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ABSTRACT 

This study is designed to quantify the presence and transport potential of carbon 

(C) and nitrogen (N) from the dominant landscapes and vegetation types to the 

stream/riparian ecosystem along the San Pedro River in southeastern AZ. Previous 

biogeochemical studies of desert streams have focused largely on nutrient cycling within 

the riparian corridor, with significantly less research on linkages between uplands and the 

stream system. Surface water inputs during monsoon storms account for 65% of the 

water balance, and may also be an important component of nutrient inputs to semi-arid 

streams. Quantifying the bulk C and N of shrub lands and grasslands in the upland, 

terrace, and riparian forest soils and litters, and conducting experiments to measure 

potentially-mobile fractions of these pools allows for estimation of potential loads from 

subwatersheds to the San Pedro River of southern Arizona. Organic matter amounts and 

anion chemistry from first and second order ephemeral flows were statistically similar to 

amounts measured in laboratory leach tests of upland soils. Upland and terrace slopes 

displayed similar bulk C and N, while terraces displayed higher extractable C and N. 

Higher potential inputs from terraces may be offset by the decreased flood potential in the 
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near-stream environment. Higher C and Nin shrubland runoff, coupled with woody 

encroachment in the uplands may increase C and N inputs in subsequent years. 
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1 INTRODUCTION 

1.1 Problem Statement 

Many studies have focused on the contribution of near-stream processes to the 

biogeochemistry of the San Pedro River, yet the relative importance of carbon (C) and 

nitrogen (N) delivered from the uplands during ephemeral flows is unknown. C and N 

are critical for many biological processes and are capable of limiting the functioning of 

stream ecosystem processes. Ephemeral flow s increase discharge, as well as dissolved 

and particulate organic matter and inorganic N in surface water. Increased organic 

matter yields measured during floods may be attributed to the disturbance of the stream 

system caused by increases in stage, discharge, and water velocity, or to the organic 

matter transported by flood waters from the terrestrial system. Nutrient loads 

transported from the upland terrestrial system have not been quantified due to the 

logistical difficulties in sampling such short, intense events. It is impossible to 

determine the nutrient contribution of upland sources without data measuring the C and N 

yield of storm water. This information is necessary to fully describe the requirements, 

use, and cycling of nutrients by this unique desert system, and to understand potential 

effects of shifts in upland vegetation and land-use on aquatic ecosystems. 



13 

1.2 Background 

The San Pedro River is one of the last free-flowing desert streams in the 

southwestern U.S. This river is bordered by a thin swath of riparian forest that provides 

habitat for a large number of animal species and migratory birds, and offers many 

recreational benefits to humans (Pool and Coes 1999). The ecological importance of this 

system has lead to its designation as the San Pedro River National Conservation Area 

(SPRNCA) by the Bureau of Land Management. This designation protects the riparian 

area along almost 100 km of the stream. Decreasing baseflow is a major threat to this 

system and has resulted in many reaches of the river flowing only in the winter and 

summer wet seasons. Declines in baseflow vary spatially and temporally as a result of 

agricultural pumping, urban withdrawals, and evapotranspiration associated with riparian 

vegetation (Pool and Coes 1999). 

In the River Continuum Concept (RCC) Vannote (1980) stressed the movement 

of stream communities towards efficient utilization of upstream nutrient inputs. The 

RCC suggests that there is a continuous gradient of physical conditions as one travels 

along a stream, and that the presence of nutrients in a particular reach are a result of the 

inefficiencies or bi-products from the adjacent upstream reach (Vannote et al. 1980). 
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The Flood Pulse Concept (Junk et al. 1989) is an expansion of the RCC, which considers 

the importance of interactions of streams with floodplains and other nearby terrestrial 

systems. Over-bank flooding results in leaching of soils and terrestrial vegetation, and 

transports organic matter from the land into the river system, effectively increasing 

nutrient supplies necessary for in-stream production. Once in the stream, nutrients 

undergo conversion between organic and inorganic forms as they are utilized by 

organisms. Associated with this conversion is a change in state from dissolved to 

particulate matter or vice versa. The number of times this "nutrient spiraling" occurs in 

a given reach is dependant on factors including nutrient availability and mobility, water 

velocity, and distribution and type of present microorganisms (Newbold et al. 1982). 

Ephemeral flows may affect spiraling by increasing water velocity and nutrient 

availability, and by scouring algae and microbes from the channel sediments. 

The productivity and ecosystem dynamics of small desert streams are limited by 

the availability of nitrogen (Grimm and Fisher 1984), (Holmes et al. 1996). Nitrogen is 

imported by nitrogen fixing bacteria and microbes, from exports of upstream reaches, and 

through drainage of the terrestrial ecosystem, and recycled between organic and inorganic 

forms through biochemical processes. Much of the important cycling in semi-arid 



15 

streams occurs where nutrient-rich water interacts with microbial populations in channel 

sediments. This interface, called the hyporheic zone, must also be considered when 

delineating the biogeochemistry of the system due to its capacity to store nutrients 

(Brunke and Gonser 1997). In a semi-arid stream in central Arizona, losing reaches of 

the river import river water into the hyporheic zone, introducing organic carbon which 

bolsters microbial respiration rates (Jones et al. 1995). Gaining reaches tend to have 

decreased respiration rates, as groundwater inputs are depleted in organic carbon. 

Grimm and Fisher suggest that despite high sunlight intensity, desert streams may 

become heterotrophic during the summer months, as the net respiration rates from 

hyporheic and in-stream processes can outpace photosynthesis (Grimm and Fisher 1984). 

In-stream processes certainly exert significant control on the semi-arid stream system, but 

the loads of ephemeral floods that drain the uplands must also be considered to fully 

quantify the nutrient inputs that are crucial to the dynamics of a desert stream system. 

Monsoon floods are caused by summer convective thunderstorms and have the 

potential to transport upland materials through ephemeral channels to the San Pedro 

River. Over half of the annual precipitation that falls in the Upper San Pedro River 

Basin (USPRB) results from convective thunderstorms that occur during the summer 
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months (Adams and Comrie 1997). The high intensity of these storms results in 

significant rates of runoff that move water towards the river through ephemeral stream 

channels. The dry spring months in the USPRB give rise to low water storage in upland 

soils (Scott et al. 2000), stalling biogeochemical processes and preventing organic matter 

from being mineralized. When the monsoon season begins, precipitation rates often 

exceed soil infiltration rates, resulting in overland or "hortonian" flow. These chaotic 

flows interact with vegetation and soils, mobilizing both dissolved and particulate organic 

matter, eroding soils, and transporting material down slopes to ephemeral channels 

(Schlesinger et al. 2000; Rhoton et al. submitted). The size distribution of the bed load 

coarsens as ephemeral flows join (Powell et al. 2001) in larger channels. Positive 

correlations exist between depth, velocity, and suspended particulate organic nitrogen 

(Wollheim et al. 2001) and between discharge, dissolved organic carbon (DOC) (Vidal-

Abarca et al. 2001 ), and total nitrogen (Schlesinger et al. 1999). Therefore, assuming an 

unlimited supply of transportable material, large floods that are capable of reaching the 

river are also likely to contain the highest dissolved and particulate yields of biologically-

important constituents. 
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The runoff volume from an ephemeral flood is dependant on factors including 

storm location and track, geology, topography, soils, land use, vegetation, and soil 

moisture (Patton and Baker 1976; Costa 1987; Ritter et al. 1995). Higher runoff can be 

expected from precipitation that falls at a greater intensity and is thus able to outpace 

infiltration rates. Storm tracks that align with the long axis of a basin will also tend to 

yield higher runoff, as it allows more rain to fall in a given catchment (Patton and Baker 

1976). Runoff is related to the slope of the land, hydraulic conductivity of the soils and 

channels, and surface roughness (Abrahams et al. 1994). In the USPRB, high slopes 

associated with the surrounding mountain ranges and thin soils result in increased 

potential for flooding during summer convective thunderstorms. As the season 

progresses, soil moisture increases, and storms cover a greater aerial extent further 

increasing the chances of flooding (Huth 2003). 

The chemical loads carried by ephemeral flows are related to the soils over which 

storm water runs. Soil formation and thickness in upland landscapes vary as a result of 

slope position and aspect (Rhoton et al. submitted). Particulate organic carbon is one of 

the primary constituents that may appear in runoff and is correlated to slope and distance 

from the summit of hills (Walker and Ruhe 1968; Kleiss 1970),. Parent material and 
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land use control the size of nutrient pools and erodability of soils (Woods and Schuman 

1988). The majority of organic carbon lost from soils can be attributed to erosion 

(McCarty and Ritchie 2002). 

Differences in vegetation type may result in significant variations in the yields of 

C and N in runoff. Rainfall simulations in the Chihuahuan desert displayed little 

difference between the chemistry of grassland and shrubland runoff, but much greater 

yields of C and N were mobilized from bare soils often associated with shrubs 

(Schlesinger et al. 1999). Similarly, Abrahams (1995) related greater particulate loss to 

high erosion rates that occur on semi-arid slopes dominated by shrubs. Yields of total 

nitrogen and sulfate in desert soils were determined to be 15 and three times higher 

respectively from ground beneath the ubiquitous mesquite shrub (Tiedemann and 

Klemmedson 1973). The increased organic matter and erosion potential in shrub-

dominated areas suggests that vegetation may be important in explaining the C and N 

loads of ephemeral flows. 

Changes in land use and vegetation patterns also have the potential to influence 

the size and composition of ephemeral flow yields. Over the past 100 years semi-arid 

grasslands have been converted to shrublands in the desert southwest. Overgrazing and 
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climate change are thought to be the primary causes (Hastings and Turner 1965) and 

changes may be further amplified by a positive feedback mechanism capable of 

continuing such desertification (Schlesinger et al. 1990). Woody plant encroachment 

means a greater percentage of evapotranspiration occurring as evaporation, which results 

in lowered productivity, decreased use of soil nutrients by vegetation, and subsequently 

higher bulk pools in desert soils (Huxman et al. 2005). Mesquite encroachment 

increases soil carbon content and produces highly labile litter (Martens 2003). Increased 

bulk soil pools and labile litter result in higher potential constituent yields in ephemeral 

flows. Agriculture also affects the runoff chemistry of semi-arid systems. Nitrogenous 

fertilizers accelerate the decomposition of the light soil carbon fractions (Neff et al. 

2002). Dense vegetation in sections of an N-limited semi-arid riparian corridor and high 

nitrogen content in the stream have been attributed to nitrogen saturation resulting from 

upslope land use (Lemon 2004). 

The flashy nature of ephemeral flows effect the hydrology and biology of the 

flood, creating a unique system. Flows are chaotic in nature, and can travel from the 

uplands to the San Pedro River in a matter of hours. The timescale of ephemeral Flows 

is faster than that of the weather, and most flows have receded before relative humidity 
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drops significantly from the precipitating value of 100%. This results in little 

evapoconcentration of event waters, as determined from anion and isotopic data collected 

from precipitation and flows in this study. However, the high velocities of these flows 

scour silts, clays, and organic matter from channels. The remaining sands and gravels 

have high hydraulic conductivity, allowing high infiltration rates of the flow into the 

channel. It is common for ephemeral flows to infiltrate before ever reaching a perennial 

stream. The chaotic nature of flows, steep channels, and often with cloudy skies 

following precipitation events also preclude in-stream production, allowing nutrients 

scoured from hill slopes to travel the full channel length and be deposited into perennial 

streams before any significant biological modification occurs. These unique features 

result in event waters rich in dissolved and particulate matter that may be delivered to 

perennial stream systems. 

Dissolved organic carbon (DOC) provides an energy source for microbial 

metabolism in the parafluvial zone of perennial stream ecosystems (Jones et al. 1995; 

Holmes et al. 1998). While much of the requisite DOC is produced through 

photosynthesis occurring in the water column, allochthonous DOC dominates the semi-

arid stream chemistry during summer run off events (Westerhoff and Anning 2000). 
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Upland hillslopes are a likely source of such terrestrially-derived material, although the 

reduction of autochthonous DOC due to the scouring of in-stream sediments and removal 

of algae by event waters may also account for this shift in DOC source (Jones et al. 

1995). The relative importance of these two mechanisms in altering the measured 

source of in-stream DOC has not been quantified. 

1.3 Explanation of thesis format 

The format of this thesis includes a chapter on the Present Study, which summarizes the 

findings of the appendices. Appendix A is a manuscript intended for submission that 

details determinations of the bulk, potentially mobile, and flood mobilized soil C and N 

in upland soils. Bulk content was compared to near-channel soils, and leach yields were 

compared to ephemeral flow yields from events that occurred over the 2004 monsoon 

season. Evolution in grassland and shrubland flow chemistry was analyzed to 

determined differences in the hydrology and biology of these two dominant vegetation 

types. Appendix B details bulk soil content and potential yields for terrace and riparian 

forest soils and litter. Appendix C looks at trends in anion and water isotope chemistry 

of precipitation falling on Walnut Gulch during the 2004 monsoon season. Appendix D 

delves more deeply into the methods used to determine runoff fractions for flows that 
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were not automatically gauged by equipment in Walnut Gulch. Appendix E includes a 

map of sampling locations and raw data collected for this study. 
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2 PRESENT STUDY 

This section provides a general overview of all research conducted for this thesis. More 

detailed explanations of methods, results, and conclusions of this study are presented in 

the appendices of this thesis. 

2.1 Methods 

The purpose of this research is to quantify bulk and potentially mobile organic carbon 

and total nitrogen in soils and leaf litter of the dominant vegetation types of the Upper 

San Pedro River Basin. This was accomplished by sampling soils from the dominant 

vegetation types in Walnut Gulch and along a 95 kilometer transect of the San Pedro 

River. Walnut Gulch soils were sampled before, during, and at the end of the 2004 

monsoon season. Soil and litter samples were analyzed for carbon and nitrogen, 

compared to values measured from the channels and terraces of a 95 kilometer transect of 

the San Pedro River, and mixed with artificial rainwater to determine the potentially 

mobile fraction that might be extracted by monsoon runoff. Mobile fractions were 

measured in the field by sampling ephemeral flow events passing through channels of 

different stream orders over the 2004 monsoon season. 



2.2 Results 

Bulk soil carbon and nitrogen contents are similar between upland and terrace 

landscapes, but extractable material is higher in terraces. Late-season bulk C and N 

content is similar between vegetation types, and between terrace (1166 gC/m2 and 142 

gN/m2
) and upland (1059 gC/m2 and 129 gN/m2

) samples. Artificial rainwater-

extractable DOC, DON, and DIN were all higher in terrace soils than in upland soils. 
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Upland samples displayed temporal variability in bulk N associated with monsoon 

precipitation, nitrification, microbial immobilization, vegetation uptake, and leaching. 

Bulk C remained stable for both landscapes over the season, while bulk grassland N 

decreased from 131 gN/m2 to 49 gN/m2 between the pre- and mid-season samplings. 

There was no significant change in shrubland bulk N, though the standard error did 

increase from 27 gN/m2 to 265 gN/m2 between the pre- and mid-season samplings. 

Although bulk C and Nin upland soils were statistically similar between 

vegetation types, ephemeral flow chemistry differed between the grasslands and 

shrublands of Walnut Gulch. Mean DOC and DIN were higher in flows draining the 

shrublands. DOC:DON ratios in ephemeral flows decreased with stream order from 9.0 
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to 4.6 in the grasslands, and remained static at a mean of 8.7 in the shrublands. Cl:S04 

ratios and water isotopes were significantly different between grassland precipitation and 

flows, while there was no distinction in the shrublands. Grassland ephemeral flow 

samples often had decreased sulfate concentrations, and grassland flows with depleted 

sulfate contained no DIN. Shrubland flows contained POC levels four times greater than 

grassland flows. 

2.3 Conclusions 

The bulk soil content of C and N in uplands and terraces, grasslands and 

shrublands display statistically similar populations, with smaller pools in the riparian 

forest. Because the Transect soils are taken at points that span the entire 95 km reach of 

the Upper San Pedro River Basin (USPRB) they demonstrate the utility of collected 

samples in describing soils in other locations in the basin. The similarities in standard 

errors between Transect and upland soils highlight the fact that the spatial variability on 

the hillslope scale is as large as the spatial variability on the basin scale. 

The greater potential yields of C and N in terrace versus upland and riparian soils 

result from the combined effects of ecosystem productivity and transport. Upland 
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environments have low productivity and high transport, terraces display high productivity 

and low transport, while the riparian forests have high productivity and high transport. 

The differences between bulk Nin the pre- and mid-monsoon samplings display the 

importance of monsoon precipitation in spurring ecosystem productivity and of 

ephemeral floods in transporting organic material from hillslopes. 

Despite similar of leachable C and N in upland soils from the grasslands and 

shrub lands, ephemeral flow yields are dependent on the degree of interaction of storm 

water with desert vegetation and soils. The higher potential for overland flow and 

erosion of the inter-shrub bare patches results in higher export of DOC, DIN, and POC 

from shrub-dominated catchments of Walnut Gulch. Dense surface-level vegetation 

cover in grasslands precludes surface flow, and grass roots channel water into the 

subsurface where nutrients are depleted by microbial respiration and uptake by 

vegetation. Grassland flows that displayed decreased S04 also contained little to no 

DIN, suggesting that once dissolved oxygen contents are depleted, soil microbes use 

other terminal electron acceptors in order to continue respiration, depleting runoff DIN 

and S04. Depletion of these chemical pools takes time and can only occur in an anoxic 
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environment, suggesting storage of runoff in grassland soils and utilization of dissolved 

nutrients in between precipitation/flood events. 

High POC yields from shrub land sites is evidence of the higher water velocities 

associated with shrubland flows. High flow velocities allow less time for depletion of 

runoff C and N through interactions with vegetation and soils. Increased potential for 

flooding, high organic matter export, and encroachment of shrublands into land 

historically dominated by grasses will result in higher yields of dissolved and particulate 

C and N reaching the San Pedro River in subsequent years. 

The 2004 monsoon season yielded less runoff than many years on record. The one 

runoff event of the 2004 monsoon season that exited Walnut Gulch and reached the San 

Pedro River was unexpectedly dominated by dissolved relative to particulate C and N as 

a result of its small size and flow velocity. While extractable pools of dissolved 

nutrients appear to be dependent on the buildup of material during the winter and pre-

event summer days, particulate yields are dependent on flow intensity. Thus, larger 

flows will transport similar yields of dissolved nutrients, but larger yields of particulates. 
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More ephemeral flow chemistry needs to be collected to quantify the high 

variability associated with flow size, runoff rates, interactions between floods and 

channels banks, and seasonal changes in grassland and shrubland soil nutrient pools. 

Further water and sulfate isotopic studies are necessary to further constrain the source of 

stored water in the grasslands, as well as to pinpoint the mechanisms responsible for the 

loss of sulfate. 
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4.1 Abstract 

This study is designed to quantify the transport of carbon (C) and nitrogen (N) 

from upland environments to the stream/riparian ecosystem along the San Pedro River in 

southeastern AZ. Previous biogeochemical studies of desert streams have focused 

largely on nutrient cycling within the riparian corridor, with significantly less research on 

linkages between uplands and the stream system. Surface water inputs during monsoon 

storms are a large portion of the water balance, and may also be an important component 

of nutrient inputs to semi-arid streams. Quantifying the bulk C and N of shrub lands and 

grasslands in the upland soils, and conducting experiments to measure potentially-mobile 

fractions of these pools allows for estimation of potential loads from ephemeral flows to 

the San Pedro River of southern Arizona. Organic matter and anion chemistry from 

several orders of flow were measured, and are statistically similar to laboratory leach 

tests that determined extractable chemistry of upland soils. Shrubland runoff contained 

high mean loads of DOC, DIN, and POC (2.0 gC/m2, 1.8 gN/m2
, and 1.8gC/m2 

respectively) due to high runoff velocities, while grassland runoff displayed depleted 

DON and DIN (0.21 gN/m2 and 0.26 gN/m2
) as a result of subsurface storage, and 

subsequent utilization of N by microbes and vegetation in between events. Higher 
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export of C and N from shrub lands, coupled with woody encroachment into historically 

grass-dominated catchments may result in higher C and N yields in subsequent years. 
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4.2 Introduction 

Desert streams in the southwestern US are considered nitrogen limited systems 

(Grimm and Fisher 1984) that receive nutrients from upstream reaches, fixation of 

atmospheric nitrogen, and drainage of the uplands (Schlesinger et al. 1999; Schlesinger et 

al. 2000; Westerhoff and Anning 2000; Huth 2003). Carbon and nitrogen are cycled 

through this system by in-stream nutrient spiraling (Newbold et al. 1982), exchange with 

the hyporheic zone (Grimm and Fisher 1984). The near-channel environment is 

characterized by humic soils and riparian forest vegetation. This landscape contains a 

high amount of organic material that may be important for nutrient spiraling, but only 

accounts for 1 % of total vegetation of the basin. Alternatively, the upland landscapes of 

the Upper San Pedro River Basin (USPRB), located in southeastern Arizona (Figure 4.1) 

are dominated by semi-arid grassland and desert scrub, which account for 40 and 24 % of 

basin land cover, respectively. Drainage from these landscapes may be an important 

source of carbon (C) and nitrogen (N) for the river. 

Nutrient transport from the uplands to the San Pedro River occurs during episodic 

flood events associated with the North American Monsoon. Monsoons occur annually, 
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beginning in late June to early July, typically accounting for 60 - 65 % of the total annual 

rainfall (Renard et al. 1993), and producing convective thunderstorms. Precipitation 

rates are high, often exceeding infiltration capacity of soils, and subsequently 

transporting large amounts of dissolved and particulate organic matter from desert soils 

(Rhoton et al. submitted). 

While the chaotic nature of these events coupled with their remote location results 

in few studies that directly sample ephemeral flows, their effects on the hydrology and 

chemistry of the San Pedro River have been measured. Research has coupled San Pedro 

River flood hydrographs with changes in water chemistry. Conclusions suggest that 

flood events are an important mechanism for scouring algal communities (Jones et al. 

1995), flushing and re-supplying hyporheic and parafluvial zones (Jones et al. 1995; 

Holmes et al. 1996), re-establishing connectivity of the ephemeral reaches of the San 

Pedro River (Lemon 2004), and importing nutrients from terrestrial sources (Westerhoff 

and Anning 2000; Huth 2003). 

The Walnut Gulch Experimental Watershed (WGEW), operated by the U.S. 

Department of Agriculture's Agriculture Research Service, is a 150 km2 subwatershed of 

the USPRB, which contains equipment capable of monitoring the passing of ephemeral 
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flows with a series of precipitation gauges, v-notch weirs, and supercritical flumes 

(Renard et al. 1993) (see WGEW Brochure at www.tucson.ars.ag.gov). Measuring the 

chemical concentrations and evolution of these events is difficult due to the short 

duration of these storms, uncertainty in storm tracks, and chaotic nature of the resultant 

flows. Despite these complications, collection of ephemeral flow chemical data will 

allow us to quantify the importance of ephemeral streams to the San Pedro River 

ecosystem. 

Robust descriptions of the potential input of C and N from upland sources is even 

more important in light of the climatic shifts and land use changes that have occurred in 

southern Arizona over the last century. Agricultural practices in the USPRB increase the 

potential nutrient yields that might be drained from upland soils (Parton et al. 1987). 

Grazing, urbanization, and climate change have lead to decreased soil infiltration 

potential and vegetation changes that increase runoff rates and volumes from upland 

watersheds (Schlesinger et al. 1990; Abrahams et al. 1995; Kepner et al. 2000; 

Westerhoff and Anning 2000; Huxman et al. 2005). Groundwater pumping has 

decreased river levels, leaving little water to support high species diversity associated 

with this unique riparian environment (Pool and Coes 1999). Such anthropogenic 
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influences will result in ephemeral flows moving larger amounts of material from the 

uplands to the San Pedro River. Because this river system is nitrogen-limited, larger 

nitrogen inputs may have negative effects including eutrophication, greater water use by 

riparian vegetation, and change in vegetation type. Understanding the relative 

contribution of upland C and N fluxes is therefore necessary to ensure conservation of 

one of the last free-flowing rivers of the desert southwest. 



41 

4.2.1 Site Description 

The San Pedro River drains the Sierra San Jose, Sierra Lose Ajos, and Sierra 

Mariquitos Mountains in the highlands of northern Sonora, Mexico and flows northward 

approximately 225 miles through the transition zone of Sonoran and Chihuahan deserts, 

finally draining into the Gila River in central Arizona. The USPRB extends 

approximately 100 km from the U.S. - Mexico border to the town of Benson, Arizona. 

Much of this stretch is protected under the San Pedro River National Conservation Area 

(SPRNCA) designation by the Bureau of Land Management. In the conservation area 

the river is bounded by steep banks, and surrounded at most locations by a narrow band 

of riparian forests comprised of cottonwood, mesquite, and willow trees. This 

environment is inhabited by a high diversity of animal species and is an important 

migratory route for many birds (Pool and Coes 1999). 

Patterns in groundwater recharge, flow, and discharge in the USPRB result from 

interactions between climate, geology, and human consumption. The USPRB is 

characterized by shallow soils derived from the granite and granodiorites of the bordering 

peaks, while the channels and tributaries consist mainly of Holocene alluvium. 

Catchment elevation ranges from 1000 to over 3000 meters. Mean annual precipitation 
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for the USPRB is 35.3 cm (Pool and Coes 1999). This precipitation is infiltrated in the 

mountain block or as surface water runs out onto the basin fill, flowing through regional 

sand and gravel aquifers before reaching the river and contributing to baseflow (Pool and 

Coes 1999). Losing reaches dominate the lower portion of the USP RB and flow does 

not often exit SPRNCA, except as a result of large floods associated with the summer 

monsoon convective thunderstorms. Summer baseflow of the San Pedro River has 

declined by approximately 2.0 cubic feet per second between 1936 and 1997, likely as a 

result of groundwater pumping in the USPRB (Pool and Coes 1999). 

Infiltration and runoff vary seasonally in the USPRB related to the timing, 

amount, intensity, and routing of precipitation. Annual precipitation in this semi-arid 

environment ranges from nine to 25 inches, and displays a bimodal distribution 

(Sheppard et al. 2002). Winter months are characterized by frontal systems that deposit 

rain and/or snow to the basin in low-intensity, long-duration storms that contribute 

significantly to recharge. Summer months are dominated by convective thunderstorms 

that occur as cool, moist air from the Pacific Ocean and the Sea of Cortez is heated by 

high surface temperatures. As this warm air rises it produces short-duration high-

intensity thunder storms that result in flooding and surface runoff. Evapotranspiration is 
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high following monsoon storms, limiting the amount of groundwater recharge during the 

summer months (Scott et al. 2000). 

Over the past century the San Pedro River Basin has changed as a result of a land 

use and vegetation change. Cattle grazing and urbanization have resulted in a shift from 

grassland-dominated to shrubland-dominated landscapes (Kepner et al. 2000; Huxman et 

al. 2005). Encroachment by mesquite in grasslands has increased soil carbon and labile 

litter content (Martens 2003) and resulted in increased nitrogen and sulfate yields in 

runoff (Tiedemann and Klemmedson 1973). Shrublands are characterized by high rates 

of run-off (Abrahams et al. 1995), while grasslands display higher rates of infiltration 

(Bach et al. 1986). 

This study sampled grassland and shrubland soils and ephemeral flows in Walnut 

Gulch, a 150 km2 subwatershed located within the USPRB. The watershed reaches the 

western flanks of the Dragoon Mountains and consists mostly of alluvium from the 

erosion of these granitic peaks. The elevation ranges from 1250 to 1585 meters. The 

soils of Walnut Gulch are dominated by Cenozoic age elastic clays and silts with some 

instances of well-cemented boulder conglomerates (Rhoton et al. submitted). There are 

also instances of granite and granodiorites near the eastern edge of the gulch, with 
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andesites near the western boarder. Igneous intrusives protrude from the alluvium 

resulting in many instances of shattered bedrock on hillslope surfaces. Alluvium in 

Walnut Gulch is up to 400 meters deep in places, allowing significant storage of 

groundwater (Renard et al. 1993; Goodrich et al. 2004). Depth to water is close to 145 

meters in the east, and 50 meters in the west (Libby et al. 1970). There are also 

instances of perched aquifers, resulting in shallow groundwater near the middle of the 

watershed (Renard et al. 1993). 

Ephemeral flow samples were collected in the steep-banked channels of the upper 

basin, and wide, sandy channels of the lower basin (Figure 4.2). High-order channels 

have slopes near 1 %, while lower order channels average closer to 2 or 3 % (Renard et 

al. 1993). The main channel exits the WGEW approximately 2.5 miles upstream of the 

San Pedro River. Because the channels are dominated by sands, they possess high 

hydraulic conductivity and provide a pathway for water to infiltrate into the subsurface. 

Ephemeral channel recharge may account for 15 to 40 percent of the annual total 

recharge to the regional aquifers (Goodrich et al. 2004). 

Soil samples were collected in the two dominant vegetation types of Walnut 

Gulch (Figure 4.2). Grasslands species dominate the upper basin and include black, 
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blue, and sideoats gramma, bush muhly, and Lehmann lovegrass, while the lower basin 

consists of shrublands dominated by creosote, white-thorn, tarbush, snakeweed and 

burroweed (Renard et al. 1993). The channel banks of Walnut Gulch are lined by 

mesquite and other large shrubs throughout the subwatershed. Oak woodlands exist on 

the flanks of the Dragoon Mountains in the far eastern edge of the watershed. 

Tombstone, with a population of approximately 1600, is the major urban center in 

Walnut Gulch. The other dominant land use is cattle grazing. The channels of Walnut 

Gulch are ephemeral, and exhibit high runoff transmission losses (Goodrich et al. 1997). 

A dense network of instrumentation in Walnut Gulch allows for the quantification 

of many hydro logic properties. This watershed was designated the WGEW in the 

1950's by the Agricultural Research Service (ARS), a branch of the United States 

Department of Agriculture (USDA). Associated with this designation was construction 

of 10 supercritical flumes and a network of approximately 100 rain gauges. This 

equipment is automated, allowing for hydrologic research into water budgets and the 

distribution and intensity of rainfall and runoff. Run-off rates have been measured at 7 

% of precipitation for wet years (Renard et al. 1993), with less than 9 % of runoff 

reaching the San Pedro River (Goodrich et al. 2004). The coupling of such discharge 
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measurements with the collection of ephemeral flow chemistry from the upper and lower 

basin will allow us to compute chemical yields delivered to the San Pedro River, and to 

understand the effects of vegetation type on flow chemistry. 

4.3 Methods 

4.3.1 Soil Sampling 

Ten soil samples were collected from representative shrubland and grassland 

hillslope sites in the WGEW three times over the 2004 monsoon season (Figure 4.2). 

The first samples were collected on June 161
\ before the initial rains of the monsoon 

season. The second sampling occurred on August 2nd, after 13 and 8 precipitation events 

in the upper basin grassland and lower basin shrubland, respectively. The last sampling 

occurred near the end of the monsoon season on August 25th after 27 and 24 rain events 

in the upper basin grassland and lower basin shrubland respectively. Sample locations 

were determined by fitting a grid over each basin and using a random number generator 

to pick the intersecting grid lines from which samples would be taken. This point was 

located in the field using a GPS unit. Standing at this point an object was tossed 

northward, over the back of the sampler to remove biases such as proximity to vegetation, 

avoidance of rocky soil, etc. Samples were collected from the landing point of this 
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tossed object. Additional soil samples were collected on May 15th, 2005 to determine 

the organic matter content of soils on the banks and in the channels of Walnut Gulch. 

Samples were collected along a transect from the smallest channels in the upper-end of 

the basin, to wide channels of the lower basin. C and N from upland soils were 

compared to archived soil samples collected on the terraces of the San Pedro River by 

Lemon (2004) in 2003. Lemon collected samples atop the steep banks that border the 

channel in many locations along a 95 km transect of the river (Figure 4.1 ). 

All soil samples were collected to a depth of 10 centimeters by pounding a copper 

core barrel into the ground. The surrounding soil was excavated, and a metal plate was 

fitted under the core barrel to keep any sample from falling out of the bottom during 

extraction. The sample was sealed in two plastic bags, labeled, and placed in a cooler 

until returning to the lab. The sample location was marked in the GPS unit, as well as by 

a stake and flagging. Samples on subsequent dates were extracted from the area nearest 

the stake that was undisturbed by previous samplings. 

4.3.2 Ephemeral Flow Sampling 

Ephemeral flow samples were collected at eleven distributed sites throughout the 

Walnut Gulch watershed (Figure 4.2). Samplers were concentrated in the main channel 
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and several side channels of the upper-basin grasslands and at the junction of side 

channels with the main channel in the lower-basin shrublands. Samplers were also 

placed at each of the 10 major flumes that exist in Walnut Gulch. 

Shrubland samples were collected from two ephemeral flow events. The August 

16th storm accounts for twelve samples collected from three 2nd -order streams and two 

third order flumes. The 2nd _order streams emptied into the 3rd -order stream above one of 

the samplers, ensuring that there was a direct relationship between the samples. Two 

samples were collected from a 3rd _order stream after the August 18th event. 

Grassland samples were collected from four flow events between July 28th and 

August 18th, and consisted of nine 1 st_order samples, eleven 2nd -order samples, and two 

3rd _order samples. Due to the small spatial extent of precipitation, and less dendritic 

nature of the grassland, samples were collected from two adjacent sub-watersheds. Only 

on the August 18th storm were grassland samples collected from a 2nd -order flow and 

again downstream as a 3rd _order flow. 

Flow samples were collected at flumes in the high-order channels, and with 

special collectors in the lower-order channels. Five flow samplers were installed at each 

of the ten major flumes. Samples were placed immediately upstream of the flume at 
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heights of 0, 10, 20, and 30 cm above the channel surface. Flow samplers in the lower-

order channels were mounted on six foot rebar stakes pounded into the channel. Three 

sample bottles were fastened to the rebar with zip ties at 0, 10, and 20 cm above the 

channel surface. All samplers consisted of a 250 mL Nalgene bottle with a floating seal. 

Samplers were retrieved usually within one hour and always within 8 hours after 

storm events. Samples were placed in a cooler, brought back to the ARS laboratory in 

Tombstone, AZ, and filtered into amber glass bottles using a peristaltic pump, in-line 

filter holder, and one or more pre-combusted GF/F glass fiber filters. Filtered samples 

were stored at 4 ° C until analysis. 

4.3.3 Laboratory Analysis 

Soil samples were homogenized in the lab by passing the soil core through an 8.5 

mm screen and removing rocks and coarse organic matter. Sub-samples were analyzed 

for water content, particulate organic carbon (POC), particulate total nitrogen (PTN), 

leachable organic carbon (DOC), total leachable nitrogen (TDN), and inorganic leachable 

nitrogen (DIN). Water content was determined gravimetrically before and after drying 

in an oven at 60° C for 24 hours. Ephemeral flow particulates were dried, sieved, and 

analyzed for POC and PTN. Bulk C and Nin soil and flow particulates was determined 
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on a Flash Elemental Analyzer following pulverizing with a ball mill and an 8 hour 

fumigation with HCl under a vacuum to remove inorganic C (Harris et al. 2001). 

Potentially mobile C and N solutes were determined by extracting 10 g soil 

samples with 50 mL of artificial rain water designed to match pH and major solute 

concentrations in area precipitation, as reported by Huth (2003) and Bemer and Bemer 

(1996). Leachate was filtered through precombusted Whatman GF/F filters and stored in 

amber bottles at 4 °C until analyzed. 

All samples were analyzed for dissolved organic carbon (DOC), dissolved organic 

nitrogen (DON), dissolved inorganic nitrogen (DIN), chloride (Cl), and sulfate (S04). A 

spatially- and temporally-distributed subset of samples was analyzed for oxygen and 

hydrogen isotopes. Samples were acidified for analysis on a Shimadzu TOC analyzer, 

which combusts organic matter and measure CO2 to determine DOC concentrations. 

TDN was determined by high temperature combustion on a Shimadzu TN analyzer and 

DIN as N03-N plus N02-N was measured on a Dionex Ion Chromatagraph. DON was 

calculated as the difference between TDN and DIN. Ammonium does not usually exist 

in significant enough quantities to warrant measurement in USPRB surface waters (Huth 



2003). 8180 was determined by CO2 equilibration and 82H by Cr reduction. Isotopes 

were analyzed on a Finnigan Delta S mass spectrometer. 

4.3.4 Conversion of Loads to Yields 
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Bulk soil organic carbon and total nitrogen were converted from concentrations to 

mass per area using the following equation: 

where xis either carbon or nitrogen, Pb is soil bulk density, dis the soil core depth, and a 

is the active fraction of soil. Bulk density was defined as 1.52 g/cm3 ( +/- 0.15, n = 17), 

as determined from soil samples collected in Walnut Gulch and elsewhere in the USPRB. 

The active fraction represents the total mass divided by the fine particles, as the fine silts 

and clays are the most biological active size class. The active fraction is equal to 50% 

(+/- 12 %) for Walnut Gulch soils, and 68% (+/- 13 %) for San Pedro River transect soils. 

Vegetation C and N was converted from concentrations to mass per area using the 

following equation: 

where xis either carbon or nitrogen, Msample is the mass of the collected sample 

and Asurface is the spatial extent from which the litter was collected. 
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Potentially-mobile constituent pools were determined by converting dissolved 

concentrations to mass per area using the following equation: 

where x is the constituent of interest, V are volumes of the artificial rainwater mixed with 

the sample, core sample, and of the sample mixed with the leachate, and Asurface is the 

surface area of the core sample. 

Potentially-mobile constituents of leaf litter were determined by converting 

dissolved concentrations to mass per area using the following equation: 

X [gs/m
2
} = X {gs/L1eachate} * Vieachate [L} * Mutter [g} I Msamp/e [g} I Asurface [m2

} 

where x is the constituent of interest, V is the volume of the artificial rainwater mixed 

with the sample, M is the mass of the total litter collected and amount sampled, and 

Asurface is the spatial extent from which the litter was collected. 

Ephemeral flow chemistry was converted to a yield using the following equation: 

X [g/m2
] = X [g/L] * Vmo [L] I Adrainage [m2

] 

where x is the constituent of interest, V 820 is the volume of flowing water and 

Airainage is the area that contributed water to the flow. Water volumes were estimated 

when water samples were collected far from discharge-measuring flumes. Estimations 
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used the average rainfall/runoff ratio determined by kriging precipitation and comparing 

to flume observations. 

Ephemeral flow particulate concentrations were converted to yields using the 

following equation: 

X [g/m2
} = X [mg/kg} * M [kg} * V runoff [m3J I Vsample {m3J I Adrainage 

where xis carbon or nitrogen, Mis the mass of the collected sediment, Vrunoff is the 

estimated or observed volume of runoff for a particular event, Vsample is the total amount 

of water collected in the sample bottle and Acirainage is the area upstream of the sampling 

location. 

4.4 Results 

4.4.1 Bulk Organic Carbon and Total Nitrogen 

Bulk C and N content in upland soils were statistically similar in grassland and 

shrubland samples, with means of 916 gC/m2 and 81gN/m2 in grasslands, and 1196gC/m2 

and 174gN/m2 in shrublands (Table 4.2). C and N samples from upland sites in the late 

season sampling were not significantly different from archived terrace samples, 

independent of vegetation type (Figure 4.2). Organic carbon : total nitrogen ratios are 

similar in both landscapes and vegetation types, averaging around 12. Temporal 
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variations in upland total nitrogen concentrations result in high standard deviation in 

upland soil C:N ratios. 

Ephemeral channel banks possessed higher bulk carbon content (2008 gC/m2 +/-

978), and lower total nitrogen content (68 gN/m2 +/- 34) than upland grassland or 

shrubland bulk soils. Chloride and sulfate extractable yields from channel banks were 

two to four times higher than the mean upland soil signature for grasslands and 

shrub lands. Channels possessed low levels of organic carbon and total nitrogen ( 677 

gC/m2 +/- 396 and 11 gN/m2 +/- 10), with chloride and sulfate mean extractable yields 

statistically similar to those of upland soils. 

4.4.2 Walnut Gulch Seasonal Soil Dynamics 

Organic carbon content in grasslands and shrublands did not change significantly 

from their pre-season values of 1345 gC/m2 and 1381 gC/m2 during the 2004 monsoon 

season. Upland grassland soils displayed a significant mid-season decrease in bulk 

nitrogen from 131 to 49 gN/m2
, while shrub land soils displayed no significant change 

from the pre-season mean bulk nitrogen value of 10 gN/m2
, but displayed a large increase 

in mid-season standard error(+/- 27 gN/m2 to+/- 265 gN/m2
) (Figure 4.3). Late-season 
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shrubland soils displayed bulk nitrogen content very similar to pre-monsoon values. 

Organic carbon : total nitrogen ratios averaged 13 for both upland vegetation types and 

decreased significantly between pre- and post-monsoon soils to ratios of 7 and 9 for 

grasslands and shrublands respectively. 

Extractable C and N varied significantly over the 2004 monsoon season. The 

largest changes in extractable C and N occurred between the pre- and mid-season 

samples, with leachable DOC decreasing from 4.83 to 0.88 g/m2 in grasslands and from 

5.45 to 1.02 g/m2 in shrublands (Figures 4.5), DON decreasing from 0.57 to 0.0 g/m2 in 

grasslands and from 0.26 to 0.03 g/m2 in shrubland (Figure 4.6), and DIN increasing from 

0.34 to 0.88 g/m2 in grasslands and from 0.0 to 0.85 g/m2 in shrublands (Figure 4. 7). 

4.4.3 Aqueous Chemistry 

Yields of mean aqueous DOC, DON, and DIN were higher for 2nd_ and 3rd_ order 

ephemeral flows in shrub lands than in grasslands (Figure 4.10 and Table 4.2). Grassland 

leachable DOC and DON loads equal 4.8 and 0.57 g/m2 and are statistically similar to 1st_ 

order grassland ephemeral flow chemistry values of 3.8 and 0.52 g/m2 despite the 

inherent differences between the natural and laboratory environment. Grassland 
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. st 3rd d fl . 1 DOC:DON values decrease from 7.4 to 4.6 m 1 - to -or er ows respective y. 

Shrublands display no trend in DOC:DON, with 2nd_ and 3rd _order flows displaying an 

average value of 8.5. The largest discrepancy between leaches and flows is higher actual 

yields of DIN in grassland flows (1.4 gN/m2 +/- 0.13) relative to leach yields (0.34 gN/m2 

+/- 0.21). 

Grassland Cl:S04 values in 1 st_order flows averaged 1.2, deviating further from 

the 2004 monsoon precipitation signature of 0.40 as flows increased, reaching a ratio of 

1.8 in 3rd _order flows (Table 4.2). Leachable shrubland Cl:S04 averaged 3.3, while 2nd_ 

and 3rd_ order flows were much lower, with averages of 0.53 and 0.24 respectively. 

Shrubland 2nd_ and 3rd _order ephemeral flows displayed a high mean S04 concentration of 

2.93 (+/-1.54) relative to the grassland S04 mean of 0.61 (+/-0.47) (Tables 4.3 and 4.4). 

POC yields were significantly larger in the shrublands, with PTN yields which 

were indistinguishable from the grasslands. POC in shrubland flows displays a mean of 

1.79 gC/m2
, almost four times larger than the grassland mean of 0.45 gC/m2

. Shrubland 

PON averaged 0.03 gN/m2
, compared to a grassland mean of 0.02 gN/m2

. 

8180 and 82H isotopes were measured for the August 16th shrubland flow, and for 

the August 3rd and 5th flows in the grasslands. Precipitation standard errors were 
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calculated by measuring the standard error of the isotopic signature in three flows that 

produced samples in more than one location (n = 3, 4, and 5). The mean shrubland 

precipitation signature was -4.8 +/- 1.02 and -32.4 +/- 7.0 (n = 4) for oxygen and 

hydrogen isotopes, respectively. The mean shrubland ephemeral flow signature was -5.0 

+/- 0.1 and -29.0 +/- 2.0 (n = 4). Mean grassland precipitation for the August 3rd 

grassland flow was -8.3 +/- 1.02 and -61.4 +/- 7.0 (n = 1), while the mean ephemeral flow 

signature was -10.3 +/- 0.1 and -76.0 +/- 0.0. Mean grassland precipitation for the 

August 5th grassland flow was -5.2 +/- 1.02 and -39.8 +/- 7.0 (n = 1), while the mean 

ephemeral flow signature was -6.1 +/- 0.2 and -47.0 +/- 1.4. 
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4.5 Discussion 

4. 5.1 Ephemeral Flow Chemistry 

Trends in bulk and extractable C and Nin the uplands and terraces, grasslands 

and shrub lands of the USPRB highlight the similarities of soils in this system. Bulk C 

and N are indistinguishable between the uplands and terraces, and between the grasslands 

and shrublands (Figure 4.2), suggesting that mean soil bulk pools can be calculated for 

soils of the USPRB with the collected data. Larger pools of extractable C and N in 

terraces versus uplands, and similarities in grasslands versus shrublands indicate the 

importance of hydrology in this system (Figure 4.5 - 4.7). Low productivity in upland 

soils results in small pools of extractable C and Nin the upland sites. Concurrently, 

terrace vegetation is able to access groundwater and creates larger pools of extractable C 

and N associated with the higher productivity in this system. Similarities between the 

mean extractable C and N pools and the mean 2nd - order flows for both vegetation types 

suggests that such laboratory experiments can successfully describe the extractable soil C 

and Nin USPRB soils (Figure 4.8). 

The high yields of DOC and DON in shrubland ephemeral flows relative to the 

grasslands (Figure 4.9) of the upland environments were unexpected given the 
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similarities in bulk soil and extractable C and N (Figures 4.2, 5, 6,and 7) and can be 

explained by differences in the hydrology of the two upland vegetation types. In semi-

arid shrublands, Abrahams (1994) noted the increased potential for rain drop impact, 

higher runoff velocity, and subsequent increased erosion in the inter-shrub areas, while 

Schlesinger (1999) recorded higher losses of soil nutrients from bare, inter-shrub plots 

during rainfall simulations. Bach (1986) observed higher potential for infiltration in 

semi-arid grasslands, likely attributable to decreased runoff velocity caused by the 

friction of water moving through grasses. ARS flume records show that runoff events 

occur in shrubland soils with less of a precipitation input. Between 1970 and 2004, the 

first runoff event of the monsoon season occurred in the shrub lands with as little as 0.05 

inches of precipitation. For the same period of record, the first grassland flows required 

0.36 inches of precipitation. Thirteen of the 34 years analyzed displayed shrub land 

flows occurring with precipitation totals below the grasslands threshold, exhibiting the 

higher likelihood of runoff draining shrub land slopes. Data from this study support 

these hydro logic investigations, using ephemeral flow yields of DOC, DON, and POC, as 

well as Cl:S04 and 8180 and 82H signatures from precipitation and ephemeral flows to 
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show that chemical yields in grassland and shrub land runoff is a direct result of 

differences in runoff hydrology. 

Ephemeral flow signatures are statistically similar to precipitation for shrubland 

Cl:S04 ratios and water isotopes, while the signatures in grassland ephemeral flows are 

significantly different, with flow signatures that cannot be explained by evaporation of 

precipitation (Figures 4.10 and 4.11 ). Because groundwater is many hundreds of meters 

below the ground surface in the Walnut Gulch grasslands, the most likely source of this 

significantly-different water is stored soil moisture. Previous studies in the WGEW have 

suggested that stored water is quickly lost through evapotranspiration (Scott et al. 2000). 

Despite these findings, it appears that some combination of pressure wave translatory 

flow (Weiler and McDonnell 2004) and mesopore or perched-aquifer flow (Wilson et al. 

1991) is allowing water to be stored in the soils and flushed during storm events. Late-

season floods display a greater evapotranspiration signature (Figure 4.1 OB) suggesting 

that this stored water is being replenished by precipitation from the 2004 monsoon. The 

August 3rd and August 5th grassland samples also display mixing between the 

precipitation signature and the evapotranspiration line (Figure 4.1 OB), further bolstering 

the two water source hypothesis. 
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Cl:S04 ratios and N yields further support storage in grasslands, and suggest that 

the chemistry of stored water is altered by the subsurface ecosystem. Elevated chloride-

sulfate ratios in grassland flow samples relative to precipitation indicate either an increase 

in chloride or a loss of sulfate. Sources and sinks of chloride are uncommon, suggesting 

that an increased ratio is due to decreased sulfate concentrations. Biogeochemical 

evolution occurs on the hillslope scale, as evidenced by statistical similarities in sulfate 

yields between the 2nd_ and 3rd_ order ephemeral flows (Figure 4.12). Sulfate may be 

reduced in anoxic environments to produce energy for microbial respiration, assuming 

more energetically-favorable electron donors such as oxygen and nitrate are unavailable. 

As this reaction cannot occur in the presence of oxygen, decreased S04:CL is evidence 

that grassland runoff is interacting with microbes in the subsurface environment. 

Assuming processes in the subsurface are removing sulfate, the difference between 

precipitation and ephemeral flow sulfate is an indicator the residence time of water in the 

subsurface. DIN decreases with residence time (Figure 4.13), indicating utilization by 

soil microbial processes or uptake by vegetation. DON does not show a strong trend 

with residence time (Figure 4.13), suggesting that DON pools may simultaneously 

increase because of microbial respiration and decrease through uptake by vegetation. 
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Regardless, the loss of DIN is larger than the potential gain in DON, ensuring that 

grassland N export will be decrease with greater subsurface residence time. 

Mean ephemeral flow POC yields were four times larger in shrublands than 

grasslands, suggesting higher runoff rates from Walnut Gulch shrub lands. Particulate 

yields have been shown to be related to flow size (Powell et al. 2001) and velocity 

(Wollheim et al. 2001). Higher POC yields would be expected in shrublands, where 

water is able to move through the bare, inter-shrub areas, avoiding interactions with 

vegetation. High water velocities and decreased residence time preclude the depletion of 

C and N on shrub land hillslopes, resulting in higher yields of nutrient export relative to 

the grasslands. 

4.5.2 Estimated load to SPR 

Conservation of ephemeral flow chemistry is evidenced by the insignificant 

changes in DOC and DON between 2nd_ and 3rd _order flows, when values are divided by 

the conservative solute, chloride (Table 4.5). The August 161
h ephemeral flow traveled 

many miles through the shrub land between the 2nd - and 3rd - order sampling. 
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Conservation at this scale suggests that the load of the 3rd -order flow (Figure 4.13) as it 

exits the WGEW is a good estimator of the load delivered to the San Pedro River. 

While the importance of particulate organic nitrogen has been demonstrated for 

large, high-velocity flows (Haas 2003), dissolved species are the dominant export from 

this small ephemeral flow. Schlesinger (1999) found that TDN concentrations from 

rainfall simulations of runoff events in Chihuahuan desert grasslands and shrub lands 

were inversely correlated to discharge suggesting that there is a finite pool of dissolved 

nitrogen that may be mobilized in an event. Furthermore, Wollheim (2001) reported a 

correlation between depth/velocity of flow and suspended particulate nitrogen, suggesting 

that flow volume exerts control on particulate mobilization. Thus, the small flows 

sampled in this study see a high ratio of dissolved N to particulate N yields. This ratio 

would likely be much lower in a typical large flow event. 

4.5.3 Variability in Monsoon Season Yields 

While the 2004 monsoon season yielded only small flows and low nutrient 

contribution to the San Pedro River, factors including the lag between the first 

precipitation and first flush event, the residence time of precipitation in the grassland 
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subsurface, and the effect of flood size on flood/bank interactions and infiltration rates all 

lead to high variability of ephemeral flow volumes and chemical loads. 

The dissimilarities in N pools in shrublands and grasslands between pre- and mid-

monsoon soil samplings (Figure 4.3) result from differences in precipitation, soil 

microbial activity, and the lack of flow events in the shrub land. Mid-season increases in 

the bulk nitrogen content of shrubland soils may occur due to the presence of free-living 

nitrifying bacteria that are able to convert atmospheric nitrogen to a form utilizable by 

soil biota (Herman et al. 1993; Schlesinger 1997). The presence of nitrogen fixers in the 

near-shrub environment has been noted in previous studies (Xie and Steinberger 2002). 

While additions of early-season precipitation allowed nitrification to occur, the lack of 

flooding resulted in a large build up of DIN in shrub land soils. Such a build up will 

certainly have implications for the first runoff event that drains this landscape. 

Concurrently, decreases in mid-season bulk N from grassland sites may be the result of 

N-leaching by the initial flows. The first flush of the grassland during the 2004 

monsoon season yielded little DON and DIN (1.83 +/- 0.87 gN/m2 and 1.12 g/Nm2 +/-

0.0). However, this small flow barely exceeded infiltration rates, and so an unknown 

quantity of DIN may have been carried into the vadose zone by infiltrating water 
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(Hartsough et al. 2001; Walvoord et al. 2003). Furthermore, the potential for storage of 

precipitation in the grassland subsurface means that the available N pool will be utilized 

by soil microbes and vegetation. Therefore, a large lag between the first precipitation 

event and the first flood will result in greater use ofN in the grassland subsurface, and 

subsequently decreased export by ephemeral flows, as well as an increased extractable N 

in shrub land soils. Together, the effects of microbial respiration, nitrification, reduction, 

uptake by vegetation, vegetation type, and precipitation and ephemeral flow timing result 

in large variability in the N-load of any given flow event. 

Ephemeral channels and the adjacent banks may contribute to the variability of 

ephemeral flow chemistry. Channel banks contain significant quantities of C, Cl, and 

S04. High salts result from evapo-concentration associated with the infiltration of event 

waters into these banks as large ephemeral flows recede. Vegetation on banks appears to 

be thriving, but soils are sandy and poorly developed, suggesting that water inputs are 

stored below the top 10 cm of soil. Plants utilize this deeper reservoir for photosynthesis 

and the production of organic carbon, while near-surface microbes are water-limited and 

unable to respire the growing organic carbon pool created by vegetation litter. While the 

2004 monsoon season resulted in relatively small ephemeral flows, larger events may 
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interact with these channel banks, leaching DOC, and carrying it to the San Pedro River. 

Ephemeral channels also affect the nutrient delivery of ephemeral flows, due to low bulk 

C and N content and high infiltration capacity of the coarse-grained sediments. While 

storage of organic matter in channel sediments has been observed in systems with high 

organics and low flow conditions that allow deposition of pore-clogging fine materials 

(Lacher 1996), the chaotic nature of ephemeral flows washes fine-grained material and 

microbes out of channel sediments, precluding storage of organic matter, vegetation 

growth, and microbial activity. Instead, the high hydraulic conductivity of channel sands 

and gravels allow event waters and associated dissolved nutrients to infiltrate into the 

sediments where they may be occluded and/or degraded. The combined effects of 

ephemeral channels and banks are unclear, but are dependent on the size of the flow 

events, and subsequent interactions of water with bank material and infiltration rates. 

4.5.4 Implications of Vegetation Change 

Because larger nutrient yields are exported from shrublands during ephemeral 

flows, the encroachment of shrubs into areas previously dominated by grasses 

(Schlesinger et al. 1990; Kepner et al. 2000; Huxman et al. 2005) will result in increased 

ephemeral flow C and N yields to the San Pedro River. This paper has shown that 
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shrublands export larger amounts of dissolved constituents than grasslands during runoff 

events. Furthermore, shrublands dominate the lower basin, resulting in shorter flow 

paths over which infiltration and evaporation can deplete the flow, thereby improving the 

chances of high-export floods reaching the San Pedro River. As more land is changed to 

shrub land, the average flood size and yields of C and N will increase, as a greater number 

of slopes are likely to contribute runoff to ephemeral flows. Larger floods and 

subsequently higher velocities will result in greater potential erosion and transport of 

POC. Thus, shrub land encroachment will result in greater a contribution of upland 

nutrients to the San Pedro River ecosystem. 
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4.6 Conclusions 

Despite similarities in the bulk and leachable grassland and shrubland C and Nin 

upland soils, ephemeral flow yields are dependent on the degree of interaction of storm 

water with desert vegetation and soils. The higher potential for overland flow and 

erosion of the inter-shrub bare patches results in higher export of DOC, DIN, and POC 

from shrub-dominated catchments of Walnut Gulch. Dense surface-level vegetation 

cover in grasslands precludes surface flow, increasing infiltration rates. Water is stored 

in grassland soils, as indicated by discrepancies between isotopic and solute signatures of 

precipitation and runoff. Depletion of DIN and S04 imply utilization of dissolved 

nutrients by microbes and vegetation in between precipitation/flood events. Increased 

potential for flooding and organic matter export in shrublands, and encroachment of 

shrublands into land historically dominated by grasses may result in higher yields of 

dissolved and particulate C and N reaching the San Pedro River in subsequent years. 
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Table 4.1: Nutrients and anions from bulk and leached upland and terrace soil samples. Samples were collected from the top 

10 cm of soil. Values represent means ofN samples, with standard errors in parentheses. 

Bulk Leached 
N oc TN OC: N DON DOC: Sulfate Cl: 

/m2 TN /m2 DON /m2 504 
Upland 
Kendall I 23 916 81 18 13 2.3 0.73 0.20 9.2 0.22 0.44 0.69 

Grassland (397) (54) (20) (1.8) (0.70) (0.25) (1.5) (0.20) (0.40) (0.67) 

Lucky Hills 23 1196 174 10 16 2.7 0.73 0.13 12 0.36 0.50 1.4 
Shrubland (531) (167) (5.6) (2.4) (0.76) (0.19) (3.4) (0.31) (0.54) (0.66) 
Terrace 

Grassland 2 989 107 9.0 3 12 3.3 1.1 11 1.8 2.0 0.41 
(597) (52) (1.3) (6.5) (3.1) (0.47) (1.1) (1.1) (1.75) (.21) 

Shrubland I 5 1237 156 10 5 12 2.1 0.98 12 1.6 3.1 0.53 
569) (91) (5.5) (3.4) (1.2) (0.50) (4.4) (1.2) (2.1) (0.25 



Table 4.2: Aqueous chemical species yields from pre-monsoon season soils mixed with artificial rainwater (leaches) and from 

ephemeral flows (1st_ through 3rd_ order flows) draining Walnut Gulch during the 2004 monsoon season. Values represent 

means ofN samples, with standard errors in parentheses. The mean chloride/sulfate ratio calculated for 2004 monsoon 

precipitation is 0.40 (+/- 0.16, N = 28). 

DOC DIN Chloride Sulfate 
N /m2 /m2 DOC:DON /m2 /m2 Cl:S04 

Grassland 
Leach 13 I 4.8 0.57 0.34 9.0 0.34 0.63 1.0 

(0.8) (0.17) (0.21) (1.7) (0.07) (0.52) (1.0) 
1 st Order Flow I 3 I 3.8 0.52 1.4 7.4 0.54 0.46 1.2 

(0.38) (0.07) (0.13) (1.1) (0.07) (0.03) (0.14) 
2nd Order Flow I 8 I 0.70 0.21 0.26 4.9 0.10 0.03 1.2 

(0.35) (0.14) (0.19) (4.4) (0.05) (0.03) (0.43) 
3rd Order Flow I 2 I 0.31 0.04 0.00 4.6 0.09 0.05 1.8 

0.04 0.05 0.00 0.00 0.01) (0.37 
Shrubland 
Leach 16 I 5.4 0.26 0.0 9.2 0.32 0.21 3.3 

(2.5) (0.31) (0.0) (0.8) (0.19) (0.22) (4.4) 
2nd Order Flow I 8 I 2.0 0.33 1.8 7.8 0.23 0.45 0.53 

(0.73) (0.25) (0.67) (2.9) (0.10) (0.22) (0.18) 
3rd Order Flow I 6 I 0.58 0.06 0.25 9.2 0.05 0.49 0.24 

0.18) (0.02) (0.07) (1.5) (0.02) (0.42) (0.25 



Table 4.3: Discharge and concentrations of aqueous chemical species from ephemeral flows draining Walnut Gulch grasslands 

during the 2004 monsoon season. Starred discharge values are from ARS flume records, while others are estimated using a 

0.5% runoff ratio of precipitation distributed using normal kriging. Values represent means, with standard errors in 

parentheses. The mean chloride/sulfate ratio for precipitation was 0.35 ( +/- 0.15, n = 13). 

NI Q DOC DON DIN DOC: Chloride Sulfate Cl:S04 
m3 m /L m /L m /L DON m /L m /L 

1st Order 
TKA 3 235* 4.7 0.47 0.64 0.08 1.7 0.17 7.4 1.05 0.67 0.08 0.57 0.04 1.2 0.14 

2nd Order 
T10.1 1 587 3.4 1.5 0.0 2.2 0.78 0.0 
T10.2 2 261 4.8 (2.0) 2.2 (0.26) 0.47 (0.60) 2.2 (1.13) 0.98 (0.14) 0.09 (0.01) 11 (2.8) 
T10.3 1 320 6.8 0.63 0.0 11 0.60 0.88 0.68 
T09.2 2 267 9.6 (0.26) 1.2 (0.67) 4.3 9.1 (4.7) 0.81 (0.03) 0.74 (0.39) 1.2 (0.61) 
T09.2 2 283 3.8 0.13 2.0 0.27 4.3 2.0 0.2 0.86 0.11 0.65 1.2 

3rd Order 
F09 2 1015* 7.3 (1.0) 1.8 0.0 4.6 I 2.02 (0.05) 1.1 (0.21) 1.8 (0.37 



Table 4.4: Discharge and concentrations of aqueous chemical species from ephemeral flows draining Walnut Gulch 

shrublands during the 2004 monsoon season. Starred discharge values are from ARS flume records, while others are estimated 

using a 0.5% runoff ratio of precipitation distributed using normal kriging. Values represent means, with standard errors in 

parentheses. The mean chloride/sulfate ratio for precipitation was 0.44 ( +/- 0.18, n = 6). 

NI Q DOC DON DIN DOC: 
I 

Chloride Sulfate Cl:504 
m3 m ll m ll) (mall) DON (mall) (mall 

2nd Order 
T01.2 3 324 6.7 (0.63) 0.87 (0.07) 5.8 (0.51) 7.7 (1.1) 0.77 (0.22) 1.2 (0.04) 0.64 (0.20) 
T01.3 3 551 7.7 (1.8) 2.4 (2.7) 6.5 (1.8) 5.7 (3.4) 0.84 (0.38) 2.7 (2.5) 0.41 (0.15) 
T01.4 2 300 6.6 1.2 0.60 0.11 6.1 (1.4) 11 (0.03) 0.72 (0.09) 1.3 (0.14) 0.54 (0.12 

3rd Order 
F01 4 1195* 6.3 (1.1) 0.61 (0.10) 2.6 (0.47) 10(0.12) I 0.52 (0.07) 3.9 (0.33) 0.14 (0.03) 
F07 2 662* 6.4 (0.84) 0.76 (0.02) 3.0 (0.34) 8.4 (1.3) 0.69 (0.05) 1.1 (0.01) 0.64 (0.05 



Table 4.5: Pluvial loads normalized to chloride and presented as a percentage of the maximum value. Values represent means 

of N samples. Standard errors for each mean appear in parentheses. 

N DOC(%) DON(%) DIN(%) 
Grassland 

3 57 35 48 
1 st Order Flow (4) (7) (8) 

5 71 64 76 
2nd Order Flow (32) (28) (0) 

2 29 15 0 
3rd Order Flow (3) (22) (0) 

Shrubland 
5 66 67 81 

2nd Order Flow (20) (20) (15) 
8 76 75 47 

3rd Order Flow (19) (12) (11) 



Figure 4.1: Map of the study site, including sampling locations in the Upper San Pedro River Basin, and the Walnut Gulch 

Experimental Watershed. 
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Figure 4.2: Bulk organic carbon (A) and bulk total nitrogen (B) in late-season soil cores 

taken from the uplands and terraces of the Upper San Pedro River Basin. Bars represent 

one standard error from the mean. The same letter above bars indicates statistically 

similar populations. 
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Figure 4.3: Bulk soil Nin upland grasslands (A) and shrublands (B) for pre- and mid

monsoon season samples. Bars represent one standard error from the mean. The same 

letter above bars indicates statistically similar populations. Bulk N decreased 

significantly in the grassland during the mid-season. There is a ten-fold increase in 

standard error in bulk shrubland N. 
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Figure 4.4: Mean extractable DOC (A), DON (B), and DIN (C) in soil samples from the 

uplands and terraces of the Upper San Pedro River Basin. Bars represent one standard 

error from the mean. The same letter above bars indicates statistically similar 

populations. Extractable DOC and DON are larger in terrace samples. 
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Figure 4.4 continued: Mean extractable DOC (A), DON (B), and DIN (C) in soil 

samples from the uplands and terraces of the Upper San Pedro River Basin and leached 

with artificial rainwater. Bars represent one standard error from the mean. The same 

letter above bars indicates statistically similar populations. Extractable DOC and DON 

are larger in terrace samples. 
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Figure 4.5: Extractable DOC in upland grasslands (A) and shrublands (B) for pre-, mid-, 

season samples. Bars represent one standard error from the mean. The same letter 

above bars indicates statistically similar populations. DOC decreased significantly in 

both vegetation types. 
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Figure 4.6: Extractable DON in upland grasslands (A) and shrublands (B) for pre-, mid-, 

season samples. Bars represent one standard error from the mean. The same letter 

above bars indicates statistically similar populations. DON decreased significantly in 

both vegetation types. 
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Figure 4.7: Extractable DIN in upland grasslands (A) and shrublands (B) for pre-, mid-, 

season samples. Bars represent one standard error from the mean. The same letter 

above bars indicates statistically similar populations. DIN increased significantly in 

both vegetation types. 
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Figure 4.8: Mean extractable and 2nd_ order flow means for DOC (A), DON (B), and DIN 

(C) in upland and shrubland sites. 
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Figure 4.8: Mean extractable and 2nd_ order flow means for DOC (A), DON (B), and DIN 

(C) in upland and shrubland sites. 
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Figure 4.9: Mean DOC, DON, and DIN in 2nd_ order flows draining the grasslands and 

shrub lands of Walnut Gulch during the 2004 monsoon season. Bars represent standard 

errors. Shrub land flows display significantly higher loads of DOC and DON. 
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Figure 4.10: Sulfate-chloride ratios for Walnut Gulch flow samples during the 2004 

monsoon season. A: Shrub land flows (circles) are very similar to the mean precipitation 

sample (black box with error bars), while grassland flows (triangles) are often depleted in 

sulfate. B: When divided by date, grassland flows display increased evapo

concentration with date, as well as mixing between the evapo-concentration line and 

precipitation signature. 
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Figure 4.11: 8 180 and 82H isotopes for shrublands (A) and grasslands (B). Shrubland 

flows (circles, n = 4) are similar to precipitation (squares with error bars), while grassland 

flows (triangles, n = 4) fall significantly outside of error bars. 
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Figure 4.12: Sulfate yields in 2nd_ and 3rd _order flows are statistically similar, bolstering 

the theory that biogeochemical changes are occurring predominantly at the hillslope 

scale. 
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Figure 4.13: Mean precipitation sulfate minus ephemeral flow sulfate plotted against DIN 

(A, R2 = 0.41) and DON (B). 
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Figure 4.14: Mean yields of DOC, DON, DIN, POC, and PTN exiting Walnut Gulch 

during the August 16t\ 2004 ephemeral flow. 
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5 APPENDIXB 

QUANTIFYING POOLS AND YIELDS OF CARBON AND 

NITROGEN FOR THE TERRACES AND RIP ARIAN FORESTS OF 

THE UPPER SAN PEDRO RIVER BASIN 

5.1 Background 

99 

The majority of subwatersheds in the Upper San Pedro River Basin (USPRB) are 

dominated by semi-arid grassland and desert scrub, but the near-channel environments 

may also have important implications for biogeochemical loads. Approximately 1 % of 

each watershed is classified as riparian forest. This landscape is dominated by 

cottonwood, willow, and mesquite and other phreatophytes that thrive due to proximity to 

the water table. Monsoon storms may leach significant nutrient yields from riparian 

soils and plants, contributing to the biogeochemical loads of the San Pedro River. 

Terraces just upslope of the riparian area are in the transition zone from upland to 

riparian vegetation, and are at the tail end of the alluvium fan extending from the 
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mountains. Thus, litter and soil are different than the other landscapes, and may also be 

an important source of nutrients for the San Pedro River ecosystem. 

Terrace and channel soils from 10 plots immediately adjacent to the San Pedro 

River were collected in August and September of 2003, and upland samples were 

collected on August 251
\ 2004. All samples were cored and analyzed following the 

procedure detailed in Appendix A. Leaf litter was collected from terraces and channels 

by lumping three samplings of 10 cm2 from the same plots as transect soils. Vegetation 

was clipped to the soil surface and analyzed in the same manner as soils, as detailed in 

Appendix A. 

5.2 Results 

Bulk soil C and N were statistically similar in the uplands and terraces (means= 

1024 gC/m2 and 116 gN/m2
) with lower C and Nin riparian soils (503 gC/m2 and 60 

gN/m2
) (Figure 5.1). Extractable DOC and DON were highest in terrace soils (12 gC/m2 

and 3.5 gN/m2), upland DON was significantly larger than riparian soils, and extractable 

DIN levels averaged 1.28 g/m2 (+/- 0.91) independent oflandscape (Figure 5.2). Bulk 

litter C and N is significantly larger in shrublands (1770 gC/m2 and 140 gN/m2
) than 
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riparian samples (659 gC/m2 and 28 gN/m2). Extractable litter DOC was similar for all 

landscapes (mean= 294 g/m2 +/- 116). Terrace litter extractable DON (112 g/m2
) is 

significantly larger than riparian DON (17 g/m2
), while only terrace shrubland litter DIN 

(78 g/m2
) is significantly larger than riparian samples (0.0 g/m2). 

5.3 Discussion 

Greater leachable yields of C and Nin terrace soils relative to upland soils is 

balanced by a reduced likelihood of flooding, obfuscating the effects of terraces on San 

Pedro River biogeochemistry. The majority of soils in the USPRB are alluvium from 

erosion of the surrounding mountain ranges (Pool and Coes 1999). Soils on the terraces 

are farther from the source area of the parent material and are therefore likely older and 

more weathered (Gile et al. 1981; Knuepfer 1988). With weathering comes an increase 

in secondary minerals and subsequently a greater potential for sorption and exchange on 

soil particles, resulting in greater opportunities for organic matter to bond to particles 

(Sparks 2003). Our results suggest that DOC and DON at these sites are extractable by 

leach tests (Figure 5.3), and by monsoon floods as well. In the USPRB, precipitation is 

correlated to basin elevation (Pool and Coes 1999). Terraces are very near the lowest 
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point of a lateral transect from the river to the mountains and are therefore unlikely to 

experience frequent flooding. Furthermore, denser terrace vegetation will reduce rain 

drop splash (Parsons et al. 1992), and increase stem flow and infiltration potential along 

plant roots (Bach et al. 1986), further precluding flooding. More research is needed to 

understand the interactive effects of increased leachability and decreased flooding 

potential on the contribution of terrace soils to San Pedro River biogeochemistry. 

Channel sediments display low levels of bulk and leachable C and N attributable 

to the coarse grain size of the particulate matter and N-limitation in litter-producing 

vegetation. This near-channel environment is often inundated when the San Pedro River 

reaches high stages. Clay- and silt-sized material contain the majority of organic matter 

(Rhoton et al. submitted), and advection removes these fines, leaving only the less-

biologically active sands and gravels. Because little organic material exists in channel 

materials, little is available to be mobilized by leaching. High sulfate leachability is the 

exception, and may indicate the presence of sulfate-containing gypsum in the sediments. 

Channel leaf litter displays bulk C and N values similar to terrace grasslands, suggesting 

the dominance of deciduous leaves in channel litter samples. The woody species of the 
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terrace shrublands are less easily degraded, and maintain high levels of C:N well after 

litter has reached the soil surface. Concurrently, leafy material is quickly degraded by 

physical and microbial processes when water is available, resulting in decreased bulk C 

and N values. The high C:N ratio in channel leaflitter is an indicator of the extent of 

nitrogen limitation in the riparian system. Leachable N is very low in channel leaf litter, 

while leachable C is similar to terrace litter. Deciduous trees are capable of transporting 

nutrients from leaves back into woody material during senescence (Tagliavini et al. 

1997). The extent to which N is readsorbed is a function of the difficulty with which it 

is taken up by roots. In this N-limited system, little N is available in the thin soils, and 

so it is beneficial for trees to readsorb as much N as possible from leaves. Once N is 

readsorbed by the tree, carbon-rich leaves fall and become part of the channel litter pool. 

Together, coarse grains and N-limited vegetation ensure that the soils and litter of the 

riparian channel do not contribute N to the San Pedro River. 
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Table 5.1: Nutrients and anions from bulk and leached soil samples from upland, terrace, and riparian forest samples. Soil 

samples were collected from the top 10 cm. Values represent means ofN samples, with standard errors in parentheses. 

Bulk Leached 
N oc TN OC: N DON DOC: Sulfate Cl: 

/m2 TN /m2 DON /m2 S04 
Upland 
Kendall 23 916 81 18 13 2.3 0.73 0.20 9.2 0.44 0.69 

Grassland (397) (54) (20) (1.8) (0.70) (0.25) (1.5) 0.22 (0.20) (0.40) (0.67) 

Lucky Hills 23 1196 174 10 16 2.7 0.73 0.13 12 0.50 1.4 
Shrubland (531) (167) (5.6) (2.4) (0.76) (0.19) (3.4) 0.36 (0.31) (0.54) (0.66) 
Terrace 

Grassland 2 989 107 9.0 3 12 3.3 1.1 11 1.8 2.0 0.41 
(597) (52) (1.3) (6.5) (3.1) (0.47) (1.1) (1 .1) (1.75) (.21) 

Shrubland I 5 1237 156 10 5 12 2.1 0.98 12 1.6 3.1 0.53 
(569) (91) (5.5) (3.4) (1 .2) (0.50) (4.4) (1.2) (2.1) (0.25) 

Riparian 
Forest I 9 503 60 8.5 I 9 1.2 0.95 0.015 37 4.4 0.19 

161) (13) (3.0) (0.66) (0.60) (0.021) (14) 0.61 (0.53) (5.5) (0.12 



Table 5.2: Nutrients and anions from bulk and leached litter samples from terrace and riparian forest samples. Values 

represent means ofN samples, with standard errors in parentheses. There was not substantial litter cover in the majority of 

upland sites, resulting in the absence of these values in the table. 

Bulk Leached 
N oc TN OC: N DON DOC: Sulfate Cl: 

/m2 TN /m2 DON /m2 504 
Terrace 

Grassland 2 946 74 15 2 289 7.5 44 6.2 2.0 1.5 0.26 
(397) (58) (6.5) (181) (11) (18) (1.5) (1.7) (2.1) 

Shrubland I 5 1770 140 13 5 330 78 139 2.7 4.9 10.2 0.53 
(839) (82) (2.5) (151) (76) (92) (0.71) (3.7) (9.0) (0.25) 

Riparian 
Forest I 8 659 28 25 I 7 

275 0.0 17 17 0.72 5.4 0.19 
211) (11) (5.8) (91) (0.0) (4.0) (4.6) (0.63) (6.8) (0.12 
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Figure 5.1: Bulk soil organic carbon (A) and total nitrogen (B) from upland, terrace, and 

channel sites. Bars represent standard errors. The same letter above bars indicates 

statistically similar populations. All samples were collected late in the monsoon season 

(August or September). Upland and terrace sites display significantly similar C and N, 

while the riparian forest displays lower values. 
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Figure 5.2: Bulk C and Nin litter samples from terrace and channel sites of the Upper 

San Pedro River Transect. Upland sites contained minimal litter cover and were 

excluded from the analysis. Bars represent one standard error. The same letter above 

bars indicates statistically similar populations. Terrace shrublands display higher bulk C 

and N than riparian soils. 
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Figure 5.3: Soil extractable DOC (A), DON (B), and DIN (C) in upland, terrace, and 

riparian soils. Bars represent one standard error. The same letter above bars indicates 

statistically similar populations. Terrace soils display higher levels of extractable DOC 

and DON. Channels soils display the lowest values of extractable DON. Extractable 

DIN content is independent of landscape. 
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Figure 5.3 continued: Soil extractable DOC (A), DON (B), and DIN (C) in upland, 

terrace, and riparian soils. Bars represent one standard error. The same letter above 

bars indicates statistically similar populations. Terrace soils display higher levels of 

extractable DOC and DON. Channels soils display the lowest values of extractable 

DON. Extractable DIN content is independent of landscape. 
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Figure 5.4: Extractable DOC (A), DON (B), and DIN (C) in leaf litter from terrace and 

riparian samples. Bars represent one standard error. The same letter above bars 

indicates statistically similar populations. Extractable DOC is similar in all landscapes 

and vegetation types. Shrubland litter extractable DON and DIN is larger than riparian 

values, while only grassland litter DIN is larger than riparian values. 
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Figure 5.4 continued: Extractable DOC (A), DON (B), and DIN (C) in leaflitter from 

terrace and riparian samples. Bars represent one standard error. The same letter above 

bars indicates statistically similar populations. Extractable DOC is similar in all 

landscapes and vegetation types. Shrubland litter extractable DON and DIN is larger 

than riparian values, while only grassland litter DIN is larger than riparian values. 
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6 APPENDIXC 

PRECIPITATION TRENDS AND SEASONAL WATER STORAGE 
IN UPLAND SOILS 

6.1 Results and Discussion 
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Eighteen precipitation samples were collected in Walnut Gulch over the summer 

of 2004. Samplers consisted of a 250 mL plastic Nalgene bottle with an attached funnel. 

Samples were analyzed for hydrogen and oxygen isotopes by the Isotope Laboratory of 

the Geosciences Department at the University of Arizona. 8180 was determined by CO2 

equilibration and 82H by Cr reduction. Isotopes were analyzed on a Finnigan Delta S 

mass spectrometer. A local meteoric water line was determined by fitting a linear trend to 

a plot of 82H to 8180 (Figure 6.1). 

The linear trend was best fit by the equation: 

R2 
= 0.79 

This is similar to the local mean water line determined for the Tucson basin by Wright 

(2001): 
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Values are also compared to the Global Meteoric Water Line determined by Craig 

(1961). 

The relationship between 82H and 8180 in meteoric water arises from 

fractionation that occurs as a vapor mass is evaporated from the ocean's surface and 

precipitates as it travels over a continent. The isotopic ratio in clouds forming above the 

ocean is dependent on the available energy for evaporation. Therefore, clouds that 

originate from source areas of similar temperatures and salinity should display similar 

isotopic signatures. 

Precipitation that fell over Walnut Gulch was first evaporated from ocean water in 

one of three potential source areas: the Pacific Ocean, the Sea of Cortez, or the Gulf of 

Mexico. Source areas for each storm were determined using GOES8 and GOES 10 

satellite imagery. The means and sample distribution of isotopic signatures for the 

determined source are displayed in Figure 6.2. The Sea of Cortez contains water that 

displays a signature similar to that of the nearby Pacific Ocean, but is enriched in heavier 

isotopes due to higher historical evaporation that has occurred over the relatively warm 

waters of this shallow basin. The Gulf of Mexico signature should be enriched relative 

to the Pacific due to the warmer temperatures of Atlantic waters. "Rain out" is a process 
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that results in the heavier isotopes condensing and precipitating first, leaving only the 

lighter isotopes to precipitate. Such a process may explain the depleted signature in the 

Gulf of Mexico waters. The very similar trends between precipitation from the Sea of 

Cortez and the Gulf of Mexico may be a result of the potential mixing of these sources, as 

they follow similar tracks along the western edge of the Mexican main land on their way 

to southern Arizona. Mixing of Gulf and Cortez vapor would also explain the large 

variation in the Gulf of Mexico samples. 

Variations in isotopic signatures display similar trends with elevation on different 

sampling dates (Figures 6.3). Elevation trends are a result of decreasing temperatures 

that occur at higher elevations. Lower temperatures correspond to decreased energy 

availability, resulting in greater fractionation potentials at altitude (Dansgaard 1964). 

Variations measured from Walnut Gulch samples are at the high end ofDansgaard's 

reported altitude effects (0.00046 - 0.0015 per mil I foot) in the upper basin, and 

approximately 3 times above the reported upper limit in the lower basin. 

Viewing the August 19th samples, it is clear that another factor besides elevation 

is important to the apparent trend. Precipitation events are distinct between the upper 

and lower basin (ie: extrapolated August 19th upper- and lower-basin trend lines will not 
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meet in mid-elevations). Differences in slope suggest that the apparent trends are a 

result of elevation effect as well as a residual effect, likely spatial variability. A steeper 

slope in the lower basin may suggest a greater rain out effect over a shorter distance: As 

there is a smaller mass of high-elevation land in the lower basin, and assuming the 

importance of orographics in raising surface air to colder temperatures and above the dew 

point, a greater percentage of the storm water is likely to fall over this small area. The 

upper-basin has a larger percentage of land at high elevation, allowing rain to occur over 

a larger area, decreasing apparent rain-out effects. For the purposes of subsequent 

mixing models, the average upper- and lower-basin trends were used to determine likely 

precipitation signatures when a sample was unavailable. 

More than one isotope sample was run for three of the larger storms during the 

summer of 2004, which allowed for the calculation of a mean and standard error. 

Precipitation from a given storm may show isotope variation due to rainout, as the 

heavier isotopes fall earlier, with lighter isotopes falling later during the event. 

Precipitation samples for this study represent an aggregation of all rains that fell at a 

given location. Therefore, it is likely that the isotopic signature is an integration of 

signals from precipitation falling over the duration of the event. 
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Summer monsoons are fast-moving, short-lived events. This means that rainout 

is not occurring in one spot, but is distributed along the storm track. While the 

precipitation samplers for this study were not perfectly distributed exactly along storm 

tracks, their geographical distribution was likely effective in capturing much of the 

isotopic variability resulting from rainout. For this reason per storm spatial variability of 

the isotopic signature acts as a proxy for temporal variability, and is used to produce error 

bars on precipitation values for the following mixing models. Error bars on precipitation 

values for storms with several samples (August 1 ot\ 16t\ and 19th) are equal to the 

across-basin variation in isotopic signature. Error bars on precipitation values for storms 

with only one sample are equal to the average standard deviation (8180 = 1.02%0, 82H = 

6.99%0) from the aforementioned three storms (Figure 6.4). 

Once cross-basin corrections were applied, isotopic mixing models were used to 

analyze the data, and differentiate between two water sources: precipitation and soil 

water. Shrub land runoff is not significantly different from precipitation (Figure 6.5A). 

The two runoff events from the grasslands are significantly different from precipitation 

(Figure 6.5B). The August 3rd event displays the greatest variation between precipitation 

and runoff, while the August 5th event shows slightly less variation. 
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While it has been shown that all but residual soil moisture is partitioned between 

basin recharge and evapotranspiration resulting in minimal water storage over the dry 

months (Scott et al 2000), isotopic mixing models suggest that some amount of water was 

stored in soils between ephemeral flow events of the 2004 monsoon season. These 

findings are bolstered by differences in Cl:S04 and evidence of reduction of terminal 

electron acceptors as discussed in Appendix A. 
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Figure 6.1: Meteoric water lines determined for global ( dashed line), Tucson 

local (dotted line), and Walnut Gulch (solid line) precipitation. Boxes represent 

precipitation samples collected during the 2004 monsoon season in Walnut 

Gulch (n = 19 R2 = 0.79). The Walnut Gulch trend is similar to that measured 

by Wright (2001) in the Tucson basin. 
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Figure 6.2: Population samples (small empty symbols) and means (large filled symbols) 

for precipitation determined to come from the Sea of Cortez (triangles), Pacific Ocean 

(circles) and Gulf of Mexico (squares). Bars represent standard errors. The dashed line 

represents the Walnut Gulch Meteoric Water Line. The Sea of Cortez is enriched 

relative to the Pacific Ocean. There is a strong overlap between the Gulf and the Pacific. 
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Figure 6.3: Variations in S180 and S2H with elevation in the upper (A) (-4500 to 5500 

feet) and lower (B) (- 3250 - 3500 feet) basins. Circles represent samples collected 

during the August 19th storm. 

A: 

0.0 

-1.0 • 
-2.0 

0 
~ 0 

0 -3.0 00 

~ 
"'"" IO 

-4 .0 

-5.0 .. 
-6.0 

3000 3500 4000 4500 5000 5500 

Elevation (feet) 

B: 

0 

-5 

-10 

0 -15 ~ 0 

~ -20 

-25 

-30 ____. 
-35 

3000 3500 4000 4500 5000 5500 

Elevation (feet) 



122 

Figure 6.4: Distribution of precipitation samples collected in Walnut Gulch over the 

2004 monsoon season. Bars represent standard errors for storms in which more than one 

sample was collected. The line represents the Walnut Gulch Meteoric Water Line 

calculated for the summer of 2004 (n = 19). 
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Figure 6.5: Precipitation (squares) and ephemeral flow (triangles) for the August 16th, 

2004 runoff event in the Walnut Gulch shrublands (A) are indistinguishable from each 

other. Concurrently, grassland flows (B) are significantly different from precipitation. 

The difference is greater in the August 3rd flow (more depleted sample) than in the 

August 5th flow. The line represents the Walnut Gulch Meteoric Water Line calculated 

for the summer of 2004 (n = 19). 
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7 APPENDIXD 

RAINFALL INTERPOLATION AND DRAINAGE AREA 

DETERMINATIONS 

7.1 Methods and Results 

Physical basin areas were outlined in ArcGIS using digital eleveation models 

(DEMs) and Walnut Gulch boundary filas to determine contributing drainage area for 

each ephemeral flow in Walnut Gulch during the 2004 monsoon season. For larger 
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flows, drainage areas were further constrained by subtracting drainage networks that did 

not flow for a particular event. This information was obtained by locating empty sample 

bottles in the channels of particular drainages following flow events. When possible, the 

volume of water was determined from measurements taken automatically by ARS flumes 

and weirs. This was possible for all flows at the 1st_ and 3rd_ order. Flow volumes were 

estimated for each flow by considering precipitation amounts and runoff rates. 

Precipitation data is collected at approximately 100 rain gauges distributed 

across Walnut Gulch by the ARS. All gages were used to determine total amounts of 

precipitation that fell in a given catchment on each date that yielded a flow. Two 
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interpolation methods available in the ArcGIS software were compared: inverse distance 

weighting and a simple krige. These two methods yielded average results that were 

within 5 percent. Based on the similarities in interpolation methods, apparent patchiness 

of the inverse distance weighting, and relative success of kriging on past ARS 

precipitation interpolations in Walnut Gulch (Carl Unkrich, personal communication) the 

simple krige was the preferred method for estimating the volume of precipitation which 

fell in a given drainage. Estimated precipitation was multiplied by a run off fraction to 

determine an estimated discharge. Comparisons of estimated to observed discharge 

displayed the minimum root square error when a run off fraction of 0.5% was used (rse = 

219 m3
) (Figure 7.1). Renard (1993) had determined a runoff rate of 7% for large flows 

that traveled through several major flumes of Walnut Gulch. Precipitation events never 

occurred on this scale during the 2004 monsoon season. Smaller, less intense 

precipitation would suggest a smaller discrepancy between precipitation rates and 

infiltration rates, resulting in a smaller fraction of runoff. 
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Figure 7 .1: Estimated verses observed values of runoff volumes in ephemeral flows in 

Walnut Gulch during the 2004 monsoon season. The closest fit to the 1: 1 line is 

obtained by multiplying precipitation by 0.5 % and adding 235 m3 (RSE = 219 m3). 
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8 APPENDIXE 

DATA TABLES 

Key: All locations from which samples were collected appear on this map. F = flume ephemeral flow samples, T = tree 

ephemeral flow samples, and P = precipitation samples. Ll-10 and Kl-10 are soil sampling locations. 



Ephemeral Flow Anions, Carbon, and Nitrogen: Values are in mg/L. 

Sample Date Br Cl F N02 N03 p 504 504/CI DOC DON DIN 
F01 8/24/2004 0.01 0.70 0.14 0.00 0.01 0.61 0.87 2.37 1.42 0.01 

F01.1 8/16/2004 0.49 0.17 0.10 2.84 0.27 4.34 8.87 6.03 0.58 2.94 
F01.1 D 8/16/2004 0.44 0.17 0.08 2.81 0.30 3.80 8.62 6.12 0.60 2.89 
F01.2 8/16/2004 0.00 0.83 0.27 0.17 2.66 12.45 15.00 5.84 0.89 2.83 
F01.3 8/16/2004 0.00 0.50 0.10 0.10 2.25 0.23 7.13 14.38 5.85 0.67 2.35 
F01D 8/24/2004 0.00 0.59 3.07 0.00 0.00 0.65 1.10 1.65 1.45 0.00 
F01L1 8/16/2004 0.01 0.55 0.14 0.35 1.58 0.21 3.65 6.69 7.73 0.75 1.93 
F01R1 8/16/2004 0.61 0.18 0.37 2.39 0.23 3.64 5.93 5.17 0.51 2.76 
F07L 8/16/2004 0.65 0.14 0.34 2.43 0.46 1.09 1.66 6.97 0.75 2.76 
F07R 8/16/2004 0.72 0.17 0.15 3.09 0.32 1.07 1.48 5.78 0.78 3.24 
F09 8/24/2004 0.01 2.05 5.53 0.00 0.00 0.99 0.48 8.00 1.75 0.00 

F09D 8/24/2004 1.99 7.65 0.07 0.00 1.29 0.65 6.59 0.07 
T01.2H 8/16/2004 0.84 0.16 0.34 5.93 0.50 1.22 1.45 6.31 0.95 6.27 
T01.2L 8/16/2004 0.53 0.13 0.47 4.77 0.56 1.25 2.37 7.38 0.83 5.25 
T01.2M 8/16/2004 0.95 0.11 0.35 5.48 0.44 1.17 1.24 6.26 0.82 5.83 



Ephemeral Flows continued: Values are in mg/L. 

Sample Date Br Cl F N02 N03 p S04 S04/CI DOC DON DIN 
T01.3H 8/16/2004 1.29 0.29 0.26 8.23 2.38 5.53 4.29 9.72 5.53 8.48 
T01.3L 8/16/2004 0.62 0.14 0.36 4.72 0.50 1.18 1.93 7.33 0.90 5.08 
T01.3M 8/16/2004 0.63 0.20 0.32 5.47 0.61 1.33 2.11 6.14 0.86 5.79 
T01.4L 8/16/2004 0.65 0.27 0.30 4.81 0.42 1.25 1.92 5.74 0.52 5.12 
T01.4M 8/16/2004 0.78 0.31 0.32 6.85 0.50 1.44 1.84 7.42 0.68 7.17 
T09.2H 8/5/2004 0.83 0.14 0.00 0.02 0.28 1.02 1.23 9.38 0.76 0.02 
T09.2H 8/19/2004 0.08 0.94 0.41 0.00 0.00 0.02 0.02 3.71 1.77 0.00 
T09.2L 8/19/2004 0.11 1.83 0.44 1.08 3.22 0.02 0.65 0.36 4.30 
T09.2M 8/5/2004 1.61 0.18 0.00 0.00 0.03 0.47 0.29 9.74 1.70 0.00 
T09.2M 8/19/2004 0.10 0.79 0.20 0.00 0.01 0.07 3.90 2.15 0.01 
T10.1M 8/3/2004 0.05 0.78 0.26 0.00 0.00 3.39 1.54 0.00 
T10.2H 8/3/2004 0.05 0.88 0.36 0.00 0.00 0.50 0.10 0.12 3.37 2.42 0.00 
T10.2L 8/3/2004 0.08 1.26 0.33 0.83 0.91 0.18 0.14 1.74 
T10.2M 8/3/2004 0.06 1.07 0.25 0.03 0.02 0.09 0.08 6.15 2.06 0.05 
T10.3L 8/3/2004 0.01 0.60 0.23 0.00 0.00 0.17 0.88 1.47 6.84 0.63 0.00 



Ephemeral Flows continued: Values are in mg/L. 

Sample Date Br Cl F N02 N03 p S04 S04/CI DOC DON DIN 
TKA01L 7/28/2004 0.05 0.71 0.11 0.00 0.00 0.53 0.74 1.53 1.47 0.00 
TKA01L 8/3/2004 0.65 0.21 0.23 1.32 0.56 0.61 0.93 4.97 0.74 1.56 
TKA01L 8/5/2004 0.59 0.21 0.15 0.70 0.60 0.89 1.50 6.16 0.80 0.85 
TKA02L 7/28/2004 0.66 0.20 0.00 0.00 2.24 2.96 0.00 
TKA02L 8/3/2004 0.77 0.22 0.19 1.63 0.56 0.57 0.75 5.03 0.58 1.83 
TKA02L 8/5/2004 1.20 0.20 0.18 0.99 0.62 1.08 0.90 6.25 0.81 1.17 
TKA02M 8/3/2004 0.60 0.17 0.16 1.70 0.46 0.53 0.88 4.20 0.61 1.86 
TKA02M 8/5/2004 0.57 0.15 0.10 0.78 0.57 0.84 1.47 5.07 0.75 0.88 



Precipitation Anions: Values are in mg/L. 

Sample Date Br Cl F N02 N03 p S04 Cl:504 
P01 8/19/2004 0.23 0.04 0.01 1.35 0.15 0.74 3.21 
P02 8/19/2004 0.01 0.36 0.05 0.01 2.23 0.04 1.02 2.84 
P10.4 8/3/2004 0.16 0.03 0.01 0.93 0.04 0.48 3.06 
P10.4 8/10/2004 0.25 0.06 0.04 2.76 1.91 7.56 
P10.4 8/11/2004 0.36 0.06 0.05 3.44 0.10 1.99 5.57 
P10.4 8/14/2004 0.48 0.08 0.02 6.60 0.10 2.74 5.69 
P10.4 8/15/2004 0.28 0.03 2.40 0.07 1.14 4.07 
P10.4 8/16/2004 0.16 0.04 0.01 1.64 0.04 0.56 3.52 
P10.4 8/17/2004 0.22 0.05 0.56 1.44 0.02 0.49 2.20 
P10.4 8/19/2004 0.54 0.08 0.01 3.58 0.79 1.56 2.90 
P10.4 8/24/2004 0.01 0.72 0.12 0.01 3.00 0.92 2.18 3.04 
P910 8/19/2004 0.62 0.21 0.01 2.35 0.04 1.05 1.71 
PARS 8/14/2004 0.00 0.47 0.18 0.02 4.95 0.03 1.74 3.70 
PGR01 8/14/2004 0.62 0.30 0.04 5.96 2.10 3.37 
PGR01 8/19/2004 0.00 0.60 0.12 0.01 2.92 1.17 1.95 
PGR02 8/19/2004 0.55 0.12 0.01 3.16 0.03 1.32 2.37 
PGR03 8/19/2004 0.17 0.45 0.12 0.01 2.59 1.20 2.69 
PGR04 8/14/2004 0.88 0.20 0.04 7.79 2.88 3.26 
PGR04 8/19/2004 0.01 0.90 0.11 0.02 2.71 0.11 1.23 1.36 
PGR05 8/14/2004 0.01 1.06 0.15 0.04 5.94 0.02 2.25 2.12 



Precipitation continued: Values are in mg/L. 

Sample Date Br Cl F N02 N03 p S04 Cl:S04 
PGR05 8/19/2004 0.01 0.69 0.09 0.02 2.80 0.03 1.23 1.79 
PGR06 8/19/2004 0.52 0.13 0.01 2.57 0.02 1.14 2.21 
PKA 8/14/2004 0.01 0.88 0.10 0.04 5.11 0.11 1.86 2.13 
PKA 8/19/2004 0.54 0.07 0.01 3.17 0.01 1.26 2.33 
PKA 8/24/2004 0.01 0.85 0.17 0.01 2.83 0.08 1.37 1.61 
PLH 8/2/2004 0.21 0.02 0.01 1.17 0.06 0.41 2.02 
PLH 8/19/2004 1.17 0.16 0.01 4.29 1.56 1.33 
PLH 8/24/2004 0.46 0.11 0.01 2.00 1.04 2.26 



Water Isotopes 

Ephemeral Flows Precipitation 
Sample Date 6180 %0 60%0 Sample Date 6180 %0 60%0 

F01 8/24/2004 -6.9 -37 P02 8/4/2004 -3.4 -29 
F01L 1 8/16/2004 -5.2 -32 P02 8/16/2004 -5.1 -33 

F09 8/24/2004 -4.8 -23 P02 8/19/2004 -4.2 -23 
T01.2H 8/16/2004 -4.9 -28 P10.4 8/3/2004 -7.8 -56 
T01.2L 8/16/2004 -4.9 -28 P10.4 8/10/2004 -1.2 -12 
T01 .2M 8/16/2004 -5.1 -28 P10.4 8/11/2004 -1 .9 -14 
T10.2H 8/3/2004 -1.5 -14 P10.4 8/16/2004 -7.5 -44 
T10.2L 8/3/2004 -3.6 -25 P10.4 8/19/2004 -3.0 -15 
T10.2M 8/3/2004 -1.9 -16 P910 8/10/2004 -2.5 -32 
T10.4L 8/10/2004 -4.8 -29 P910 8/19/2004 -4.6 -24 
T10.4L 8/16/2004 -8.3 -50 PKA 8/5/2004 -5.3 -40 
T10.4L 8/17/2004 -6.4 -39 PKA 8/10/2004 -3.2 -19 
TKA02L 8/3/2004 -10.2 -76 PKA 8/16/2004 -5.4 -28 
TKA02L 8/5/2004 -5.9 -48 PKA 8/19/2004 -3.6 -17 
TKA02M 8/3/2004 -10.4 -76 PLH 8/2/2004 -2.1 -13 
TKA02M 8/5/2004 -6.3 -46 PLH 8/9/2004 -1.6 -5 

PLH 8/16/2004 -4.3 -31 
PLH 8/19/2004 -3.2 -17 



Bulk Carbon and Nitrogen from Upland Soil Samples in mg/kg. Samples Ll through LlO were collected in the Lucky 

Hills shrub land study site. Samples Kl through Kl O were collected in the Kendall Grassland study site. 

6/16/2004 8/2/2004 8/25/2004 
Sample C N C N C N 

L1 12312 847 12512 589 11812 1033 
L2 11751 1171 18376 1162 12579 1355 
L3 19368 1912 18248 1073 6474 1144 
L4 1770 
L5 23873 1421 16619 7312 16077 1325 
L6 32409 1771 12703 7516 27182 3323 
L7 11502 1129 9982 1358 
L8 17980 1646 25850 2769 
L9 14202 1456 

L10 16200 1385 
K1 8930 1833 11154 852 10595 
K2 11115 2772 15171 1374 10723 
K4 15110 1664 
K5 19602 1699 10111 294 10756 1491 
K6 10466 290 9234 1313 
K7 27575 1285 11138 315 11645 1531 
K8 21245 1029 6140 67 6010 1131 
K9 12023 1122 13276 1703 

K10 8566 793 4602 1030 



Upland soil extractions in mg/L. Samples Ll through LIO were collected in the Lucky Hills shrubland study site. 

Samples Kl through Kl O were collected in the Kendall Grassland study site. A = 6/16, B = 8/2, and C = 8/25/04. 

Sample DOC TDN DIN DON Cl- S04 Sample DOC TDN DIN DON Cl- S04 
L1A 6.90 0.00 0.64 0.08 L1C 5.73 1.20 0.83 0.37 0.56 1.24 
L2A 3.79 0.36 0.00 0.18 0.00 L2C 2.19 1.53 1.31 0.22 0.59 0.95 
L3A 5.57 0.57 0.00 0.57 0.23 0.49 L3C 0.99 1.72 1.62 0.10 0.45 0.81 
L5A 7.04 0.83 0.01 0.82 0.62 0.56 L4C 2.35 0.98 0.85 0.13 0.41 1.23 
L6A 12.58 1.14 0.00 1.14 0.21 1.45 L5C 1.69 1.23 1.12 0.11 0.51 1.03 
K1A 5.73 0.84 0.22 0.62 0.23 0.29 L6C 1.79 4.17 4.03 0.14 0.70 1.34 
K2A 5.34 0.69 0.20 0.49 0.39 0.17 K1C 0.93 1.65 1.56 0.09 0.38 1.04 
K4A 7.62 1.66 0.77 0.88 0.56 1.54 K2C 2.01 1.79 1.51 0.28 0.33 0.89 
K6A 6.71 1.46 0.57 0.89 0.41 0.79 K4C 2.19 1.85 0.00 0.00 

K5C 3.37 1.63 1.27 0.35 0.30 1.12 
L1B 1.23 0.50 0.36 0.14 0.27 0.10 K6C 1.40 2.04 1.90 0.14 0.22 0.64 
L2B 1.28 1.12 1.11 0.02 0.43 0.39 
L3B 1.06 0.97 0.94 0.03 0.25 0.25 
L5B 2.11 1.88 1.91 0.00 0.90 0.81 
L6B 1.03 1.20 1.27 0.00 0.42 0.63 
K1B 1.06 1.54 0.00 0.00 
K2B 1.46 2.84 3.02 0.00 0.82 0.77 
K3B 1.16 1.81 0.00 0.00 
K5B 0.95 1.45 1.53 0.00 0.00 0.00 



Bulk Carbon and Nitrogen from near-channel soil samples in mg/kg. 

Channel Terrace 
Location C N C N 
Benson 5713 561 11891 749 

Escalante 7788 505 19309 1998 
Fairbank 5530 575 13040 1067 

Charleston 4285 507 3829 2833 
Greyhawk 3859 627 11750 905 
SP House 5349 766 

16 5259 806 
17 2247 423 21605 2072 
19 6314 831 5488 680 

US-Mex Border 3793 483 13655 1387 



Near-channel soil extractions in mg/L. Each value represents a mean of three extractions. 

Channel Terrace 
DOC TDN DIN DON Cl S04 DOC TDN DIN DON Cl S04 

Benson 1.32 0.35 0.30 0.05 0.92 3.21 13.69 1.63 0.66 0.97 
Escalante 1.75 0.92 0.96 0.00 1.84 4.56 18.92 5.46 4.45 1.09 2.83 7.23 
Fairbank 3.06 1.76 1.76 0.02 0.47 1.57 20.94 3.67 1.99 2.33 1.48 5.02 

Charleston 2.05 0.84 0.80 0.04 0.45 2.75 56.67 4.58 4.21 0.59 4.20 4.89 
Greyhawk 0.94 1.34 1.54 0.00 0.43 6.70 11.49 4.02 2.64 1.47 1.73 2.97 
SP House 2.06 1.63 1.76 0.00 0.52 3.91 8.67 2.89 2.11 0.80 

16 2.40 1.73 1.67 0.07 2.08 24.28 8.31 7.72 7.04 1.04 
17 0.53 2.25 2.47 0.00 0.54 4.83 26.02 11.05 8.87 2.12 3.95 
19 14.07 2.25 0.90 1.35 2.37 4.21 

US-Mex Border 0.52 2.24 9.41 4.56 3.48 0.91 0.97 3.70 



Bulk Carbon and Nitrogen from near-channel leaf litter samples in mg/kg. 

Channel Terrace 
Location C N C N 
Benson 292234 19487 372156 27220 

Escalante 450264 23223 413263 39829 
Fairbank 452076 14878 353491 30920 

Charleston 242985 9890 257554 16468 
Greyhawk 261071 9632 307515 19303 
SP House 343529 13913 329347 9009 

16 398750 12875 350136 32851 
17 399427 16915 414229 20840 

US-Mex Border 368241 11927 370984 25145 



Near-channel leaf litter extractions in mg/L. Each value represents a mean of three extractions. 

Channel Terrace 
DOC TDN DIN DON Cl S04 DOC TDN DIN DON Cl S04 

Benson 304 16.3 0.0 16.3 0.92 3.21 101 64.2 21.7 38.5 
Escalante 434 24.7 0.0 24.7 1.84 4.56 174 136.4 58.2 83.2 2.83 7.23 
Fairbank 399 19.5 0.0 19.5 0.47 1.57 122 56.7 19.2 36.4 1.48 5.02 

Charleston 129 10.4 0.0 10.4 0.45 2.75 193 52.9 0.9 56.0 4.20 4.89 
Greyhawk 153 12.0 0.0 12.0 0.43 6.70 92 83.7 28.6 48.5 1.73 2.97 
SP House 364 20.7 0.0 20.7 0.52 3.91 120 29.7 

16 358 14.3 0.0 14.3 2.08 24.28 105 64.8 
17 379 92.2 0.0 92.2 0.54 4.83 201 53.4 18.6 38.9 3.95 

US-Mex Border 265 15.0 0.0 15.0 523 99.8 0.1 71.4 0.97 3.70 



Particulate C and N in ephemeral flow samples. Subscripts of L, M, and H after the sample name represent the height of the 
sampler above the channel: L = 0 cm, M = 10 cm, and H = 20 cm. 

Samele Date 
F01 8/16/2004 
F01 8/19/2004 

T01.2L 8/16/2004 
T01.3L 8/16/2004 
T01.4L 8/16/2004 

F09 8/19/2004 

T09.2 8/5/2004 
T09.2 8/19/2004 

TKA02L 7/28/2004 
TKA02M 7/28/2004 

T10.2L 8/3/2004 
T10.3L 8/3/2004 

C 
10769 
25024 

12033 
41549 
17136 

29439 

3114 
28612 

6617 
3449 

18197 
980 

N 
24 

389 

672 
221 

667 

1218 

498 
265 

783 
10 
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