40-50 cm, respectively, in the Bkl horizon. 
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then dropped to -19.S96o from 106-122 cm at the bottom of the Btkl (Table 8, Figure 3). 

The light SOM followed the same pattern, but values were more negative by 3.1%o at 0-

15 cm (-21.3%o), by 1.83%o at 15-30 cm (-IS.lXo), and by over 3%o for the rest of the 

profile (-23.4%o at 106-122 cm). 

The mixing formula for the dense fraction calculated 58% C4 at the sur&ce, 

approximately 70% from 15-50 cm, and about 50% at 122 cm (Table 8, Figure 4). For the 

light fraction, corresponding values were 38% at the surface, about 50-60% from 15-50 

cm, and 24% at 106-122 cm. 

Ridge Top Landscape Position. The dense fraction SOM S"C values at the ridge top 

were -18.5%o from 0-11 cm and -17.5%o at 11-22 cm, both in the A horizon, and -17.7%o 

in the Bkl horizon from 22-61 cm (Table 9, Figure 3). These values represented 57%, 

63%, and 61.8% C4 vegetation, respectively (Table 9, Figure 4). For the light fraction, 

5"C values were -21.2%o and -21.196o for the 0-11 and 11-22 cm depths, representing 

61% and 60% C4 vegetation. The absolute difference in 8"C values between dense and 

light fractions was 2.7%o and 3.6%o for these two depths. 
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Table 5. S'̂ C values (%o) for dense (>2g/cm^) and light (<2g/cnî ) SOM fractions with 
soil depth (cm), the absolute difference between the light and dense fractions, and percent 
C4 vegetation for the basin outlet landscape position; light and dense fraction 8"C values 
compared with paired two-sample one-ta^ed t-tests; percent C4 calculated with a simple 
mixing fonnula using measured SOM 8"C values and estimates of-12%o and -27%o for 
C4 and C3 vegetation, respectively. 

BASIN OUTLET LANDSCAPE POSITION 

HORIZON DEPTH 
(cm) 

5"C(*.) 8"C(X.) DIFFERENCE •/.C4 •AC, DEPTH 
(cm) 

DENSE LIGHT DENSE LIGHT 

A 0-10 
10-20 

-14.1 
-13.2 

-15J 
-14.6 

12 
1.4 

85.9 
92J 

78.1 
82.7 

Btl 20-31 
31-42 

-12.7 
-12.7 

-14.4 
-14.1 

1.7 
1.4 

95.2 
95.7 

84.0 
86.1 

Bt2 42-S2 
57-67 
71-81 

-12.6 
-12.4 
-12.4 

-14.4 
-14.4 
-14.2 

1.8 
2.0 
1.8 

96.3 
97.4 
97.6 

843 
83.9 
85.3 

Bt3 81-92 
92-103 
103-114 

-12.4 
-12.2 
-12.1 

-13.6 
-13.9 
-14.1 

12 
1.8 
2.0 

972 
98.9 
99.7 

89.5 
87.1 
86.3 

Btkl 114-129 
129-143 

-123 
-13.0 

-13.8 1.5 98.0 
93.2 

88.1 

Btk2 143-163 -13.4 -14.4 1.0 90.6 83.9 

Btk3 163-180 -I3J 91.2 

Btk4 180-198 -13.6 -14.9 1.4 89.5 80.1 

BtkS 198-228 -13.5 -15.1 1.6 90.2 79.3 

2Bt 228-243 -18.4 57.4 

Mean Difference 1.6 
P(T^) <0.001 
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Table 6.5'̂ C values (%o) for dense (>2g/cm^) and light (<2gA:nî ) SOM fitu:tions with 
soil depth (cm), the absolute difference between the light and dense fractions, and percent 
C4 vegetation for the basin center landscape position; light and dense fraction S'̂ C values 
compared with paired two-sample one-t̂ ed t-tests; percent C4 calculated with a simple 
mixing formula using measured SOM S"C values and estimates of -l2%o and -27%o for 
C4 and C3 vegetation, respectively. 

BASIN CENTER LANDSCAPE POSITION 

HORIZON DEPTH 
(cm) 

5"C(*t) 5"C(*.) DIFFERENCE 
(*•) 

%C4 %C4 DEPTH 
(cm) 

DENSE LIGHT 

DIFFERENCE 
(*•) 

DENSE UGHT 

A 0-13 
13-26 
26-40 

-14.7 
-13.0 
-12.7 

-16.0 
-14.1 
-13.7 

U 
1.1 
1.1 

82.1 
923 
95.6 

132 
t62 
88.6 

Btl 40-55 
55-70 
70-85 

-12.8 
-13.1 
-14.5 

-14.6 
-14.1 
-14.7 

1.8 
0.9 
02 

94.6 
92.4 
83.4 

82.9 
86.1 
81.8 

Bt2 85-102 
102-119 
119-137 

-I4J 
-14.6 
-14.7 

-I4.I 02 84.7 
82.6 
81.7 

86.0 

Btk 137-186 -15.8 74.8 

2Cr 186+ 

Mean DifTeience 0.9 
P(T<t) 0.006 
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Table 7. 5"C values (Xo) for dense (>2g/cm^) and light (<2g/cm^) SOM fractions with 
soil depth (cm), the absolute difference between the light and dense fractions, and percent 
C4 vegetation for the toe slope landscĵ  position; light and dense fraction 5"C values 
compared with paired two-sample one-tailed t-tests; percent C4 calculated with a simple 
mixing formula using measured SOM 5'̂ C values and estimates of -l2%o and -27%o for 
C4 and C3 vegetation, respectively. 

TOE SLOPE LANDSCAPE POSITION 

HORIZON DEPTH 
(cm) 

S^CC*.) 5"C(*.) DIFFERENCE 
(*•) 

%C4 %Ct DEPTH 
(cm) 

DENSE UGHT 

DIFFERENCE 
(*•) 

DENSE UGHT 

Ap 0-5 -15.9 -17.6 1.8 74J 62.5 

A 5-16 -14.0 -14.7 0.7 86.5 81.8 

Btkl 16-32 
32-49 

-13.4 
-13.8 

-14.6 
-14.6 

12 
03 

90.6 
88J 

82J 
82.4 

Btk2 49-68 -13.8 87.8 

Btk3 68-91 -14.9 80.4 

Cr 91+ 

Mean Difierence 1.1 
P(T:3) 0.008 
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Table 8. 8"C values (%o) for dense 0>2g/cnî ) and light (<2g/cm^) SOM fiactions with 
soil depth (cm), the absolute difference between the light and dense fiactions, and percent 
C4 vegetation for the mid-slope landscape position; light and dense fiaction 5'̂ C values 
compared with paired two-sample one-tailed t-tests; percent C4 calculated with a simple 
mixing formula using measured SOM 5"C values aî  estimates of -l2%o and -2T%o for 
C4 and C3 vegetation, respectively. 

MID-SLOPE LANDSCAPE POSITION 

HORIZON DEPTH 
(cm) 

8"C(X.) S»C(>fc) DIFFERENCE 
(*.) 

%C4 %C« DEPTH 
(cm) 

DENSE UGHT 

DIFFERENCE 
(*.) 

DENSE UGHT 

A 0-15 
15-30 

-18.2 
-16.3 

-2U 
•I8.I 

3.1 
1.8 

58.4 
71J 

38.0 
59.1 

Bkl 30-40 
40-50 
106-122 

-16.4 
-16.7 
-19.5 

-19.4 
-19.9 
-23.4 

3.0 
3J 
3.9 

70.9 
68J 
49.8 

50.6 
47.1 
24.1 

Bk2 183-)-

Mean Difference 3.0 
P(T<t) <0.001 
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Table 9. S"C values i%o) for dense (>2g/cm^) and light (<2g/cxa? ) SOM fractions with 
soil depth (cm), the absolute difference between the light and dense fractions, and percent 
C4 vegetation for the ridge top landscape position; light and dense fraction S"C values 
compared with paired two-sample one-tailed t-tests; percent C4 calculated with a simple 
mixing formula using measured SOM 5"C values and estimates of -12%o and -27%o for 
C4 and C3 vegetation, respectively. 

RIDGE TOP LANDSCAPE POSITION 

HORIZON DEPTH 
(cm) 

S"C(»U) 5"C(*.) DIFFERENCE 
(*•) 

•/•c« %C4 DEPTH 
(cm) 

DENSE UGHT 

DIFFERENCE 
(*•) 

DENSE LIGHT 

A 0-11 
11-22 

-18.5 
-17.5 

-21.2 
-21.1 

2.7 
3.6 

56.8 
633 

38.8 
392 

Bkl 22-61 -17.7 61.8 

Bk2 61+ 

Mean Difference 32 
P(TS) 0.046 
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Figure 3. 8"C values (96o) with soil depth (cm) for dense (>2g/cm^) and light (<2g^m^) 
SOM fractions and radiocarbon ages (yr BP) for surface, mid-profile, and basal 
excavations for five landscape positions at the enclosed basin study site on the Wahiut 
Gulch Experimental Watershed 
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5"C values (Xo) and estimates of -12%o and >27%o for C4 and C3 vegetation, respectively; 
bar at zero depth represents S'̂ C value for current vegetation. 
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Radiocarbon Ages for Soil Orga^c Matter 

Variatioii witii Soil Dcptii and Landscape Position. Radiocarbon dates ̂  BP) for the 

dense fraction (>2g/cm^) surface soil samples from all five landscape positions were post-

bomb except for the ridge top geomorphic location (Table 10, Figures 3 and 5). The 

fraction modern is the amount of original carbon remaining in a sample at the time 

radiocarbon activity is measured. It is the ratio of measured activity to modem (19S0) 

activity. Values greater than one yield post-bomb ages and result from enrichment by 

atomic weapons testing conducted after 1950 through the mid-1960's. 

At the basin outlet, the date for the dense SOM at 114-129 cm was 3780+/-5S yr 

BP, and at 198-228 cm it was S305+/-60 yr BP. A stratigraphic inconsistency in age 

occurred between the 198-228 cm depth just above the cobbly alluvial strata and the 

deepest layer just below it at 228-243 cm, which was dated at S000+/- yr BP. This was 

one of two age inversions among the 25 samples dated. 

The dense fraction SOM from the basin center 70-85 cm depth was dated at 

491(H-/-65 yr BP, and at 137-186 cm at 6075+/-65 yr BP. On the toe slope, the 16-32 cm 

depth had a date of 1600+/-40 yr BP and the 68-91 cm depth had a date of3965+/-40 yr 

BP. Mid-slope dense SOM at 0-15 cm had a radiocarbon age of465+/-55 yr BP. At 40-50 

cm, the age was 2065+/<40 yr BP, and at 106-122 cm the age was 1755+/-45 yr BP, the 

second age inversion in this study. For the light fraction SOM at 0-15 cm, the age was 

post-bomb, and at 40-50 cm was 415+/-45 yr BP. Ridge top dense SOM at 0-11 cm was 



113 

dated at 425+/-40 yr BP, the 11-22 cm depth at 975+/-40 yr BP, and the 22-61 cm depth 

at2045+/.40yrBP. 

Dense and Light Fractions. Light fraction (<2g/cm^) surface samples were also post-

bomb in age for all five kmdscqw positions (Table 10, Figures 3 and 5). For the basin 

outlet, the 114-129 cm depth had a radiocarbon date of 3710+/-80 yr BP. The toe slope 

light fiaction age at 16-32 cm had a date of 400+/-40 yr BP. On the ridge top, both the 

surface 0-11 and the 11-22 cm depth light fractions were post-bomb in age. 
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Table 10. Radiocarbon ages (yr BP) for dense (>2g/cm^) and light (<2g/cm^) SOM 
factions for sur&ce, niid>profile, and basal excavation depths (cm) for five landscape 
positions at the enclosed basin study site on the Wabut Gulch Experimental Watershed. 

SOM RADIOCARBON AGE 

DENSE SOM UGHT SOM 

Soil Depth Age Fraction Age Fraction 
(cm) (yr BP) Modem (yr BP) Modern 

Basin Outlet 0-10 post-bomb 1.05 post-bomb 1.16 
114-129 3780+/-55 0.62 3710+/-80 0.63 
198-228 5305+/-60 0.52 
228-243 5000+/-70 0.54 

Basin Center 0-13 post-bomb 1.02 post-bomb 1.13 
70-85 4910+/-65 0.54 
137-186 6075+/-65 0.47 

Toe Slope 0-5 post-bomb 1.05 post-bomb 1.12 
16-32 1600+/-40 0.82 400+MO 0.95 
68-91 3965+/-40 0.61 

Mid-Slope 0-15 465+/-55 0.94 post-bomb 1.06 Mid-Slope 
40-50 2065+/-40 0.77 415+/.45 0.95 
106-122 1755+/-45 0.80 

Ridge Top 0-11 425+/-40 0.95 post-bomb 1.08 
11-22 975+/.40 0.89 post-bomb 1.04 
22-61 2045+M0 0.78 
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Figure 5. Percentage of C4 vegetation (calculated from dense SOM using a mixing 
formula) over time (yr BP rounded to the nearest 100 yr), for five landscape positions at 
the enclosed basin study site on the Walnut Gulch Expermental Watershed; present 
percent C4 is based on canopy cover. 
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DISCUSSION 

Stable Carbon Isotopes in the Present Plant Community 

8"C values for current dominant €« grasses and C, shrubs in the enclosed basin 

study area were clearly distinct and typical of their respective photosynthetic pathways. 

5"C values for all €« grasses were between -12.S96o and -13.9%o. 8'̂ C values for Cj 

shrubs and subshrubs were between •23.8%o and -27.8%o. These results were consistent 

with expected values for Q and C4 vegetation based on those found m the literature, 

although 5"C values for many of these species have not previously been reported. 

Boutton et al. (1998) measured a mean S"C value of -14.0%o for eight warm-season 

perennial C4 grasses and a mean 5'̂ C value of -26.9%o for six semiarid C3 shrubs. This 

study found a mean value of -12.8%o for vine mesquite, which compares well with •13%o 

from Waller and Lewis (1979) and -12.796i from Smith and Brown (1973). The mean 

5"C value for blue grama at the enclosed basin site was -13.8%o, compared to -12.7%o 

from Bender (1971). For sideoats grama the mean 5"C value was -13.7%o, falling 

between the -14.29(o reported by Bender (1971) and the -12.S%o reported by Smith and 

Brown (1973). 5'̂ C values were -24.9%o for creosotebush and -26.4%o for range ratany 

growing on ridge top landscape positions at the enclosed basin. Ehleringer and Cooper 

(1988) found values of -22.67%o for creosotebush and -23.87%o for range ratany growing 

on slopes. The small discrepancy with their results could be accounted for by within-

species environmental differences between study sites. In addition, range ratany is a root 
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parasite, so its 5"C value may mirror that of its host if the host provides carbohydrates in 

addition to or instead of water. 

It was expected that within-species S'̂ C variation across an elevation/moisture 

gradient would be on the order of l-396o enrichment with decreasing moisture availability. 

Ehleringer and Cooper (1988) reported values for creosotebush on slope, transition, and 

wash positions of -22.67%o, -23.60%o, and -24.12%o, respectively. For range ratany, the 

corresponding values were -23.87%o and -24.60%o for the slope and transition positions. 

In this study the absolute difference in for whitethom acacia between basin center 

and ridge top landscape positions (1.19(o) was within this range, but in the opposite 

direction. Enrichment was expected in plants growing on the more xeric ridge top 

geomorphic location with respect to the basin center, where deeper, finer soils provide 

greater moisture availability. One possible explanation is that the sampled whitethom 

acacia plants encroaching into the basin were small and presumed to be young, and may 

still have shallow root systems competing for soil moisture with the near-surface, fibrous 

root systems of the abundant basin center grasses. On the ridge top, acacias were well-

established and presumed to be older individuals with well-developed root systems, and 

young acacias on the ridge top do not have to compete with grasses, since there are so 

few persisting there. 

The absolute difference in 8"C values for sideoats grama finm ridge top and basin 

landscî  positions (O.SX0) was smaller than expected and also m the opposite direction 

than expected. This might be because ridge top plants were only available firom moister 
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miciDsites along small drainages, minimizing the difference in moisture availability 

between the two areas. The lack of meaningful absolute difference for sideoats grama 

might also have been because samples were collected at the end of the summer rainy 

season, when moisture stress would have been minimal. Another possible explanation is 

that carbon isotope discrimination by the C4 photosynthetic pathway is less affected by 

moisture availability, since the photosynthetic en:̂ es experience COj saturation even at 

low ambient and internal CO2 concentrations (Noble 1991; O'Leary et al. 1992). 

Belowground biomass was enriched with respect to aboveground biomass for all 

species except range ratany, but the magnitude of the enrichment differed for grass and 

shrub lifeforms. For three of the five grasses (sideoats grama, tobosa, and vine mesquite) 

the difference between above- and belowground biomass S"C values was not statistically 

significant, and for all the grass species the absolute difference was only a fiaction of a 

per mil. However, for six of the eight large and small shrubs (whitethorn acacia, tarbush, 

creosotebush, dogweed, burroweed, and marriola), belowground biomass was 

significantly enriched with respect to aboveground biomass, and the magnitude of the 

difference was l-3%o. For the only forb measured ̂ ahia) belowground biomass was also 

enriched and there was a large absolute difference, but it was not statistically significant 

These ranges are consistent with the limited data available in the literature. Tieszen and 

Boutton (1988) reported belowground biomass S'̂ C values for six C4 African grasses that 

were less than 2Xi enriched with respect to aboveground biomass. Wedin et al. (1995) 

likewise found less than 2Xo enrichment in belowground biomass for a C4 grass and three 
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C, grasses fiom Minnesota. Dzinec et al. (1986) reported belowground biomass values 

for the C3 shrub winter&t and the C4 shrub shadscale that were also less than 2%o 

enriched with respect to aboveground biomass. 

Since Ugnin is depleted in "C with respect to bulk plant tissue (Deines 1980; 

Tieszen and Archer 1990; Wedin et al. 1995; Boutton 1996), and woody tissues contain 

more lignin than roots (Salisbury and Ross 1985), it was expected that aboveground 

biomass of C3 woody species would have more negative S"C values than belowground 

biomass. The aboveground depletion reflected the contribution of the small woody stems 

that were included in the aboveground biomass samples. Lipids are also depleted with 

respect to bulk tissue (DeNiro and Epstein 1977; Boutton 1996), so roots may have 

contained fewer lipids than aboveground parts. 

Grass species were also expected to have more lignin and depleted 5'̂ C values in 

aboveground tissues, but to a lesser degree than shrubs, given that both above- and 

belowground grass tissues are non-woody. Although no comparisons of herbaceous 

versus woody species were identified in the literature, this study did find a greater 

difference between the above- and belowground 5'̂ C signals for shrubs than grasses. 

Interestingly, Wedin et al. (1995) measured higher lignin concentrations in belowground 

than aboveground tissues for one C4 grass {Schizachyrium scoparium, 22.5% versus 

15.4%) and two C3 grasses (Agropyron repens, 15.9% versus 12.5% and Poa pratensisy 

17.0% versus 10.7%) grasses, but their belowground biomass 5"C values were still 

enriched with respect to aboveground values. 
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Enriched root biomass could contribute to the enrichment in 5"C values of SOM 

with depth shown in numerous studies. The two most widely discussed explanations are 

post-Industrial changes in atmospheric COj S'̂ C values (Keeling et al. 1979; Demes 

1980; Toolin and Eastoe 1993; Leavitt 1993) and discrimination by microorganisms 

during decomposition (Jenkinson 1981; Dzurec et al. 1985; Becker-Heidmann and 

Scharpenseel 1986; Wedin et al. 1995; Boutton 1996; Agren 1996; Boutton et al. 1998). 

The I-3%o enrichment in belowground biomass found in this and other studies is of the 

same magnitude and direction as the enrichment seen in SOM with depth and commonly 

attributed to atmospheric COj and/or diagenesis. In . this study root enrichment was in 

general more pronounced in woody C, species than in C4 graminoids. This could afTect 

the interpretation of vegetation change, because the effect on SOM might be greater in 

shrub-dominated area, moderating the C3 signal contributed to SOM by shrubs and 

underestimating the extent of C3 vegetation. Other factors that could complicate the 

interpretation of SOM S"C values with respect to past vegetation include differential 

lifeform productivity, resource allocation patterns, rooting depth distributions, and 

decomposition rates. Grasslands fix)m different climatic regimes have very different 

production rates and hence belowground biomass. Sims and Singh (1978) compared six 

North American grassland types: mountain grasslands, northwest bunchgrass, mixed 

grass prairie, shortgrass prairie, tallgrass prairie, and desert grassland. They found that 

peak amnunts of live biomass for the grassland types decreased linearly with growing-

season precipitation from 336 g/m  ̂on ungrazed tallgrass prairie to 134 gAn  ̂on ungrazed 
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desert grassland. There were corresponding differences in root biomass, ranging fiom 

3000 g/m  ̂ in the mixed grass prairie to 168 g^m  ̂ on the desert grassland. Peak 

belowground biomass was negatively related to mean annual temperature. Jackson et al. 

(1996) reviewed the literature on global root distributions by biome and found similar 

root biomass for cold deserts (1.2 kg/m^), temperate grasslands (1.4 kg/m^), and tropical 

grassland savannas (1.4 kg/m ,̂ but much lower amounts for warm deserts (0.4 kg/m  ̂

and much higher amounts for sclerophyllous shrubs (4.8 kg/m .̂ Belowground biomass 

production also varies with nutrient and moisture availability and season (Davidson 1969; 

Sims and Singh 1978; Shackleton et al. 1988; Pandey and Singh 1991). As soil moisture 

or nutrients become limiting, allocation to roots increases, enabling the plant to utilize a 

larger volume of soil (Detling 1979; Kolek and Kozinka 1992). The variability within 

grass and shrub lifeforms among species and sites makes it difBcult to generalize in terms 

of C3 versus C4 productivity and its effects on SOM 5"C values. 

Belowground sources of enrichment in SOM 5'̂ C values may be especially 

important in ecosystems with high root to shoot ratios due to the large contribution of 

roots to SOM. High root to shoot ratios have been reported in some arid and semiarid 

ecosystems (Clark 1977; Wallace et al. 1977) and could enhance the influence of 

belowground biomass on S"C SOM values, potentially accounting for some of the 

enrichment observed with depth. However, root to shoot ratios vary widely within 

li&foim for species growing in the same area. Jackson et al. (1996) summarized global 

toot distributions for terrestrial biomes and found very different toot to shoot ratios for 
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cold deserts (4.5), temperate grasslands (3.7), sclerophyllous shrubs (1.2), warm deserts 

(0.7), and tropical grassland savannas (0.7). 

The generally accepted idea that root to shoot ratios in desert shrubs are high as an 

adî tation to drought was challenged by Ludwig (1977), wlio reviewed evidence fiom a 

Chihuahuan Desert site in New Mexico and concluded that desert species did not possess 

high root to shoot ratios, but that root to shoot ratios were extremely variable, did not 

increase with aridity, and were age-dependent. Barbour (1973) cited literature showing 

that root to shoot ratios in young xerophytes such as creosotebush and saltbush were high, 

but adult root systems were often shallow and laterally restricted, especially on rocky or 

shallow soils, and root to shoot ratios were less than 1.0. 

Many studies have shown that the majority of root biomass in grassland soils 

occurs in the upper 20 cm (Sims and Singh 1978; Fitter 1986; Shackleton et al. 1988; 

Fernandez and Paruelo 1988; Pandey and Singh 1991; Hook et al. 1994). Jackson et al. 

(1996) compared root distributions for plant functional groups across biomes and found 

that 44% of grass roots and 21% of shrub roots were in the upper 10 cm of soil. The 

percent of root biomass in the upper 30 cm of soil was 53% for deserts, 57% for tropical 

grassland savamias, 67% for sclerophyllous shrubs, and 83% for temperate grasslands. 

Cable (1969) compared the root systems of the €« grass Arizona cottontop (Trichachne 

ccdiformca ^enth.)) and the C, half-shrub burroweed, finding that the fibrous cottontop 

roots were concentrated in the top 6-8 inches, wMe the burroweed tiqiroot extended 5>18 

ft, depending on soil conditions. Differential tooting depths of grasses and shrubs could 
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confound the interpretation of the SOM 5"C signal with depth if deep-rooted shrubs 

invade a grassland and contribute very young biomass to deep layers haiboring an old 

grass value. McClaran and McPherson (1995) encountered just such a problem in dating 

SOM at a southeastern Arizona oak/grass ecotone. 

Differential chemical makeup and decomposition rates for grass versus shrub 

vegetation and above- versus belowground biomass could also influence SOM 5"C 

values. Decomposition rates are affected by substrate chemistry, the nature of 

decomposer organisms, soil temperature, soil moisture, and the heterogeneity of all these 

variables in natural systems (Parkinson 1977). Lignin decomposes much more slowly 

(59% mass loss/yr) than cellulose (75% mass loss/yr), hemicellulose (90% mass loss/yr), 

or simple sugars (99% mass loss/yr) (Minderman 1968). Lignin also acts as a barrier that 

slows the microbial degradation of bulk plant tissues (Crawford 1991). Whitford et al. 

(1988) investigated the rates and mechanisms for root decomposition for two Chihuahuan 

Desert forbs (Baileya multiradiata and Dithyrea mslizenit), a grass (Erioneuron 

pulchellum)t and two shrubs (creosotebush and Zinnia acerosa). Rates of mass loss were 

high, independent of rainfall, and primarily attributable to termite activity. Mass loss rates 

were significantly lower for woody roots (5-10 mm diameter) than herbaceous roots. 

Differences in production, above- and belowground resource allocation, rooting 

depth, and decomposition rates among species, lifeforms, regions, and years potentially 

affect the interpretation of SOM S"C values. The sequestration of larger amounts of 

above- and belowground biomass by woody vegetation, coupled with lower turnover 
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rates for woody tissues high in lignin, could increase carbon storage in areas wdiere 

grasses are replaced by shrubs, with implications for the global carbon cycle. In addition, 

the slower cycling of C3 woody biomass in SOM could delay changes m 6"C values 

following convosion fix)m grass to shrub vegetation and interfere with the detection of its 

extent and timing. 

Stable Carbon Isotopes in Soil Organic Matter 

Carbon isotope values for SOM at the enclosed basin research site varied with soil 

depth, and the direction and magnitude of the variation varied with geomorphic location. 

As expected, warm-season pereimial C4 grasses have decreased on the upland landscape 

positions sunounding the enclosed basin. The ridge top, mid-slope, and toe slope 

landscape positions all showed isotopic evidence for a greater proportion of C4 vegetation 

with depth. For the toe slope landscape position, the S"C values indicated a current and 

recent mix of C4 grasses and Cj forbs, an increasing C4 signal with depth, returning to an 

intermediate signal at the base of the excavation. Based on the mixing formula 

calculations, this represented a 10-20% reduction in C4 vegetation at the surface 

compared to the past for the toe slope landscape position. The most dramatic change finm 

grasses to shrubs occurred at the mid-slope and ridge top landscape positions, where the 

S'̂ C value of the current vegetation reflected ahnost exclusively C3 shrub composition. 

However, there was a much stronger C4 signal in-the past, indicating the presence of both 

C3 shrubs and C4 grasses. The mixing formula suggested that past C4 vegetation has been 

as high as 50-70% at mid-slope and on the ridge top, compared to only 1.5% now. 
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These results supported evidence finm the historical record (Humphrey 1953, 

1958; Hastings and Turner 1965; Bahre 1985, 1991; Kidwell et al. 1998) and other 

isotope studies (McPherson et al. 1993; McClaran and McPherson 1995; McClaran and 

Umlauf in press) for a decline in C4 warm-season perennial grasses on southeastern 

Arizona rangelands, with an important qualification. The decline in grasses did not occur 

consistently across lands«q)e positions. Although few studies have examined the 

relationship between vegetation change and landscape position, other researchers in 

southeastern Arizona (Darrow 1944; Humphrey 1958; McAulifife 1994) discussed 

vegetation heterogeneity with respect to geomorphology and its effects on soil and 

microclimate. Monger et al. (1998) used carbon isotopes in soil carbonates to specifically 

target vegetation change across landscape positions in New Mexico and Texas. They 

found the greatest degree of change from grass to shrub vegetation on upper landforms 

experiencing erosion, compared to lower landforms with finer textured soils receiving 

runoff. Their erosion and vegetation change scenario was similar to the enclosed basin 

study site where grasses declined on the eroded rocky slopes but not in the lower basin. 

8"C values for surface SOM samples at the basin outlet (0-10 cm), basin center 

(0-13 cm), and toe slope (0-5 cm) landsc  ̂positions were slightly more negative than 

expected based on the current dominance of C4 grasses and on the strong C4 values found 

throughout these profiles. The depletion was especially notable in the light SOM 

fractions. One possible explanation is that annual or seasonally active perennial C3 forbs 

are increasing and contributing depleted plant material to the surface soil. The 1996 
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vegetation inventory found 18.6% of the relative canopy cover at the basin outlet and 

11.6% at the center was composed of forbs, including those with both the Q and C4 

photosynthetic pathways. Boutton et al. (1998) found a similar trend on their Texas sites, 

and surmised that heavy and selective grazing pressure on grasses was resulting in an 

increase in forbs. Another possible explanation is that litter fiom the increase in the 

relative proportions of C, shrubs on the mid-slope and ridge top is being deposited at 

lower elevations during high intensity summer storms, adding C3 detritus to the surface 

SOM. The most likely cause, however, is the l-296o shift in atmospheric CO2 5"C values 

produced by the burning of fossil fuels since the Industrial Revolution. 

The S'̂ C values for the basin outlet landscape position indicated that at some 

point in the past conditions may have been swampy or riparian with a corresponding 

increase in C3 herbaceous or woody vegetation. This outcome was not expected from the 

modem predominance of C4 warm-season perennial grasses. Isotope values throughout 

the basin outlet profile were strongly C4 except for the intriguing, pronounced C, signal at 

the bottom of the excavation, just below the cobbly alluvial layer at about 2.5 m. If the 

rocks were an old stream bed, this signal could have originated from C, forbs, C3 grasses 

or sedges, or C, mesic shrubs. C4 vegetation under the rock strata determined from the 

tniving formula was approximately 57% compared to 82% at the modem surface and 90-

100% throughout the rest of the profile. All landscape positions except the ridge top 

exhibited a more negative signal at the deepest strata in the excavations than in the 

niid<lle strata, ranging from the strong C3 trend at the basin outlet to less distinct trends at 
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the basin center, toe slope, and mid-slope positions. Possible causes of this trend will be 

discussed more fully in the radiocarbon ages for SOM section to follow. 

The l-296o increase in 5"C (less negative values) with depth reported extensively 

in the literature was also evident in these excavations. For the basin outlet landsct̂  

position, this trend persisted from the soil surface to the interface between the Btkl and 

Btk2 horizons at 129-143 cm, where the trend reversed by approximately l%o, until the 

notable decline at the cobbly alluvium. The same pattem was found for the basin center 

landsc  ̂position, with values increasing by about 2%o into the Btl horizon at 40-55 cm 

and decreasing by 2%o to 137 cm, then falling by another per mil at the excavation base. 

For the toe slope landscape position, values increased by 2%e from the surface to the Btk2 

horizon at 49-68 cm, then decreased by l%o between the Btk2 and Btk3 horizons at 68 

cm. For the mid-slope position values increased by 2%o from the surface to the middle of 

the Bkl horizon at 40-50 cm, then fell by 3%o in the Bkl horizon at 106-122 cm. At the 

ridge top, values became less negative with depth by about l%o, but a reversal of the trend 

at the deepest depth was not found. Possible explanations for this pattem of enriched 5"C 

values in the upper and middle horizons are diagenesis, the S'̂ C of past atmospheric CO2, 

and enriched root biomass. The reversal at the bottom could have been caused by more 

riparian C3 vegetation along a hypothesized stream side. The stream side explanation only 

works for the mid-slope landscape position, however, if the postulated riparian zone of 

influence extended ahnost 100 m above the present day basin floor. Another possibility is 

that recent deep C3 shrub roots have penetrated the lower strata and, because the amount 
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of old SOM declines with depth, dominated the isotopic signal. The question then 

becomes, why was there no evidence for C3 root encroachment throughout the profiles? 

With only one exception among 32 comparisons, the light SOM fiaction was 

always more negative than the dense firaction. The absolute difference between the light 

and dense fiactions for the basin outlet, basin center, and toe slope was l-2%o or slightly 

less. These small differences between the light and dense fractions were consistent with 

other studies where C3 or C4 vegetation has not changed (Nadelhoffer and Fry 1988; 

Becker-Heidmann and Schatpenseel 1989; Martin et al. 1990; McPherson et al. 1993). 

Where vegetation has remained constant, the more negative signal in the younger, less 

decomposed light SOM fraction than the older, more decomposed dense fraction is often 

attributed to diagenesis. However, the change in atmospheric S"C since the Industrial 

Revolution (-7.7%o now, -6.5%o pre-Industrial) is also of the same direction and 

magnitude as the difference between the light and dense SOM fractions. In addition, this 

study revealed that 5"C differences between above- and belowground biomass were also 

of similar magnitude and direction as the observed SOM enrichment with depth. The 

design of this study did not permit these three factors to be separated, and therefore it is 

not possible to describe their relative contributions to the pattern of S"C depletion with 

depth. 

For the mid-slope and ridge top, the absolute difference between light and dense 

SOM fractions was 2%o to ahnost 4%«. The magnitude of this difference was slightly 

greater than expected from diagenesis, changes in atmospheric 6"C, or enriched 
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belowground biomass. Recent vegetation change finm C4 grasses to C3 shrubs would 

produce a more negative younger, light fraction and could account for the additional 

discrimination. Most other studies have relied on much larger differences in SOM B"C, 

on the order of the 8-lS%o spread between the C3 and C4 photosynthetic pathways, to 

detect vegetation change (Schwartz et al. 1986; Tieszen and Archer 1990; Martin et al. 

1990; McPherson et al. 1993), although Dzurec et al. (198S) reported differences of only 

a few per mil to distinguish C3 winterfat stands invaded by C4 shadscale. 

Radiocarbon Ages for Soil Organic Matter 

Radiocarbon ages provided a chronology for the vegetation changes indicated by 

the 5"C SOM values. The SOM samples for all five landscape positions were mid- to late 

Holocene in age. Since SOM is an open system continually replenished by the addition of 

new material, the dates represent minimum ages, composites of younger and older 

organic matter averaged as the MRT. Keeping this caveat in mind, the radiocarbon dates 

suggested that the basin outlet has been strongly C4 since at least S30S+/-60 yr BP, the 

basin center since at least 6075+/-6S yr BP, and the toe slope since at least 396S+/-40 yr 

BP, with slight C3 trends evident in the post-bomb surface samples, especially the light 

SOM fractions. The mid-slope and ridge top geomorphic locations, now completely 

dominated by C3 shrubs, were mixed grass-shrublands as early as 206S+/-40 yr BP and 

2045+/-40 yr BP, and as recently as 465+/-55 yr BP and 425+/-40 yr BP, respectively. 

Using a similar study design. Monger et al. (1998) dated soil carbonates on 

middle piedmont, lower piedmont, and playa landscape positions in New Mexico and 
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Texas, and found that the conversion from waim-season grasses to desert shrubs 

accompanied Hoiocene erosion between 6400 and 2200 yr BP. In an oak savanna-

grassland ecotone in southeastern Arizona, McClaran and McPherson (1995) documented 

a shift downslope of C3 oaks into the C4 desert grassland between 700-1700 yr BP. 

McClaran and Umlauf (in press) obtained phytolith and SOM *^C ages indicating that €« 

grasses dominated the grass species at another site in southeastem Arizona for the last 

8000 years and non-grass C3 species, in this case mesquite, increased about 100-350 yr 

BP. The results of all these studies are consistent within the broad ranges of dates 

reported and all show increases in C3 shrubs in areas formerly dominated by C4 grasses. 

However, this study and the one by McClaran and Umlauf (in press) suggested that C3 

woody vegetation increased in historic times, whereas those by Monger (1998) and 

McClaran and McPherson (1995) suggested that woody increases were under way prior 

to anthropogenic influences such as livestock grazing and increasing atmospheric CO;. 

One of the most intriguing questions posed by the S'̂ C results concemed the time 

frame for the existence of the C3 vegetation at the bottom of the outlet profile. The 

radiocarbon date for the strata just above the cobbly alluvium was 5305+/-60 yr BP. The 

date for the strata just below the cobbly layer was 5000+/-70 yr BP. This was one of only 

two stratign^hic inconsistencies among the 26 samples dated, but the ages are not 

significantly different. The rock layer between this interface may have allowed soluble 

yoimger SOM to illuviate into the lower strata, at the same time preventing the octensive 
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soil mixing that characterizes the other horizons and homogenizes the ages in this 

Vertisol. 

Several other studies have found a trend towards enrichment with depth followed 

by depletion at the lowest horizons similar to that seen in the enclosed basin. Boutton et 

al. (1998), working in mesquite invaded Texas grasslands, found the greatest proportion 

of C4 organic carbon between IS and 90 cm, with more negative 5'̂ C values at the 

surface and below 90 cm. The surface soils were post-bomb in '*C age and reflected 

recent changes from C4 grass to C, woody vegetation and/or an increase in C3 forbs. The 

authors proposeded three possible explanations for the decrease below 60 cm: the 

domination of the age signal at depth by modem deep rooted forbs or mesquites; the 

presence of mixed C3/C4 vegetation in the more distant past; or the inheritance of C3 

carbon from depositional processes. 

Biggs (1997) used carbon isotopes and nutrient concentrations in SOM to study 

vegetation change on a mesquite-invaded grassland at Fort Huachuca in southeastem 

Arizona. He concluded that a C4 grassland was present on the site throughout the 

Holocene period, and had undergone an increase in mesquite over the last few decades, 

creating a mixed C3 woodland with a C4 grass understory. A mixed woodland also 

appeared to have been present during the Pleistocene. 

In the Texas Great Plains, Nordt et al. (1994) found evidence in SOM 5'̂ C for 

climatically driven shifts from 45-50% C4 vegetation during the cooler, wetter late 

Pleistocene and early Holocene (15,000 yi BP to 8000 yr BP) towards C4 dominance as 
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the climate wanned and dried during the mid-Holocene until approximately 5000-6000 yr 

BP. At the same time, streams in northwest Texas were converted fix)m perennial to 

intermittent flows and isolated ponds. Since around 4000 yr BP, SOM indicated a return 

to mixed CVC4 vegetation and cooler, wetter conditions. 

The trend towards an increase in Cj vegetation found at the base of the basin 

outlet, basin center, and mid-slope excavations in this study area also indicated the 

possibility of a more mesic environment. However the relative time &ame was later than 

at Nordt's Texas site, keeping in mind that SOM radiocarbon dates are minimum ages 

and are always younger than the age of soil formation. The SOM isotope record 

suggested that conditions at the enclosed basin could have been wetter prior to at least 

5000-6000 yr BP, and that an increase in grasses could have accompanied mid-Holocene 

warming and drying after that time. Also, at the enclosed basin the return to mixed C3/C4 

vegetation occurred much later than 4000 yr BP, and there was no evidence to suggest 

that it was related to climatic cooling. The enclosed basin carbon isotope results agreed 

with those from packrat middens (Van Devender 1990) and the Murray Springs pollen 

record ̂ ehringer et al. 1967) for a more mesic Altithermal in southeastem Arizona. The 

presence of a substantial proportion of C3 vegetation on the mid-slope and ridge top 

landscape positions by at least 2000 yr BP was also consistent with packrat midden 

analyses by Van Devender (1990, 1995) that desert shrubs, particularly creosotebush, 

iq;>peared in the Chihuahuan Desert during the late Holocene around 4000 yr BP. 
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Holocene ages were expected for the basin outlet, basin center, and toe slope 

landscqie positions, where sediment deposition has filled the basin, but dates older than 

those measured were expected for the mid-slope and ridge top landscape positions, \̂ ere 

soil was thought to have formed in place on the old volcanic surface, or older subsurface 

horizons were thought to have been exposed by erosion of the upper soil surface. In 

addition, the mid-slope and ridge top excavations contained a notable accumulation of 

calcium carbonate and clay skins, indicating ages of tens to hundreds of thousands of 

years. However, the deepest strata for the outlet, center, and toe slope positions were 

older than the deepest mid-slope and ridge top strata. The surface horizon dense fraction 

SOM radiocarbon date at the ridge top (42S+/-40 yr BP) suggested the possibility of a 

truncated soil fit)m. which the youngest dense SOM has been lost by erosion. Many 

studies have shown that the oldest SOM is associated with the fine particle size fiaction 

of mineral soil ^ecker-Heidman and Scharpenseel 1986, 1989, 1992; Balesdent et al. 

1988; Tieszen and Archer 1990; Boutton 1996; Balesdent and Mariotti 1996). It is 

possible that clays and silts eroded firom the uplands contributed to the older '̂ C ages 

measured at the bases of the lowland excavations, leaving the coarser sand fraction 

containing younger SOM in upland soils. 

Sediment removal from hillslopes by overland flow is size-selective, resulting in 

erosional redistribution of soil particle classes along a path finm sediment source to sink 

(Parsons et al. 1991). Fine clays and silts ate preferentiaily entrained and transported 

fivther than heavier sand particles whether the mode of transport is overland flow, stream 
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channel flow, or wind (Brooks et al. 1994; Ritter et al. 1995; Wainwright et al. 1995). 

Parsons et al. (1991) studied the size characteristics of sediment in overland flow on a 

shrub-dominated hiUslope on the WGEW similar in species composition to the enclosed 

basin study site. They found that sediment in interrill (overland) flow was finer than the 

matrix soil due to the inability of overland flow to transport the coarser sediment fraction. 

Sand-sized particles were detached by raindrop impact, but were not subsequently 

transported downslope. 

Lane et al. (1997) reported that at the hiUslope scale, dominant processes 

determining sediment yield included topogrs^hy, vegetative canopy cover, surface 

ground cover, and soil, as well as rainfall amount and intensity î ch influence sediment 

yield at all scales. They also found on the WGEW mean sediment concentration in runoff 

was at least twice as high on brush covered hillslopes as on grass covered hillslopes. 

Parsons et al. (1991) estimated the erosion rate at their WGEW shrub site to be 0.855 

g/m^min under a simulated rainfall of 80 mm/h. Osbome et al. (1976) measured average 

flnniifll soil losses of between 0.29 to 2.31 tons/acre for three small shrub-dominated 

WGEW watersheds, compared to 0.02 tons/acre for a grassy watershed. Abrahams et al. 

(1994) compared resistance to overland flow on grass and shrub-dominated hillslopes on 

the WGEW, finding that resistance was significantly greater on grasslands than on 

shrublands. Th  ̂asserted that as grass cover declined and shrubs increased in this region 

during the past century, the A horizon of the soil was selectively eroded fi»m shrub 
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interspaces. Infiltration rates were reduced, and overland flow velocity  ̂ and volume 

increased. 

The extensive body of hydrological work on the WGEW suggests that fine soils 

have been lost fix>m hillslopes and subsequently retained in grassy basins or carried away 

by gullies and channels. The selective removal of fines from ridge top soils and their 

transport down slope to accumulate in lower d^sitional areas is especially relevant at 

the enclosed basin study site, v\̂ ere the basin has been filling with sediment originating 

in the surrounding volcanic hills. In fact, mineralogical thin section analyses of the ridge 

top soils revealed that the soil matrix from 16-32 cm consisted of 70-80% sand-sized 

quartz grains and only about 10% clay. The toe slope landscape position thin sections had 

about 40% clay and 50% quartz sand in the upper 15 cm, 50-60% clay from 32-49 cm, 

and 60-70% clay finm 49-68 cm. This progression of increasing clay with depth and age 

is what would be expected for a soil profile formed in place. However, a pattern of 

decreasing clay with depth in the basin center and outlet landscape positions suggested 

that the clay in the upper horizons did not form in place but was deposited by erosion. 

The basin center thin sections contained 90% clay and 10% quartz sand in the upper 13 

cm. At 13-26 cm, clay made up 50-60% and quartz 30-40% of the thin section. Quartz 

sand increased with depth to 50% at 55-70 cm, 60-70% at 85-102 cm, and 80% at 119-

137 cm. The basin outlet thin sections were 80% clay and 10% quartz in the upper 10 cm, 

falling to 60% clay at 20-31 cm, 40% at 71-81 cm, and 30% at 114-129 cm. Volcanic 

fragments were common in the outlet and center sections. 



136 

One problem with this inteipietation is that the oldest SOM samples fiom the base 

of the outlet and center landscq)e positions were not those highest in the fine particle size 

fiaction, as would be suggested by the preponderance of evidence from the literature. 

There was no age inversion in the basin center and outlet profiles accompanying the 

presumed deposition of clay-associated older SOM fiom the ridge top and mid-slope. The 

depth of maximum clay accumulation in the outlet and center profiles was the upper 10-

13 cm, and that horizon had post-bomb ages for both dense and light SOM fiactions. Of 

course the near-surface soils are dominated by modem above- and belowground SOM 

inputs, including bomb carbon. When older and younger materials are mixed as in a soil, 

the younger material containing higher amounts of '̂ C has the efTect of strongly diluting 

the signal firom the older material containing lower amounts of '̂ C (Stafford et al. 1988; 

Hedges et al. 1995). For example, one 2.2 mm, 150 ^m diameter dried rootlet in a 1 mg 

sample of pure 100,000 year old carbon would reduce the '̂ C age to only 40,000 years. 

This might explain why older SOM adhering to fine particles fit)m the ridge top and mid-

slope would not create an age inflection upon deposition in the basin center and outlet 

This would be especially true if the transfer of fine sediment occurred relatively slowly 

over decades or centuries instead of one or a few extreme event pulses. 

The dense SOM fi:actions fiom the soil surface at mid-slope and the ridge top had 

relative radiocarbon ages of465+/-55 yr BP and 425+/-40 yr BP, respectively, indicating 

the persistence of a stable SOM pool associated with the mineral soil. The decline of the 

C4 waim-season perennial grasses on the mid-slope and ridge top landscape positions 
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seems to have occuned since then, when the dense SOM 5"C signal at 0-11 cm was -

18.S%o and C4 vegetation was a little over 60%. The light SOM post-bomb ages firom 0-

11 cm and 11-22 cm had S"C values of -21.296o and -21.1%o, respectively. The mixing 

formula calculation yielded 39% C4 vegetation for both of these 5"C values. 

As expected, all the light SOM samples were younger than their corresponding 

dense samples. All light samples fix>m the soil surface had post-bomb dates. The dense 

samples fiom the soil surface were also post-bomb for the outlet, center, and toe slope. 

The dense fraction SOM from the 11-22 cm depth at the ridge top was post-bomb, which 

was not expected, but is consistent with the possibiliQr that large amounts of old soil have 

been lost from the ridge top, leaving modem plant inputs to dominate the radiocarbon 

signal in the remaining shallow soil. This scenario is supported by the fraction modem 

(F) values for the light density SOM indicating the presence of modem material from 0-

11 cm (F = 1.08) and 11-22 cm (F = 1.04) in the ridge top soil. 

The MRT of the active SOM pool is estimated to be very short, on the order of a 

few years (Parton et al. 1987; Balesdent et al. 1988; Tieszen and Archer 1990; 

Christensen 1992; Trumbore 1996). The slow SOM pool is estimated to have a MRT of 

up to several decades, and the passive pool hundreds to thousands of years. A bimodal 

distribution of SOM into active and stable pools having MRTs of less than a few decades 

and several hundred to thousands of years, respectively, is well supported (Jensinson 

1981; Balesdent et al. 1988; Hisieli 1992, 1993). bi this study the light density  ̂SOM 

fraction probably contained material from both active and slow SOM pools according to 
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the tri-pool model, and the active pool according to the bimodal distribution model. Since 

this fiaction also had a post-bomb radiocarbon age, it can be deduced that the small 

enhancement in the C3 6'̂ C signal at the outlet, center, and toe slope surface horizons 

occurred on a decadal time scale ^outton et al. 1998). Likewise, on the mid-slope and 

ridge top, the post-bomb ages for the light SOM and their mixed C3/C4 S'̂ C signal 

indicated that the dramatic change to C3 dominance occurred within the last several 

decades. This result contradicted Darrow's assertion (1944) that in Cochise Coimty the 

grassland-desert shrub vegetation type associated with rocl̂  slopes had undergone little 

change in species composition since European settlement 

A more quantitative determination of the MRT of post-bomb SOM can be made 

with a proportional replacement model for soil carbon that relates the incorporation of the 

'̂ C bomb spike to SOM turnover rates (Hsieh 1993; Boutton et al. 1998). Hsieh (1993) 

constructed curves for 1988 to 2000 (projected) based on the declining post-bomb 

radiocarbon activity  ̂of the atmosphere to relate the fraction modem (F) to MRT for active 

SOM pools. Using these curves for the enclosed basin study site, the outlet landscape 

position light fraction post-bomb F value (F = 1.16) indicated a MRT of S or SS yr. The 

light fraction F values for the other landscape positions were too small to fall on Hsieh's 

curves, suggesting that the SOM turned over in either less than one year or mote than 80 

years. Boutton et al. (1998) used this model to establish MRT's of40-100 years for their 

post-bomb SOM at the 0-15 cm depth interval and 300-500 years at the 15-30 cm depth 

interval. The method assumes that the active pool is in equilibrium with the atmosphere 
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and has attained a steady state in SOM turnover. As the year 2000 ^proaches, the 

radiocarbon value will gradually lose its sensitiviQr when MRT exceeds 20 yr (Hsieh 

1993). 

There was one anomalous pair of dense and light SOM radiocarbon dates fit>m the 

114-129 cm depth at the outlet landsc  ̂position where both fiactions were essentially 

the same age (3780+/-SS yr BP for the dense fraction, 3710+/-80 for the light fraction). 

Although SOM is characterized by the mixing of younger and older materials, the almost 

identical dates for the light and dense fractions from the same depth implied that the 

SOM was protected from such mixing. One possible mechanism could be the burial of 

surface organic matter by the rapid deposition of sediment, a phenomenon that is not 

uncommon during extreme episodic flooding events. If the sediment was rich in clay, it 

could have formed a relatively impermeable barrier to subsequent infiltration or mixing 

with vegetation that established after the event. Although SOM radiocarbon dates cannot 

usually establish the absolute time of an event, the similar light and dense fraction dates 

suggested closed system behavior and the possibility of using the dates to calculate the 

average erosion rate for the enclosed basin since deposition at that depth. The calculation 

yielded a sediment deposition rate of O.OOIS mm/yr/hectare Oia). The area contributing to 

runoff at the basin outlet is {proximately 232 ha. It is important to realize that this 

estimation assumes closed system behavior for the SOM at the 114-129 cm horizon, and 

that it is an average that does not distinguish variations in erosion rate over the 
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proximately 3780 yr period of record, such as the accelerated erosion that has occurred 

during this century. 

It appeared that shrubs have not increased in areal extent along the elevation 

gradient at the enclosed basin, but remained confined to the roclgr slopes and ridges. This 

was in contrast to the carbon isotope studies in southeastern Arizona by McPherson et al. 

(1993) and McClaran and McPherson (1995) that indicated an increase in the extent of 

oak and mesquite woodland between 700-1700 yr BP. These results were also 

inconsistent with observations by Darrow (1944) that shrubs in Cochise CounQr were 

increasing on deep alluvial soils. Other studies have also shown an extension of shrubs 

into grasslands (Humphrey 19S8; Humphrey and MehriiofT 1958; BufBngton and Herbel 

1965). However, in some settings, soils and geomorphology have limited the areal 

expansion of woody species (McAuliffe 1994, 1995). Monger et al. (1998) found in New 

Mexico and Texas that vegetation changed from warm-season perennial grasses to desert 

shrubs between 6400 yr BP and 2200 yr BP, and that the change was more pronounced 

on middle piedmont slopes than on lower landforms. 

Directions for Future Work 

The above- and belowground biomass S'̂ C data suggested several interesting 

avenues for future work to confirm the relative enrichment in roots versus shoots seen in 

this study and evaluate its contribution to the commonly observed enrichment in SOM 

with depth. The 8"C of SOM is influenced by the amount of above- and belowground 

biomass from grass and shrub li&fotms that enters the SOM pool annually, the chemical 
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components (especially lignin) of grass and woody plant parts, and rates of 

decomposition for grass versus shrub biomass. These variables need to be fiirther 

investigated for common species in the semiarid Southwest in older to facilitate 

interpretations of vegetation change derived fiom SOM 8"C values. In addition, Q and 

C4 forb contributions to soil 5'̂ C signals should not be neglected. At the enclosed basin, 

Cj and C4 forbs are seasonally abundant in years of adequate rainfall and may be 

increasing in some areas. The design of this and future studies could be improved by 

quantifying above- and belowground biomass, litter inputs finm grass and shrub-

dominated landscapes, and the lignin content of grass, shrub, and forb roots, leaves, and 

stems. 

Field and laboratory litte bag studies have been very useful in elucidating the 

mechanisms and beginning and end products of decomposition. For example, a litter bag 

study in which sterilized litter of known 6'̂ C value was inoculated with decomposers 

whose amounts and 5"C values were directly measured could test the effects of different 

decomposers, initial plant material of various isotopic values, and interactions among 

these variables. Changes in the S"C values and the relative proportions of plant tissue 

components (amino acids, sugars, cellulose, lignin, lipids, pectin) measured through time 

would assess their contribution to ultimate bulk tissue 5"C values. Plant material could 

be allowed to decompose under controlled moisture and temperature conditions and in 

soils of different textures to evaluate the effects on decomposition rates of these 
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influential variables. Also, by accelerating decomposition under optimum conditions, the 

end point S"C values could be achieved more quickly for the most resistant fraction. 

It remains difBcult to separate the effects of diagenesis, post-industrial 

atmospheric COj S'̂ C, and roots on SOM 5"C enrichment with depth independent of 

vegetation change, since all three create enrichment of similar magnitude and direction. 

Nor were the density separation and '̂ C dates in this study able to directly document the 

timing of the loss of grasses from the uplands. Therefore no additional quantitative 

knowledge was gleaned regarding the most controversial causes of vegetation change, 

overgrazing by livestock at the tum of the century and increasing atmospheric CO2 

concentrations since the Industrial Revolution 200-250 years ago. 

This study used a density of 2g/cm  ̂ to separate light from dense SOM fractions, 

and no chemical fractionation or separation into soil particle fractions was attempted. 

Many variations on the pre-treatment theme are practiced by other researchers in the 

search for the oldest or youngest SOM fraction, but despite the substantial efifort devoted 

to SOM chemical and physical separation, no completely satis&ctory or superior protocol 

has emerged. Bemou et al. (1998) commented "In the absence of substantial justification 

for segregating SOM into different compartments based on lability, modeling should be 

done with the simplest models possible." Because there is no universally accepted 

density criteria for distinguishing the light and dense SOM fractions, and no clear 

evidence for an association between SOM age and chemical fraction Oiumates versus 
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residue), this study used a specific gravity  ̂of 2 g/cm  ̂to separate the light and dense SOM 

fractions with no further separation into chemical fractions. 

However, particle size separation might have been able to further isolate age 

fractions and improve the resolution of the '*C dates, especially with respect to the very 

young clay horizon at the surfaces of the outlet and center landscape positions. Becker-

Heidman and Schaipenseel's thin-layer soil profile dating (1986, 1989, 1992) showed a 

highly significant correlation between the oldest '̂ C ages and the highest clay content 

Therefore, they recommended dating the clay fraction of soil to minimire the effect of 

continual rejuvenation of SOM with younger material on '̂ C ages. Tieszen and Archer 

(1990) wrote that, although chemical fiactionation might not be helpful, physical 

fractionation of SOM held promise for documenting vegetation change, because SOM 

turnover is a clear function of various size fractions. Large fiactions turn over fiistest, 

whereas fractions between 0.2 and 20 ^m are resistant to exchange. In steady state 

systems that have not undergone vegetation change from one photosynthetic pathway to 

another, all particle size fractions have similar 5'̂ C values, whereas following vegetation 

change, small particles retain the value of the older SOM and the large size fractions 

reflect newer SOM. In their study of mesquite invasion into Texas grasslands, the clay 

SOM fraction was strongly associated with a C4 isotopic signal at all depths, indicating 

slow turnover or exchange with recent carbon inputs, ^ereas the sand fraction was 

associated with the C3 mesquite signal. However, particle size separation does not always 

provide firactions with clearly distinct SOM ages ^sieh 1993). Balesdent et al. (1987) 
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found the youngest SOM in both the >50 (sand) and the <2 (clay) fractions and 

concluded that the clay fraction was very heterogeneous with respect to the age of 

associated SOM. 

Opal phytolith analysis as a direction for future work has the potential to clarify 

the source of the C, isotopic signal at the base of the outlet landscape position profile. 

Opal phytoliths might also be able to determine if deep roots from recent C, dicots or the 

remains of C, monocots are responsible for the more negative signal at the bottom of the 

mid-slope excavation. The identification, abundance, and radiocarbon ages of C3 grass 

phytoliths from these horizons could suggest a cooler and/or moister microclimate than 

exists today. A preliminary investigation of selected soils from the enclosed basin smdy 

site used LMT for density separation of opal phytoliths from bulk soil. As McClaran and 

Umlauf (in press) demonstrated, 8'̂ C values and radiocarbon ages from carbon occluded 

within opal phytoliths can expand the temporal scale and taxonomic resolution when used 

in conjunction with SOM. 

Summary 

Stable carbon and radiocarbon isotopes provided a valuable tool for investigating 

past grass and shrub dynamics at the enclosed basin study site on the WGEW. Small 

differences in 5"C values between above- and below ground biomass and within-species 

variations in 5"C with landscape position found in this study did not obscure the clear 

and wide separation between €« waim-season perennial grass and C, shrub lifisforms. The 

clarity of the Cs and C4 signals afforded confidence in using the 5"C from current 
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vegetation as a reference to which SOM values were compared and as criteria for 

detecting C3 and €« plant contributions to SOM. At the same time, there was an 

interesting l-396o enrichment in shrub belowground biomass that could contribute to the 

SOM enrichment with depth observed in many studies. 

5'̂ C values from SOM revealed that vegetation change did not occur consistently 

across heterogeneous landscape positions despite exposure to similar land uses and 

climatic cycles. The ridge top and mid-slope geomorphic locations underwent a 

significant loss of the grass component of the vegetation, î e the basin outlet, center, 

and toe slope locations remained strongly C4 throughout the period of record. 

Both the direction and timing of vegetation change varied with landscape 

position, but two general trends were evident (Figure S). There was an increase in both 

present and past C4 vegetation along the slight elevation and substantial soil gradients 

moving from the ridge top to the outlet. There was also an increase in C4 vegetation 

moving back in time for all landscape positions. SOM radiocarbon dates and soil 

morphology established a Holocene time frame for sediment aggradation at the basin 

outlet and center landsc  ̂positions. Since at least 5000-6000 yr BP, warm-season 

peremual C4 grasses have dominated the lower elevations in the basin, as they do today. 

From at least 2000 yr BP to 400 yr BP, C4 grasses also made up approximately 60% of 

the vegetation on the ridges. Today the proportion of C4 grasses on these landscape 

positions is only 1.5%. The LMT density fractionation protocol successfully separated 

SOM into significantly younger and older materials and provided a more precise 
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estimation of the timing and direction of past and recent vegetation change, suggesting 

that the loss of grasses on the mid-slope and ridge top occurred on a decadal time scale. 

This study and others have shown that plant communities growing within the 

same climatic regime but on heterogeneous geomorphic locations may exhibit different 

responses to forces driving vegetation change. It is likely that anthropogenic influences 

such as overgrazing by domestic livestock, increasing atmospheric COj concentrations, 

and fire suppression interacting with natural interglacial climate change all contributed to 

some degree to the increase in woody vegetation seen during this century on rangelands 

throughout the world. One of the most serious impacts on the sustainability of any land 

resource is the loss of soil by erosion. In semiarid areas, gully formation, head cutting, 

and bank cutting are extreme expressions of soil instability, but they are often set in 

motion by the removal of vegetation on watershed uplands. At the enclosed basin study 

site, the mineralogical analysis and SOM radiocarbon ages suggested that the decline of 

grasses from the slopes was accompanied by the erosional loss of large amounts of fine 

soil. To hope that grasses might retum to the slopes and ridges through revegetation or 

modified management may be unrealistic due to the significant loss of both soil volume 

and the fine-textured fraction and its effects on water relations and nutrient availability. 

Future research on the relationship between vegetation change and landscape position can 

help private and public land policy makers and managers understand wiiich landscqie 

positions might be most vuhierable to these impacts and customize land use decisions to 

protect the soil and vegetation resources on different geomorphic surfiices. 
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APPENDIX A: PEDON DESCRIPTIONS 

Pedon descriptions for basin outlet, center, toe slope, mid-slope, and ridge top landscape 
positions for a small enclosed basin research site on the Wabut Gulch Experimental 
Watershed in southeastern Arizona. Adapted finm Eric Shiers, unpublished data, 1997. 

BASIN OUTLET LANDSCAPE POSITION - Fine, montmorillonitic, thennic Typic 
Hiq>l0t0Trert 

This soil is very deep and well drained. The permeability of this soil is slow. The slope 
varies from 0-3%. The runoff class is slow. The parent material for this soil is mixed 
alluvium. This was a small basin that has filled with sediments. The last horizon 
described (228-243 cm) represents the prior soil that has been buried by these sediments. 

Horizon Depth 
cm 

Dry 
Color 

Moist 
Color 

Texture Structure pH CaC03 % Boundary Diagnostic 
Horizon 

A 0-19 7.5YR 
5/2 

7.5YR 
3/2 

Silty clay 
loam 

Med 
Moderate 

Sbk 

8^7 4 Clear Ochric 

Btl 19-42 7.5YR 
4/2 

7.5YR 
3/2 

Silty 
Clay 
Loam 

Med 
Moderate 

Sbk 

8.19 3 Clear 

Bt2 42-81 7.5YR 
5/3 

7.5YR 
3/2 

Clay Coarse 
Moderate 
Sbk or Pr 

8.63 5 Clear Argillic 

Bt3 81-
114 

7.5YR 
4/3 

7.5YR 
3/3 

Clay Coarse 
Moderate 
SbkorPr 

8.84 4 Gradual Argillic 

Btkl 114-
143 

SYR 
5/3 

SYR 
3/3 

Clay Coarse 
Moderate 
SbkorPr 

8.93 8 Clear Argillic 

Btk2 143-
163 

5YR 
5/3 

SYR 
3/3 

Clay Coarse 
Moderate 
SbkorPr 

9.14 8 Clear Argillic 

Btic3 163-
180 

SYR 
5/3 

SYR 
4/3 

Clay Coarse 
Moderate 
SbkorPr 

9.00 9 Clear Argillic 

Btk4 180-
198 

SYR 
5/4 

SYR 
4/4 

Clay Coarse 
Moderate 
SbkorPr 

9.01 9 Gradual Argillic 

BtkS 198-
228 

SYR 
5/3 

SYR 
3/4 

Clay Coarse 
Moderate 
SbkorPr 

9.10 8 Abrupt Argillic 

2Bt 228-
243 

2.5YR 
5/4 

2.5YR 
4/4 

Clay Coarse 
Moderate 
SbkorPr 

8.50 13 Abrupt 
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BASIN CENTER LANDSCAPE POSITION - Fine, montmorillonitic, thermic Typic 
Haplotorrert 

This soil is very deep and well drained. The permeability of this soil is slow. The slope 
varies from 0-3%. The runoff class is slow. The parent material for this soil is mixed 
alluvium. This was a small basin that has filled with sediments. This soil has similarities 
between pit 1 and pit 2. 

Horizon Depth 
cm 

Dry 
Color 

Moist 
Color 

Texture Structure PH CaC03 
% 

Boundary Diagnostic 
Horizon 

A 0-40 7.5YR 
5/3 

7JYR 
3/2 

Clay 
loam 

Med 
Moderate 

Sbk 

8.16 5 Clear Ochric 

Btl 40-85 7.5YR 
5/3 

7JYR 
3/3 

Clay 
loam 

Med 
Moderate 

Sbk 

8J5 8 Clear 

Bt2 85-
137 

SYR 
5/5 

SYR 
4/5 

Clay Coarse 
Moderate 
SbkorPr 

8.56 4 Clear Argillic 

Bdc 137-
186 

5YR 
5/4 

5YR 
4/5 

Clay Coarse 
Moderate 
SbkorPr 

8.60 6 Abrupt Argillic 

2Cr 186 -̂ Red Silt Stone Calcarious With Large Areas of Reduction 

Horizon Depth 
cm 

Dry 
Color 

Moist 
Color 

Texture Structure pH CaCO 
3% 

%0C Boundar 
y 

Diagnostic 
Horizon 

A 0-40 7.5Y 
R 

5/3 

7.5YR 
3/2 

Clay 
loam 

Med 
Moderate 

Sbk 

8.16 5 2.55 Clear Ochric 

Btl 40-85 7.5Y 
R 

5/3 

7.5YR 
3/3 

Clay 
loam 

Med 
Moderate 

Sbk 

8.35 8 Clear 

Bt2 85-
137 

5YR 
5/5 

5YR 
4/5 

Clay Coarse 
Moderate 
SbkorPr 

8.56 4 Clear Argillic 

Btk 137-
186 

5YR 
5/4 

SYR 
4/5 

Clay Coarse 
Moderate 
SbkorPr 

8.60 6 Abrupt Argillic 

2Cr 186  ̂ Red Silt Stone Calcarious With Large Areas of Reduction 
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TOE SLOPE LANDSCAPE POSITION - Fine loamy, montmorillonitic, theimic Typic 
Calciaigid 

This soil is moderately deep and well drained. The permeability  ̂of this soil is slow. The 
slope varies fiom 3-5%. The runoff class is moderate. The parent material for this soil is 
mixed alluvium over residuum. This soil was formed by alluvium accumulating over 
residuum and accumulation of clay and carbonates fiom pedogenesis. 

Horizon Depth 
cm 

Dry 
Color 

Moist 
Color 

Texture Structure PH CaC03 
% 

Boundary Diagnostic 
Horizon 

Ap 0-5 7^YR 
5/4 

7.5YR 
4/3 

Sandy 
loam 
1

1
1

 
7.77 9 Abrapt Ochric 

A S-16 7JYR 
5/4 

7JYR 
3/3 

Sandy 
loam 

Med 
Moderate 

Sbk 

8.01 9 Clear 

Btkl 16^9 5YR 
5/4 

5YR 
3/4 

Clay 
Loim 

Coarse 
Moderate 
SbkorPr 

8.21 6 Clear ArgilUc 

Btk2 49-68 5YR 
5/5 

5YR 
4/5 

Clay 
Loam 

Coarse 
Moderate 
SbkorPr 

829 44 Abrupt Argillic/ 
Calcic 

Btk3 68-91 5YR 
7/5 

SYR 
6/5 

Clay 
Loam 

Massive 8J6 44 Abrupt Argillic/ 
Calcic 

Cr 91+ Red Silt Stone 
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MID-SLOPE LANDSCAPE POSITION - Coarse loamy, mixed, thermic Typic 
Petrocalcid 

Samples fiom this soil were not available for the complete analysis conducted in 1996, 
but it is very similar to the ridge top landsciqw position. The following description was 
provided by Waite Osterkamp during excavation in 1997. Parent material for ̂ s soil is 
mixed alluvium formed on old fan deposits. The A horizon is fully developed, with 7S-
80% rock fragments by volume in Ae upper 10 cm. The Bkl horizon also contains 
approximately 80% rock fragments, mostly <S cm in diameter. It is moderately 
c^careous t̂ ughout, with highly disseminated carbonates (no concentrations) and 
carbonate coatings on all pebbles. Tlie Bk2 horizon is very hard, massive calcrete with no 
apparent fractures. The profile shows a reddish color indicating oxidizing conditions 
t̂ ughout There were no roots below 76 cm. 

Horizon Depth 
cm 

Dry 
Color 

Moist 
Color 

Texture Structure PH CaC03 
% 

Boundary Diagnostic 
Horizon 

A 0-30 Ochric 
Bkl 30-

122 
Petro-
calcic 

Bk2 183+ Petro-
calcic 

RIDGE TOP LANDSCAPE POSITION - Coarse loamy, mixed, thermic Typic 
Petrocalcid 

This soil is moderately deep and well drained. The permeability of this soil is rapid. The 
slope varies from 0-10%. The runoff class is very slow to medium. The parent material 
for this soil is mixed alluvium. This soil forms on old alluvial terraces. 

Horizon Depth 
cm 

Dry 
Color 

Moist 
Color 

Texture Structure pH CaC03 
% 

Boundary Diagnostic 
Horizon 

A 0-22 7.5YR 
6/3 

7.SYR 
4/3 

Loamy 
Sand 

Med 
Weak 
Sbk 

8J6 16 Abrupt Ochric 

Bkl 22-61 7^YR 
7/2 

7JYR 
5/3 

Santfy  ̂
Loam 

Musive 8.41 44 Abnipt Petro-
calcic 

Bk2 61+ 7.5YR 
8/3 

7.5YR 
6/4 

Samfy 
Loam 

Mustve 833 46 Petro-
calcic 
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APPENDIX B: SOIL ANALYSIS METHODS 

The following methods were used to analyze the soil samples fiom the enclosed basin 
stucfy site on the Walnut Gulch Experimental Watershed. Analyses were conducted by 
Eric Shiers in April, 1997. 

Texture: Modified Bouyoucos Hydrometer (Gee and Bauder 1986) 

Particle-size analysis was done using a Bouyoucos hydrometer. After the analysis was 
completed the sample was wet sieved through a #270 sieve to separate the sand ̂ tion. 

ColoR Chronometer (Post et al. 1993) 

A Minolta Chronometer was used to measure soil color. The chronometer method is 
highly reproducible. First the chronometer was calibrated, then a sample of sieved soil 
was leveled, as surface roughness can affect color. For dry color, the average three 
readings from the chronometer were taken (automatic). For wet color, water was applied 
with a spray bottle until the sample was just moist and the procedure was repeated. 
Chronometer readings were correct to account for the difference between the measured 
color and the color that the human eyes sees. To correct the chronometer readings, the 
Hue was changed to a continuous scale (1-5), linear regression formulas were applied to 
the chronometer readings, then the Hue was changed back to the appropriate Munsell 
color. 

CaC03 %: Calcium Carbonate Equivalent (%) (Nelson 1982) 

Calcium carbonate equivalent was measured by adding excess HCl to lOg of soil. The 
soil and solution were then back titrated with NaOH. 

pH: pH Meter ̂ cLean 1982) 

pH was measured by adding water to a 2Sg sample of soil until it reached the liquid limit 
(about the consistency of warm honey). The pH was then measured using a pH meter. 
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Soil organic carbon (SOC, %) widi dqNh (cm) for five landsoqpe positions at the enclosed basin stucfy site 
on the Walnut Gul̂  Expe^ental Watershed; % SOC calculated from micromoles (pm) of carbon 
dioxkle (COj) evolved from combusted soil organic matter (SOM), where; 

limCOj'̂  manometer reading X 1.67 
% SOC'{[(imCOjX (12 |igC/|unC02)]/|ig sample} x 100 

Landscape Soil Depth Sample Weight Manometer COjOim) SOC(%) 
PositioB (cm) (mg) Reading 

Outlet 0-10 196 91J4 15254 0.93 
10-20 213 84.71 141.47 0.79 
20-30 207 87.48 146.09 0.85 
42-52 208 78.06 130.36 0.75 
57-67 268 87.01 145.31 0.65 
71-81 264 72.67 121.36 0.55 
81-92 259 45.42 75.85 0.35 
92-103 326 66.82 111.59 0.41 
103-114 279 67.19 11221 0.48 
114-129 283 35.46 5922 025 
129-143 302 28.12 46.96 0.19 
143-163 273 18.55 30.98 0.13 
163-180 330 30.86 51.54 0.19 
180-193 335 19.85 33.15 0.12 
198-228 319 21.99 36.72 0.14 
228-243 331 10.10 16.87 0.06 

Center 0-13 217 77.49 129.41 0.71 
13-26 193 67.59 112.88 0.69 
26-40 211 55.05 91.93 0.52 
40-55 210 38.65 64.55 0.37 
55-70 247 31J6 52.37 025 
70-85 273 21J6 35.67 0.16 
85-102 300 16.40 27 J9 0.11 . 
102-119 314 13.53 2259 0.09 
119-137 321 16.69 27.87 0.10 
137-186 313 12.05 20.12 0.08 

Toe Slope 0-5 222 22.16 37.01 020 
5-16 206 30.52 50.97 029 
16-32 248 37.69 62.94 050 
32-49 248 26.46 44.19 021 
49-68 296 35.79 59.77 024 
68-71 301 2823 47.14 0.19 

Mid-Slope 0-15 200 45.02 75.18 0.45 
15-30 215 48.78 81.46 0.45 
30-40 240 60.27 100.65 0.49 
40-50 254 39.14 6536 051 

106-122 315 20.51 3425 051 

RidfeTop 0-11 197 3925 65.65 059 
11-22 268 9554 15955 0.71 
22-61 327 57.49 96.01 055 
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APPENDIX C: MINERALOGICAL ANALYSES 

Mineralogical thin section analysis by landscape position location for an enclosed basin 
research site on the Wabiut Gulch Experimental Watershed. 

BASIN OITTLET LANDSCAPE POSITION 

0-10 cm 
Matrix approximately 80% clay with aroimd 10% quartz fragments; quartz crystal 
diameters in the 200-500 micron range (sand sized); grayish material could be the 
beginning of silica cemented duricrust. Volcanic rock fragment (2.5 mm) in upper left 
quadrant containing quartz, ferromagnesium, and feldspar fragments in a grayish 
groundmass; ferromagnesium fragments are hornblende. Chert (fine-grained quartz) 
fragment, about 1.25 mm, in upper right quadrant Feldspar (banded or platey cleavages) 
present in small amounts. 
20-31 cm 
Matrix approximately 60% clay and 30% quartz, including some chert. Sandstone and 
ferromagnesium fragments present in small amounts, ranging from 250-500 microns. 
Numerous cracks, possibly root traces. 
71-81 cm 
Matrix approximately 40% clay, 40% quartz; about 10% of the quartz is chert; one 750 
mm fragment of fitnous quartz. Sever  ̂sandstone fragments, 1.25 mm range. Micrite 
(fine-grained calcite) present, possibly around root traces. 
114-129 cm 
Matrix approximately 30% clay, 50% quartz, with abundant of chert Large sandstone 
fragments (0.5-4.0 mm) in upper left quadrant Micrite crystals (0.5-4.0 mm) throughout 
180-198 cm 
Matrix approximately 50% clay and 50% quartz, with some chert; quartz grains range 
from 200-500 microns in diameter; micrite distributed throughout mixed with the clay. 
Several volcanic rock fragments from I to ahnost 3 mm, with feldspar, ferromagnesium, 
and quartz inclusions. Clay skins visible around volcanic rocks. A few feldspar 
fragments, 500 microns wide. A couple micritic calcite nodules, about 2.5 mm in 
diameter. 
228-243 cm 
Matrix predominantly micrite, thin section probably encompasses a large calcite nodule; 
clay ahnost nonexistent, except in upper and lower right quandants. Quartz fragments 
throughout including sandstone and a little chert One plat̂  feldspar firagment about 1 
mm diameter. 
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BASIN CENTER LANDSCAPE POSITION 

0"13 cin 
Matrix well-mixed, clay and micrite make up about 90%. Quartz fragments about 10%, 
mostly 125-250 microns; some chert; one large 1 mm fragment. Several large (2.5 mm) 
eroding volcanic rocks with small red ferromagnesium and large feldspar inclusions. 
13-26 cm 
Matrix well-mixed, clay and micrite make up about 50-60%, quartz 30-40%. Feldspar, 
chert, sandstone, small ferromagnesium fra^ents throughout Several large volcanic 
rocks. 
SS-70 cm 
Matrix a mixture of clay and micrite with about 50% quartz, including some chert 
Sandstone, feldspar, ferromags throughout Clay and micrite coatings present 
8S"102 cm 
Matrix large quartz crystals 60-70%; clay plus micrite about 20%. Argillan and calcium 
carbonate coatings common. 
119-137 cm 
Matrix quartz 80%, the rest clay mixed with micrite. Abundant argillans. Several large 
volcanic rocks. 

TOE SLOPE LANDSCAPE POSITION 

S-16cm 
Matrix quartz in the 250-375 micron range makes up about 50%, with about 40% clay. A 
few feldspar fragments, some chert Argillans on some quartz grains. A large chalcedony 
grain (filmus quartz) in upper left quadrant 
32-49 cm 
Matrix clay 50-60%, the rest 125-500 micron quartz, some of it chert. Clay films on the 
quartz grains. A few small calcite grains, in some cases cementing the quartz, in others 
coating quartz surfaces. Feldspar fragments, 1-2.5 mm volcanic rocks also present 
49-68 cm 
Matrix 60-70% clay, remainder quartz; micrite and sparite common. Chert, sandstone, 
feldspar present throughout in sî  amounts. Numerous cracks could be root traces; 
iq[)pear to be filled with silica. Micrite present as large grains and coatings on quartz 
crystals. 

RIDGE TOP LANDSCAPE POSITION 

16-32 cm 
Matrix 70-80% quartz, with chert common, clay only about 10%. Sandstone and feldspar 

throughout Clay films on quartz grains. 
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APPENDIX D; CANOPY COVER DATA 

Percent canopy cover by species fiom 1996 line intercept transects for four landscape 
positions at the enclosed basin study site on the Walnut Gulch Experimental Watershed; 
percent canopy cover is meters of intercept for each species divided by total transect 
length (SO m) times 100; percent relative cover is meters of canopy intercept for each 
lifefonn divided by total canopy intercept summed across all species times 100. 

BASIN OUTLET LANDSCAPE POSITION 
(Total canopy intercept was 55.1 m) 

SPECIES LIFEFORM CANOPY COVER CANOPY COVER REL COVER 
(m) (%) (%) 

Acacia constricta Shrub 02 0.4 
Chrysothamnus viscidiflonis Subshrub 02 0.4 

TOTAL 0.4 0.8 0.7 

Bouteloua cwlipemhda Grass, Perenn 10.0 20.0 
Boutdoua gracilis Grass, Perenn 11.4 22.8 
Eragrostis cilianensis Grass, Perenn 2.6 5.2 
Eragrostis intermedia Grass, Perenn 02 0.4 
Hilaria mutica Grass, Perenn 11.9 23.8 
MuUenbergia repens Grass, Perenn 5.5 11.0 
Panicum oblusum Grass, Perenn 2.7 5.4 
Unknown grass Grass, Perenn 0.2 0.4 

TOTAL 44.5 89.0 80.8 

Aadypha neomexicana Forb 0.5 1.0 
Acafypha ostryaefolia Forb 3.1 62 
Cirsium spp. Forb 1.4 2.8 
Euphorbia dentata Forb 0.9 1.8 
Euphorbia spp. (spurge) Forb 2.6 5.2 
Euphorbia heterophylla Forb 0.5 1.0 
Ipomoea costellata Forb 1.0 0.2 
Sanvitalia aberti Forb 0.2 0.4 

TOTAL 10.2 20.4 18.5 
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BASIN CENTER LANDSCAPE POSITION 
(Total canopy intercept was 43 m) 

SPECIES UFEFORM CANOPY COVER CANOPY COVER REL COVER 
(m) (%) 

BothriacMoa barbinodis Grass, Perenn 0.5 1.0 
Bouteloua ctirtipenehiia Grass, Perenn 9.5 19.0 
Bouteloua gracilis Grass, Perenn I I J  22.6 
HUariamutica Grass, Perenn 14.4 28.8 
Panicum obttaum Grass, Perenn 23 4.6 

TOTAL 38.0 76 

Actdypha neomexicana Forb 1.7 3.4 
CrtOalaria pwnila Forb 0.4 0.8 
Euphorbia spp. (sptnge) Forb 1.5 3.0 
Euphorbia heterophytta Forb 0.5 1.0 
Ipomoea costeiboa Forb 0.6 12 
Unidentified forb Forb 03 0.6 

TOTAL 5.0 10 

TOE SLOPE LANDSCAPE POSITION 
(Total canopy intercept was 22.7 m) 

SPECIES LIFEFORM CANOPY COVER CANOPY COVER REL COVER 
(m) (%) (%) 

H(q>ioptppus tenuisectus Subshrub 0.7 1.4 3.1 

TOTAL 0.7 1.4 3.1 

Bouteloua gracilis Grass, Perenn 15.2 303 67.0 

TOTAL ISJ 30.4 66.9 

Bahia absiMh îa Forb 0.9 1.8 
Euphoî iaspp. Forb 5.5 11.0 
Euphorbia helerophylla Forb 0.2 0.4 
Sanviialiaaberti Forb 0.2 0.4 

TOTAL 6.8 13.6 39.9 
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RIDGE TOP LANDSCAPE POSITION 
(Total canopy intercept was 27 m) 

SPECIES LIFEFORM CANOPY COVER CANOPY COVER REL COVER 
(m) (%) (%) 

Acacia coHstricta Shrub 11.5 23.0 
CoUknia canescens Subshiub 0.60J 0.6 
Dakaformosa Subshrub 1.00.5 1.0 
Dyssodia acerosa Subshiub 15.87.9 15.8 
Krameria parvifolia Subshrub 0.80.4 0.8 
Zinnia pumila Subshrub 11.65.8 11.6 

TOTAL 26.4 52.8 VIA 

Aristida spp. Grass, Pereim 0.1 0.2 
Boutdoua ariopoda Grass, Perenn 0.3 0.6 

TOTAL 0.4 0.8 1.5 

Ipomea heterophylia Forb 02 0.4 0.7 

TOTAL 0.2 0.4 0.7 



1S8 

APPENDK E: STATISTICAL ANALYSES 

Soil organic matter carbon isotope values ((5'̂ C, X>) for dense (>2g/cin^) and light 
(<2g/cm^) Sections with soil depth (cm) for five landsc  ̂positions, and paired t-tests 
for dense & light fiactions. 

BASIN OUTLET LANDSCAPE POSITION 

DEPTH DENSE LIGHT 
(CM) (8"C Z.) 

ABSDIF T-TEST: PAIRED TWO-SAMPLE FOR MEANS 

Variable 1 Variable 2 
0-10 -14.111 •15^93 1.182 Mean -12.810 •I4J73 
10-20 •13.163 -14.599 1.436 Variance 0.393 0.246 
20-31 -12.721 -14.396 1.675 Observations 14 14 
31-42 -12.6S2 •14.092 1.44 Pearson Correlation 0.871 
42-S2 -12.562 -14.363 1.801 Pooled Variance 0.319 
57-67 -12J87 -14.407 2.02 Hypothesized Mean Difference 0.000 
71-81 -12.367 -14.202 1.835 df 13 
81-92 -12.414 -13.582 1.168 t 18.725 
92-103 -12.155 •13.934 1.779 P(T<=t) one-tail 0.0000 
103-114 -12.05 -14.052 2.002 t Critical one-tail 1.771 
114-129 -12.298 -13.793 1.495 P(T<»t) two-tail 0.0000 
143-163 •13.405 -14.412 1.007 t Critical two-tail 2.160 
180-198 -13.582 -14.987 1.405 
198-228 •13.474 -15.113 1.639 

SOIL DEPTHS OMITTED DUE TO NO LIGHT SAMPLE: 129-143,163-180,228-243 cm. 
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BASIN CENTER LANDSCAPE POSITION 

DEPTH DENSE UGHT ABSDIF T-TEST: PAIRED TWO-SAMPLE FOR MEANS 
(CM) (8"C Z.) 

Variable 1 Variable 2 
0-13 -14.683 -16.014 1.331 Mean -13.583 -14.470 
13-26 -13 -14.068 1.068 Variance 0.757 0J80 
26-40 •12.659 -13.714 1.055 Observations 7 7 
40-55 -12.806 •14.57 1.764 Peaison Correlation 0.679 
55-70 -13.141 -14.093 0.952 Pooled Variance 0.669 
70-85 -14.498 •14.736 0.238 Hypothesized Mean Difiference 0.000 
85-102 -14.292 -14.096 •0.196 df 6 

t 3.549 
P(T<=t) one-tail 0.0060 
t Critical one-tail 1.943 
P(T<=t) two-tail 0.0121 
t Critic  ̂two-tail 2.447 

SOIL DEPTHS OMITTED DUE TO NO LIGHT SAMPLE: 102-119,119-137,137-186 cm. 

TOE SLOPE LANDSCAPE POSITION 

DEPTH DENSE UGHT ABSDIF T-TEST: PAIRED TWO-SAMPLE FOR MEANS 
(CM) (6"CZ.) 

0-5 -15.86 -17.62 1.76 
5-16 -14.03 14.73 0.70 
16-32 -13.41 -14.57 1.16 
32-49 -13.75 14.64 0.89 

Variable 1 Variable 2 
Mean -14.263 -15.389 
Variance 12002 2.214 
Observations 4 4 
Pearson Correlation 0.982 
Pooled Variance 1.708 
Hypothesized Mean Difference 0.000 
df 3 
t 4.891 
P(T<"t) one-tail 0.0082 
t Critical one-tail 2J53 
P(T<=t) two-tail 0.0163 
t Critical two-tail 3.182 

SOIL DEPTHS OMITTED DUE TO NO LIGHT SAMPLE: 49-68,68-91 cm. 
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MID-SLOPE LANDSCAPE POSITION 

DEPTH DENSE UGHT ABSDIF T-TEST: PAIRED TWO-SAMPLE FOR MEANS 
(CM) (8"CZ.) 

Variable 1 Variable 2 
0-15 -18.2 •21J0 3.06 Mean -17:423 -20.434 
15-30 •16J -18.14 1.83 Variance 2.006 4.008 
30-40 -16.3 -19.41 3.03 Observations 5 5 
40-50 •16.6 -1954 121 Pearson Correlation 0J65 
106-122 -19.5 •23J9 3.86 Pooled Variance 3.007 

Hypothesized Mean 0.00 
Difference 
df 4 
t 9.145 
P(T<=t) one-tail 0.0004 
t Criticd one-tail 2.132 
P(T<=t) two-tail 0.0008 
t Critical two-tail 2.776 

SOIL DEPTHS OMITTED DUE TO NO LIGHT SAMPLE: NONE 

RIDGE TOP LANDSCAPE POSITION 

DEPTH DENSE LIGHT ABSDIF 
(CM) (8"C Z.) 

0-11 
11-22 

•18.48 
•17.50 

•21.1 
•21.1 

2.71 
3.62 

T-TEST: PAIRED TWO-SAMPLE FOR MEANS 

Variable 1 Variable 2 
Mean -17.992 -21.153 
Variance 0.480 0.003 
Observations 2 2 
Pearson Correlation 1.000 
Pooled Variance 0.241 
Hypothesized Mean Difference 0.000 
df 1 
t 6.954 
P(T<»»t) one-tail 0.0455 
t Critical one-tail 6J14 
P(T<=t) two-tail 0.0909 
t Critical two-tail 12.706 

SOIL DEPTHS OMTITED DUE TO NO UGHT SAMPLE; 22-61 cm. 
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LITHIUM METATUNGSTATE DENSITY SEPARATION TESTS 

Stable carbon isotope values (5"C A) for soil organic matter treated with lithium 
metatimgstate ^MT) or distilled water (control) for two soil depths (cm) at three 
landsd  ̂ positions, the absolute difference between LMT and control samples, and 
paired t-tests at alpha=O.OS. 

DEPTH CONTROL LMT ABSDIF 
(CM) (8"CZ.) (5"CZ.) 

BASIN OUTLET 31-42 .13J63 -132 -0.163 
81-92 -12.851 -12.623 -0228 

BASIN CENTER 26-40 -13.318 -12.969 -0.349 
70-85 -14.591 -13.688 -0.903 

TOE SLOPE 32-49 -14213 -13.755 -0.458 
49-68 -14.467 -13J58 -0.509 

T-TEST: PAIRED TWO-SAMPLE FOR MEANS 

Variable 1 

Mean -13.800 
Variance 0.SI3 
Observations 6 
Pearson Conrelan'on 0.959 
Pooled Variance 0.391 
Hypothesized Mean Difference 0 
df 5 
t O.OOSO 
t Critical one-tail 2.O1S0 
P(T<>t)two l̂ 0.0100 
t Critic  ̂two-tail 2.5706 

Variable 2 

-13J66 
0269 
6 
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Waller, S.S., and JJL Lewis. 1979. Occurrence of Cj and C4 photosynthetic pathways in 
North American grasses. J. Range Manage. 32:12-28. 

Wang, Y., T.E. Cerling, J. Quade, JJl. Bowman, GA. Smith, and EJI. Lindsay. 1993. 
Stable isotopes of paleosols and fossil teeth as paleoecology and paleoclimate in^cators: 
an example from the St. David Formation, Arizona. In: PJL Swart, K.C. Lohmann, J. 
McKenzie, and S. Savin (eds.). Climate change in continental isotopic records. 
Geophysical Monograph 78. p. 241-248. 

Wang, Y., R. Amundson, and S. Trumbore. 1996. Radiocarbon dating of soil organic 
matter. Quaternary Research 45:282-288. 

Waters, M.R. 1989. Late Quaternary lacustrine history and paleoclimatic significance of 
pluvial Lake Cochise, southeastern Arizona. Quat. Res. 32:1-11. 

Webb, Ril., and JX. Betancourt. 1990. The spatial and temporal distribution of 
radiocarbon ages from packrat middens. In: Betancourt, JX., T.R. Van Devender, and 
P.S. Martin (eds.), Pacloat middens, the last 40,000 years of biotic change. Univ. of Az. 
Press, Tucson, p. 85-102. 

Wedin, DA., L.L. Tieszen, B. Dewey, and J. Pastor. 1995. Carbon isotope dynamics 
during grass decomposition and soil organic matter formation. Ecology 76:1383-1392. 

Wells, P.V. 1976. Macrofossil analysis of wood rat (Neotoma) middens as a key to the 
Quaternary vegetational history of arid America. Quat. Res. 6:223-248. 

Westoby, M., B. Walker, and L Noy-Meir. 1989. Opportunistic management for 
rangelands not at equilibrium. J. Range Manage. 42:266-274. 

Whitford, W.G., K. Stinnett, and J. Anderson. 1988. Decomposition of roots in a 
Chihuahuan Desert ecosystem. Oecologia 75:8-11. 

Mlding, L.P. 1967. Radiocarbon dating of biogenetic opal. Science 156:66-67. 

Wilding, L.P., R.E. Brown, andN. Holowaychuk. 1967. Accessibility and properties of 
occluded carbon in biogenetic opal. Soil Science 103:56-61. 



178 

Williams, D.L. Kunkerley, P. De Decker, A.. Kershaw, and T. Stokes. 1993. 
Quatemaiy environments. Routledge, Chapman and Hall, Inc., New York, NY. p. 1, 9, 
13. 

Wilson, C.P. 1931. The artificial reseeding of New Mexico ranges. New Mexico 
Agricultural Exp. Sta. Bull. No. 189.34 p. 

Wright, H.A., and A.W. Bailey. 1982. Fire ecology: United States and southem Canada. 
John Wiley and Sons, New York. 

Young, J A., R.E. Eckert, Jr., and R.A. Evans. 1979. Historical perspectives regarding the 
sagebrush ecosystem, p. 1-13 In: The sagebrush ecosystem: a symposium. Utah State 
Univ., Logan. 


