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ABSTRACT 

Pre-monsoon (June) and monsoon (August) sampling campaigns were conducted 

on a gaining and a losing reach in the San Pedro River in 2005 to quantify the effects of 

variability in hydrologic conditions on carbon and nitrogen cycling in an N-limited semi-

arid stream. Nutrient concentrations decrease along the gaining reach, while new 

groundwater inputs, rapid N03-N uptake and net production of organic DOC and DON 

occurs. In contrast, the losing reach experiences little spatial variability suggesting the 

presence of a large, well-mixed alluvial aquifer as a single source. However, so/-

concentrations and S04:Cl ratios decrease between gaining and losing systems with 

isotope mixing models indicating uptake of S04 
2

- and suggesting biological sulfate 

reduction between reaches. Diurnal cycles of increases in nighttime stage, er and 

nutrients indicate change in riparian vegetation transpiration demand and bank drainage 

of relatively N rich water at night. Monsoon stream flow becomes a roughly equal 

mixture of groundwater and monsoon precipitation with nutrient concentrations 

exhibiting little spatial variability. However, a decrease in DON concentrations and DON 

between the two reaches indicates nutrient processing occurs at much larger spatial 
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scales. These data illustrate several examples of how hydro logic variability at different 

spatial and temporal scales controls nutrient fluxes and transformations. 
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INTRODUCTION 

1.1 Literature Review 

Groundwater depletion and stream dewatering threaten riparian areas and have 

contributed to loss and alteration of riparian systems throughout the world (Gremmen et 

al. 1990, Nilsson and Svedmark 2002). Particularly at risk are arid and semi-arid regions 

where scarce water supplies are in high demand (Davies et al. 1992, Kingsford 2000). 

Semi-arid, arid, or hyper-arid lands cover greater than 40% of the Earth's land surface 

(F AO 2005) and are expected to experience disproportionate increases in human 

populations worldwide in the next 50 years (UNPD 2004). In the arid southwest USA, 

water diversions and extractions have caused river discharge and groundwater tables to 

decline and perennial rivers to tum ephemeral, having detrimental effects on riparian 

ecosystems (Bryan 1928, Stromberg et al. in review). Over 90% of riparian habitat in 

Arizona and New Mexico has been lost over the past century (Brinson et al., 1981 ). As 

one of the last free-flowing rivers in the semi-arid southwest, the San Pedro River is 

threatened both by decreases in water availability and increases in nutrient inputs from 

growing populations within the basin causing declines in water table levels, river 
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discharge, and wetland species density and diversity (Pool and Coes 1999, Goode and 

Maddock 2000, Stromberg et al. in review). 

What remains of these river corridors provides valuable habitat in semi-arid 

regions such as the southwestern United States. The availability of water in a water 

limited environment allows riparian ecosystems to maintain high levels of biodiversity 

and productivity compared to the surrounding landscape (Krueper 2003). The San Pedro 

River supports thousands of species of microorganisms and insects, hundreds of species 

of birds, and dozens of species of reptiles, amphibians and mammals, including several 

endangered species (Nature Conservancy 2006). In addition to maintaining water supply, 

water quality is crucial to the ability of these ecosystems to support local biota and 

management requires understanding of elemental cycling, particular! y with respect to 

relationships between water and nutrients. 

Following water limitations, nutrient availability controls riparian productivity 

and biological diversity. The most common limiting nutrient in natural freshwater 

systems is phosphorous (Wetzel 2001) but rivers in desert and semi-arid southwestern 

USA tend to be nitrogen limited due to an abundance of phosphorous-rich parent material 

(Grimm and Fisher 1986). Changes in human activities since the agricultural and 
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industrial revolution have offset these natural nutrient balances with recent studies 

finding global increases in nitrate pollution (Aber et al. 1989, Vitousek et al. 1997, 

Matson et al. 2002 and Galloway et al. 2004) and notable increases in the semi-arid 

western USA (Asner et al. 2001). These studies focus particularly on atmospheric N-

deposition; however, agriculture, industry and the influence of growing population 

centers are also point and non-point sources. Increased nitrogen inputs in a nitrogen 

limited system have potentially deleterious impacts such as changes in plant community 

diversity and composition, soil and water chemistry and ecosystem productivity and 

health (Matson et al. 2002). Understanding controls on N limitation and cycling within 

semi-arid riparian environments is important for improving our management of riparian 

ecosystems for aesthetic, public health, natural resource and recreational purposes. 

Due to their critical position at the transition zone of land and water ecosystems, 

riparian zones traditionally are considered an important location for buffering or removal 

of terrestrial nutrient sources (Peterjohn and Correll 1984). However, riparian areas 

surrounding nitrogen limited streams have been found to function oppositely, serving as a 

nitrogen source (Grimm et al. 1981, Triska et al. 1989). Within the riparian area: surface 

water, groundwater and their associated solutes exchange in both directions across the 
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hyporheic zone (the saturated sediments and interstitial water beneath the stream). In 

cases where stream-bound flow gradients pass through optimal substrate conditions, 

nutrient-rich upwelling results (Valett 1994 ). In these upwelling locations, surface and 

groundwaters mix establishing biogeochemical gradients ( e.g. organic matter, redox 

potential, etc.) which serve as niches for heterotrophic microbes. Consequently, 

hyporheic zones serve as "hotspots" of microbial activity where high rates of microbial 

metabolism act to break down organic matter into more readily useable inorganic forms 

(Grimm and Fisher 1984, Dent 2001, McClain 2003). As a result, the hyporheic zone is 

an important source of nutrients, such as nitrate, to stream water (Valett 1990, Wetzel 

2001) and is especially influential in stream chemical composition during low flow 

periods when subsurface flowpaths hold a majority of river water volume and hyporheic 

sediments act as a substrate for up to half of the rivers microbial respiration (Valett 1996, 

Grimm and Fisher 1984). In the semi-arid southwestern USA, extended periods oflow 

flow conditions persist for major portions of the year, controlling nutrient cycling through 

water availability, mixing and transport processes. 

Ecosystems of the southwestern USA experience bimodal weather patterns of dry 

and wet seasons with low flow periods occurring in fall and spring (Sellers and Hill 
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1974). At the beginning of the dry season, the hillslope and river become disconnected 

hydrologically and groundwater and bank drainage maintain river baseflow through 

upwelling. As groundwater tables progressively become lower through 

evapotranspirative demands, "gaining" sections maintain water supplies due to continual 

groundwater upwelling. Depending on previous rainfall conditions and nearby water 

uses, the groundwater table supplying "losing" or intermittent portions of the stream may 

be lowered to the point where flowpaths become less hydrologically linked. Peak 

precipitation occurs during the summer monsoon season ( early July through mid-

September) and winter wet season (December through March), with the summer 

monsoon providing 50-70% of the total annual regional precipitation (Sellers and Hill 

1974, Ellis et al. 2003). Monsoon storms are often patchy and severe, creating highly 

variable river flow with floods often exceeding baseflows by several orders of magnitude 

(Fisher et al. 1982). The seasonality in precipitation causes heterogeneity in nutrient 

transport, hydrologic linkages and flow paths as soil and subsurface environments 

undergo periodic drying and wetting (Stanley et al. 1997, Lake 2003). Monsoon floods 

play an important role in reconnecting seasonally dry flow paths and transporting 

sediment and nutrients in arid environments. In addition, significant mixing between 
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surface and groundwater occurs as monsoon flood events recharge the alluvial aquifer 

(Baillie 2005) and channel features cause surface water to flow along subsurface 

pathways. 

Recent collaboration by ecohydrologists and biogeochemists has greatly advanced 

our understanding of nutrient dynamics in N-limited arid systems by looking at how 

hydrologic variation controls N during flood disturbances, at surface-groundwater 

exchange sites, and between "land-water exchanges" (Fisher et al. 1982, Grimm and 

Petrone 1997, Schade et al. 2005, and many others). Smaller scale studies performed in 

arid climates often focus on N additions from hyporheic exchange (Valett et al. 1990, 

Grimm and Fisherl 984, Fisher et al. 1998) and indicate low N retention rates. In contrast, 

large scale studies conducted in mesic P-limited environments, indicate significant N-

removal (Alexander et al. 2000, Peterson et al. 2001, Seitzinger et al. 2002). This 

disparity between small and large scale studies on N retention and transformation 

presents a significant challenge and direct need for focused biogeochemical research 

(Grimm 2003). 

1.2 Problem Statement 
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In this study the need for intermediate-scale research on the San Pedro River 

located in the transition between the Sonoran and Chihuahuan high-desert climates of 

southeastern Arizona, USA was addressed. Our objectives were to evaluate how 

variability in local and regional hydrologic flow paths affects stream water carbon and 

nitrogen concentrations at the 0.3 to 1.0 km reach scale. Specific questions addressed are: 

How does variability in reach scale hydrology affect stream water, organic matter and 

inorganic nitrogen concentrations (a) in gaining vs. losing reaches? and (b) during the 

non-monsoon vs. monsoon season? The approach involved two intensive stream 

sampling campaigns, analyzing conservative and biogeochemically active solutes that 

indicate water sources, nutrient fluxes and nutrient transformations. Sampling was 

performed within two hydrologically distinct river reaches prior to monsoon and 

following establishment of the 2005 monsoon season. 

1.3 Study Site Description 

We established two experimental reaches, one in a primarily gaining section and 

one in a primarily losing section of the Upper San Pedro River sub-basin between the 

USA-Mexican border and Tombstone, Arizona. The gaining reach is located near the 
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San Pedro House (SPH) approximately 28 km north of the U.S. - Mexico border and 

immediately downstream of a losing reach (Stromberg et al. in review). The losing reach 

is located near Boquillas Ranch (BOQ) 23 km downstream of the SPH and immediately 

following 16 km of a primarily gaining river reach (Stromberg et al. in review) (Figure 1, 

Table 1). 

Streamflow and shallow groundwater support a narrow corridor of riparian 

vegetation including important phreatophytes (plants capable of drawing shallow 

groundwater) such as the Fremont cottonwood (Populus fremontii) and Goodding willow 

(Salix gooddingii) along the lower river channel banks and gravel bars, as well as 

Mesquite trees (Prosposis velutina) in the higher terraces. Vegetation in the upland 

region varies due to elevation and consists primarily of Chihuahuan desert scrub and 

semi-desert grassland (Lemon 2003). The riparian area supports a majority of the 

regional biodiversity for desert wildlife and migratory birds, including several federally-

listed endangered species (Krueper et al. 2003). 

Located in a semi-arid basin, high-desert valley, bimodal precipitation patterns 

result in winter rains and summer monsoons separated by dry periods (Sellers and Hill 

1974). Mean annual precipitation near the study area, is approximately 353 mm, with 
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approximately 69% falling during summer monsoons (Pool and Coes 1999). The 

precipitation total for the 2005 calendar year was below average at 214 mm (recorded at 

the USGS Charleston gauge #09471000), occurring almost exclusively (213 mm) during 

summer monsoon season (July 18, 2005 through mid-September) (USGS 2006). The 

2005 monsoon began July 18t\ the 2nd latest start date recorded in history. 

The San Pedro River flows approximately 225 kilometers north from its 

headwaters near Cananea in northeastern Sonora, Mexico through southeastern Arizona 

to its confluence with the Gila River in central Arizona near Winkelman, Arizona, USA. 

Located in the Basin and Range province of the Wes tern United States, the river is 

bordered by several mountain ranges with elevations up to 3,000 meters above mean sea 

level ( asl). Fractured bedrock slopes downward towards the river basin and is overlain by 

a thick layer of sediments and more recent basin fill. The stream alluvium contains the 

youngest deposits consisting of lenticular beds and unstratified deposits of gravel, sand, 

and silt. Alluvial deposits are relatively permeable compared to underlying basin fill and 

range from a few meters to 30m in depth (Roeske and Werrell 1973). River discharge 

varies spatially due to regional geology and temporally due to precipitation and water 

demand patterns (Pool and Coes 1999, Goode and Maddock 2000, Stromberg et al. in 
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review). Baseflow is maintained by groundwater from the regional aquifer and the 

overlying alluvial aquifer with groundwater upwelling occurring in areas of high recharge 

and shallow bedrock formations (Roeske and Werrell 1973, Pool and Coes 1999). 

Baseflow generally is at a minimum during summer (pre-monsoon), which is the period 

of greatest rates of seasonal water use by plants and humans (Pool and Coes 1999, USGS 

2006). Perennial flow in the San Pedro River exists only in select areas of the river 

corridor, with the most reliable perennial reach located at Charleston, located between 

our two study reaches. Groundwater upwells here because of a bedrock high present just 

north of Charleston that reduces the vertical thickness of the aquifer and forces 

groundwater to flow upward (Pool and Coes, 1999). For the first time in 75 years, the 

Charleston gage registered zero discharge for 3 days during the 2005 pre-monsoon 

season. Recharge to the regional aquifer occurs primarily through mountain front and 

mountain block recharge processes. Recharge to the alluvial aquifer occurs as infiltration 

of monsoon precipitation along the river corridor (Goodrich et al. 2004, Baillie 2005, 

Wahi 2005) as well as upwelling from the underlying regional aquifer (Roeske and 

Werrell 1973, Pool and Coes 1999). 
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Stream classification criteria divides the San Pedro River into areas of gaining 

(wet) and losing (intermittent or dry) hydrologic systems that are most evident during 

non-monsoon discharge. A gaining system refers to areas where groundwater upwelling 

and specific wetland indicator plant species occur (Roeske and Werrell 1973, Pool and 

Coes 1999, Goode and Maddock 2000, Stromberg et al. in review, Lemon 2003). 

Groundwater sources to the stream in gaining areas tend to originate from the regional 

aquifer supplied by mountain system recharge (Baillie 2005, Wahi 2005). Losing 

reaches refer to systems where river water is lost to infiltration, resulting in recharge into 

the underlying aquifer. Subcategories oflosing reaches (intermediate or dry) are defined 

by the decrease or absence of particular wetland herbs that reflects connectivity or depth 

to the water table (Stromberg et al. in review, Lemon 2003). Groundwater sources to the 

stream in losing areas tend to be dominated by monsoon recharge (Baillie 2005, Wahi 

2005). Losing reaches tend to be the first to dry up in intermittent pre-monsoon 

conditions. 

Prior to European settlement of the southwest, the San Pedro River was a system 

of braided channels and cienegas (marshes) with active floodplains up to a mile wide. 

During the late 1800s, a regional trend of entrenchment occurred in the southwestern 
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United States and Northern Mexico. Entrenchment is the narrowing and deepening of 

river channels, most likely resulting from a mixture of overgrazing and associated 

vegetation changes followed by a period of drought and then erosive flooding. Site visits 

to various parts of the river reveal steep cut river banks with an upper layer of dark 

sediment varying in thickness from a few inches to a couple feet (personal observation). 

This layer is indicative of the severe hillslope erosion and subsequent stream deposits that 

occurred once overgrazing began. As floods occurred they cut through this thick layer of 

sediment and flow became more channelized, resulting in further scouring and deepening 

of the channel (Vogt 2003). Measurements of entrenchment vary from up to a couple feet 

of erosion deposits, 1 to 10 meters vertical deepening, and channelization narrowing the 

stream to widths of less than 150 meters (Hereford 1993, Pool and Coes 1999). 

The San Pedro is under major pressure from the water demands of urbanization 

and agriculture. Sierra Vista, the largest community within the basin, experienced a 

population growth of 7% from 2000 to 2004 and could approach 100,000 by 2030 (Davis 

2005). Groundwater is the primary resource of water for local residents. Efforts to 

balance the needs of natural resources and public water supply include a suite of 

management strategies implemented by the Bureau of Land Management (BLM) and 
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Upper San Pedro Partnership (USPP), the retirement of agricultural water rights, the 

formation of the San Pedro National Conservation Area (SPRNCA), as well as 

implementation of several water recharge projects (City of Sierra Vista 2005). Whereas 

these efforts have been successful in working towards balancing natural ecosystem and 

community water needs, groundwater losses continue to exceed groundwater inputs by 

approximately 10 to 40% (Pool and Coes 1999, Baillie 2005). Current water use rates are 

not sustainable, continued population growth in the region is expected, and the region is 

in its sixth year of drought conditions with a "moderate" long term drought status 

(ADWR, March 2006). Continued unsustainable water mining in combination with 

current drought conditions will result in a lowering of the water table, which is likely to 

manifest itself as lower to disappearing flow rates and a decrease or shift in vegetation 

density or species. As confirmation, reductions in both baseflow and floodwater volumes 

over the period of record from 1936-1997 have been documented by Pool and Coes 

(1999). This crisis is an opportunity for the San Pedro River Basin communities to 

employ forward-thinking policy, education and community action strategies to positively 

influence individual water use habits for water demand reduction, upgrade public 
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infrastructure for better efficiency, and employ creative recharge and effluent reuse 

strategies for maintaining a sustainable watershed. 

During monsoon season, storm events cause floods which drive rapid changes in 

discharge and hydrologic flowpaths by increasing flow and connecting disconnected 

stream compartments of intermittent areas to the water table. Initial precipitation causes 

infiltration of water into the soils resulting in saturation and subsurface storm flows 

(Hursh 1936, Buttle 1998) that flush existing soil vapor or water into the river channel. In 

semi-arid catchments, monsoon soil flushing is greatest following wetter winter 

conditions because more old water is stored within the vadose soils (Huth 2003). This 

initial soil flushing is associated with increased inputs of soluble nutrients and sediment 

into the river (Salmon 2001 ). While wetter winters result in greater soil flushing of semi-

arid monsoon soils, they also are associated with lower or more dilute soil water nutrient 

concentrations relative to monsoons following dry winters. This phenomena is because 

drier soils have higher concentrations of solutes due to greater pooling and accumulation. 

As a result, overall river water nutrient concentrations are higher during monsoon floods 

following a dry winter (Huth 2003). Significant recharge of the riparian aquifer as well as 

flushing of shallow groundwater occurs in various catchments types during storm events 
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(Duffy and Cusuman 1998, Genereux and Hopper 1998). Greater head differences caused 

by elevated river stage result in infiltration of storm water and solutes into the channel 

bed and banks. El Nino-Southern Oscillation (ENSO) also affects the timing and amount 

of winter precipitation. A positive ENSO (El Nifio) is associated with increased amounts 

of winter precipitation received in the southwestern USA, whereas a negative ENSO (La 

Nifia) has an opposite effect (Webb et al., 2004). The winter of 2004-2005 occurred 

during El Nifio conditions, which generally results in regionally wetter winters. However, 

rain gage measurements at Charleston do not reflect this. 

1.4 Thesis Format 

The format of this thesis is defined by the University of Arizona Graduate Colleges' s 

Manual for Electronic Theses and Dissertations and is, therefore, subject to repetition. It 

includes an introductory chapter describing the uniqueness and relevance of this research 

as well as a chapter on the Present Study, which summarizes the findings, conclusions 

and implications of the manuscript included in Appendix A. Appendix A is a scientific 

manuscript which details hydrological controls on nutrient fluxes and transformations 

within the San Pedro River, Arizona, USA and is planned for submission to the journal 



27 

JGR Biogeoscience. The manuscript succinctly introduces the research topic, questions 

and setting; describes methods; and discusses results, conclusions and implications of my 

research. 
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PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the paper 

manuscript appended to this thesis. The following is a summary of the most important 

findings in this manuscript. 

2.1 Methods 

We performed two sampling events to characterize San Pedro River hydrology 

and baseflow water chemistry during pre-monsoon and monsoon seasons. The pre-

monsoon sampling event (May 27 to June 4, 2005) lasted 8 days and began prior to the 

establishment of the monsoon season (July 18 through mid-September, 2005). The 

monsoon sampling event (July 31 to August 11, 2005) lasted 11 days and began 

following the first few large storm events, of the monsoon season. For monsoon season, 

baseflow includes data from the flatter portions of the hydro graph between storm peaks. 

During each sampling campaign we measured stage at 10 minute intervals with 

miniTroll pressure transducers (In-Situ, Inc. 2005) at the upstream and downstream ends 

of the two reaches. Pressure transducer accuracy is reported as ±0.1 %. Field 
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measurements of discharge and stage were also taken using Pygmy current meters 

(instrument error is reported at approximately 2% with low flow limits of 9 cm water 

depth and 3 cm/s velocity) (USGS 2001) and staff gages. During pre-monsoon sampling, 

site specific pygmy meter measurements were used to estimate discharge using the 

velocity area method (Maidment 1993). In addition, stream discharge was obtained from 

the United States Geological Survey (USGS 2006) stream gage located along the San 

Pedro River at Charleston. Discharge record accuracies are reported as "good" except for 

discharges higher than 350 cfs, which are "fair", and estimated daily discharges are 

"poor". Good means 95% of the daily discharges are within 10% of the true and fair are 

within 15%. Records that do not meet the criteria are reported as poor (USGS 2005). The 

Charleston gage is located between the two experimental reaches, approximately 16 km 

the upstream reach (SPH) and 6 km upstream from the downstream reach (BOQ) 

(Figures 1 and 2). An attempt was made to correlate stream discharge with stage height 

and surveyed stream slopes using Manning's equation (Maidment 1993) and 

alternatively, a Muskingum routing model (Birkhead and James 1997). We also 

calculated stream velocity by dividing the time difference between storm peak onsets by 

distance traveled between gages. However, in the end these did not produce reasonable 
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results. Therefore during monsoon season, discharge at the Charleston gage was used as a 

proxy for flow at all four sample collection sites. This remote gage served as the best 

discharge estimate for this time period because high flow conditions and variable 

discharge made field measurement and establishment of a stage-discharge relationship 

difficult. 

During each sampling event water samples were collected at six hour intervals ( 4 

am, 10 am, 4 pm, and 10 pm) using ISCO and SIGMA stream autosamplers installed at 

the entrance and exit of each reach. We collected manual grab duplicate samples for 

approximately 6% of all baseflow samples samples for comparison with samples from 

autosamplers. We retrieved samples daily from each autosampler and placed them on ice. 

During these site visits, we also measured temperature, pH, and electrical conductivity 

(EC) at each sample location. Samples were transported to the USDA-ARS Tombstone 

field office and filtered nightly through a pre-combusted (500 °C, 4 hours) Whatman 

GF IF (0. 7 µm) glass microfiber filter. During monsoon season high sediment loads made 

it necessary to pre-filter samples through Whatman GF ID (2. 7 µm) glass microfiber 

filters. Samples were transferred into ashed amber glass bottles and acid washed and 

Milli-Q triple rinsed HDPE plastic bottles. Milli-Q refers to a grade of <lionized (DI) 
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water purified by passing steam condensate through a Millipore® deionization system. 

For each sample we poured filtered sample water into a 250 mL amber bottle (for nutrient 

and conservative solute analyses) and a 250 mL HOPE bottle (for extra sample storage). 

For isotope analysis we poured unfiltered water into 250 mL and 60 mL HOPE bottles. 

Samples were stored refrigerated between 4 °C and 8 °C 

Water samples were analyzed for dissolved organic carbon (DOC), total dissolved 

nitrogen (TDN), major anions (N03-, N02-, PO/-, so/-, Br-, F, and Cl) and water and 

sulfate isotopes (82H, 8180, 834S). DOC analysis was performed using a high temperature 

combustion oxidation (HTCO) method (Cauwet, 1999) on a Shimadzu TOC-5050(A) 

Total Organic Carbon Analyzer located in the Department of Hydrology and Water 

Resources (HWR) at the University of Arizona (U of A). Analytical precision for DOC 

concentrations was ±5% or better for the range of concentrations measured. TDN was 

determined using high temperature combustion (Cauwet 1999) on a Shimadzu TOC-

VCSH analyzer fitted with the TNM-1 nitrogen module located in the U of A Department 

of Soil, Water and Environmental Science. TDN analytical precision was ± 1 %. Anion 

analysis was performed on a DIONEX Ion Chromatograph (IC) with an EG-40 eluent 

generator and CD-25 conductivity detector, also located within HWR, UofA (Dionex 
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2004). Replicate analysis of IC samples and standards typically agree within 5% or better 

for concentrations greater than 1 mg/L and 10% or better for samples less than 1 mg/L. 

The method detection limit (mdl) for the IC is 0.025 mg/L. A value of Yi*mdl was 

reported for any sample concentration measuring below the mdl (Dent 2001 ). Dissolved 

inorganic nitrogen (DIN) is the sum ofN03--N, N02--N, and NH/-N (Marine Biological 

Laboratory); however we did not analyze water samples for ammonium. Based on past 

studies conducted in regional desert streams including the San Pedro River, we did not 

measure for ammonium (Fisher 1982, Holmes 1998, Huth 2003, Lemon 2003). NH/-N 

concentrations are typically O to 5% of DIN and often below detection limits. In this 

paper we report DIN results as N03--N because nitrate comprises the majority of DIN 

species. Dissolved organic nitrogen (DON) was calculated by subtracting DIN from 

TDN. 

Selected samples were analyzed for water isotope (8 180 and 82H) and sulfate 

isotope (834S and 8180) by the Stable Isotope Laboratory at the UofA Department of 

Geosciences to pinpoint water sources and verify the occurrence of bacterial sulfate 

reduction as a component of nutrient cycling. Water isotopes were analyzed on a 

Finnigan Delta S gas-source isotope ratio mass spectrometer (Craig 1957, Gehre 1996), 
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with analytical precisions at or below ±0.9%0 for 82H and ±0.08%0 for 8180. Sulfate 

isotopes were analyzed on a Thermoquest Finnigan Delta PlusXL continuous-flow gas-

ratio mass spectrometer (Coleman and Moore 1978) with analytical precisions at or 

below ±0.15%0 for 834S and ±0.3%0 for 8180. 

We examined conservative tracers to infer hydrological pathways during both pre-

monsoon and monsoon sampling campaigns. A two-end-member chloride mixing model 

(Langmuir 1997) was applied to quantify sources of stream discharge. Source_ 1 and 

Source_ 2 represent the two end-members that mix to form the sample. In addition to 

chloride, we used oxygen-18 in our mixing model on a subset of samples to confirm 

water sources for verification of sulfate reduction processes. Csample, C 1 and C2 represent 

the concentration (mg/L) of the sample, Source_! and Source_2, respectively. Table 2 

describes the sources and concentrations used for each location and sample event. 

[ 1] %Source_ 1 contributions to discharge at sample location = 

C -C 
%Source I = 100 * sarnpte 

2 

C1 -C2 

[2] %Source_ 2 contributions to discharge at sample location= 

%Source_ 2 = 100 - (%Source_ 1) 
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Chloride concentrations also were used to calculate the percent of stream water lost to 

evaporation of either groundwater or upstream water. 

[3] % Evaporation of sample relative to initial concentration= 

o1 E . -100 * 1- C1 
/ 0 vaporatzonsample -

c sample 

Based on these evaporation estimates ( equation 3), mixing ratios for the two sources 

( equations 1 and 2) and upstream concentrations (Cupstream), we were able to predict 

downstream nutrient concentrations. 

[4] Predicted downstream concentration of nutrient (mixing of two 

sources)= 

Cpredicted = (%Source _l) *C 1+(%S0urce _2) * C2 

[ 5] Predicted downstream concentration of nutrient ( evapoconcentration) 

C _ = l OO * Cupstream 
predicted l OO 0 1 E . 

- / 0 vaporatzonsamp/e 

These hydrology-based nutrient predictions (P) were then compared to observed 

downstream concentrations (0) to determine biogeochemical transformations 

(Mulholland 1997). For O:P?:: 1, biological production or mineralization occurred, 

whereas O:P ~ 1 values quantify nutrient losses ( e.g. uptake or denitrification). 



[6] O:P = cobserved 

C predicted 

35 

Nutrient loads were calculated based on point discharge ( equation 7), reach contributions 

( equation 8) and total drainage area contributions ( equation 9). C, Q, A, Loadup, Loaddown 

and Lengthreach represent solute concentration (kg/m3), discharge (m3 /d), subwatershed 

area (km2), load at upstream sample location (kg/d), load at downstream sample location 

(kg/d) and length of reach (km), respectively. We did not include these values in our 

results or discussion, but summarized them in Table 8. 

[7] Load = C * Q, kg/d 

[ 8] Reach Load 

[9] Unit Area Load 

2.2 Results 

Loa~p * Loaddown 
'kg/km/d 

LengtlJ.each 

- Load down k /km2 /d 
A ' g 

DOC, DON and N03-N concentrations decrease by 9%, 5% and 64% respectively 

along the gaining reach, while er and 180 values indicate 36 to 46% new groundwater 

inputs. Chloride mixing models that account for the new water inputs confirm rapid 
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uptake ofN03-N (-80%), but indicate net production of organic DOC (+30%) and DON 

(+69%). 

In contrast, the losing reach experiences no significant differences in conservative 

solutes, water isotopes, or C and N nutrient concentrations between up and downstream 

suggesting the presence of a single water source. However, so/- concentrations and 

S04:Cl ratios differ between gaining (74.0 mg S04/L, SD= 9.5, n= 47 and S04:Cl = 5.0, 

SD= 0.1, n=47) and losing (19.8 mg S04/L, SD= 0.4, n= 43 and S04:Cl = 2.63, SD= 

0.05, n=43) systems. Isotope mixing models indicate uptake of so/- suggesting 

biological sulfate reduction between reaches. 

At both gaining and losing reaches diurnal cycles in stage and er indicate change 

in riparian vegetation transpiration demand and bank drainage of relatively C and N rich 

water at night. 

Concentrations of all dissolved C and N species exhibit little variance during the 

monsoon as stream flow at both sites becomes a roughly equal mixture of groundwater 

and monsoon precipitation. The smaller scale patterns in chemistry related to reach 

characteristics are not present during the monsoon, but a 24% decrease in DON 
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concentrations over the 23 km segment between the two reaches indicates nutrient 

processing occurs at much larger spatial scales. 

2.3 Conclusions and Implications 

During low flow (pre-monsoon), groundwater upwelling in an N-limited system 

resulted in rapid inorganic-N uptake and organic C and N production were observed at an 

intermediate spatial scale (300 meters). At a slightly larger scale (1 km), the losing 

hydrologic system functioned differently with no significant changes in solute 

concentrations or nutrient processing. This result suggests the presence of a well-mixed 

alluvial aquifer as a single water source to the entire reach with significant exchange 

between surface and subsurface reservoirs. At an increased spatial scale (23 km) sulfate 

uptake and enrichment indicate this alluvial aquifer may be large and experience pockets 

of strong reducing environments. 

On a shorter time frame, diurnal cycles in Cl- indicate higher net input of soil 

water (bank drainge) and reduced riparian vegetation transpiration at night increases 

nighttime solute concentrations within the water column. Seasonal variability in water 

chemistry shows monsoon baseflow as well mixed with advective transport dominating. 
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Despite low residence times, DON uptake occurs over a 23 km river segment and is 

consistent with previous research linked to the landscape scale patterns in landuse 

(Lemon 2003). 

Currently, the San Pedro River is under pressure from increasing population and 

ongoing drought conditions. The management of this system involves the difficult task of 

balancing water use between human and ecosystem needs. Understanding the controls on 

stream chemistry is important for effectively addressing questions concerning the 

management of the entire watershed. The chemistry and in-stream processing of nutrients 

can be used to infer the health and status of the aquatic environment as well as nutrient 

cycling in the terrestrial ecosystems they drain. The work presented in this thesis builds 

upon previous research demonstrating the importance of hydrology as a control on 

nutrient processing. 

Regulations typically do not provide for complete riparian area protection (Lamb 

and Lord 1992) and most certainly do not encompass an entire watershed. However, 

researchers and land managers are currently making an effort to make educated land-

management decisions concerning the future of the San Pedro River. Effective 

management strategies should consider the hydrologic controls on nutrient cycling to 
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preserve and improve the current status of the river as changes occur in the surrounding 

communities. 
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Abstract 

We conducted pre-monsoon (June) and monsoon (August) sampling campaigns 

on a gaining and a losing reach in the San Pedro River in 2005 to quantify the effects of 

variability in hydrologic flowpaths on carbon and nitrogen cycling in an N-limited semi-

arid stream. DOC, DON and N03-N concentrations decrease by 9%, 5% and 64% 

respectively along the gaining reach, while er and 180 values indicate 36 to 46% new 
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groundwater inputs. Chloride mixing models that account for the new water inputs 

confirm rapid uptake ofN03-N (-80%), but indicate net production of organic DOC 

( + 30%) and DON ( +69% ). In contrast, the losing reach experiences no significant 

differences in conservative solutes, water isotopes, or C and N nutrient concentrations 

between up and downstream suggesting the presence of a large, well-mixed alluvial 

aquifer as a single source. However, so/- concentrations and S04:Cl ratios differ 

between gaining (74.0 mg S04/L, SD= 9.5, n= 47 and S04:Cl = 5.0, SD= 0.1, n=47) and 

losing (19.8 mg S04/L, SD= 0.4, n= 43 and S04:Cl = 2.63, SD= 0.05, n=43) systems. 

Isotope mixing models indicate uptake of so/- consistent with biological sulfate 

reduction between reaches. At both gaining and losing reaches diurnal cycles of increases 

in nighttime stage, er and nutrients indicate change in riparian vegetation transpiration 

demand and bank drainage of relatively N rich water at night. Concentrations of all 

dissolved C and N species exhibit little variance during the monsoon as stream flow at 

both sites becomes a roughly equal mixture of groundwater and monsoon precipitation. 

The smaller scale patterns in chemistry related to reach characteristics are not present 

during the monsoon, but a 25% decrease in DON concentrations over the 23 km segment 

between the two reaches indicates nutrient processing occurs at much larger spatial 
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scales. These data illustrate several examples of how hydro logic variability at different 

spatial and temporal scales controls nutrient fluxes and transformations. 

Introduction 

Groundwater depletion and stream dewatering threaten riparian areas and have 

contributed to loss and alteration of riparian systems throughout the world (Gremmen et 

al. 1990, Nilsson and Svedmark 2002). Particularly at risk are arid and semi-arid regions 

where scarce water supplies are in high demand (Davies et al. 1992, Kingsford 2000). In 

the arid southwest USA, water diversions and extractions have caused perennial rivers to 

tum ephemeral and river discharge and groundwater tables to decline, having detrimental 

effects on riparian ecosystems (Bryan 1928, Stromberg et al. 1996). What remains of 

these river corridors provides valuable habitat in semi-arid regions such as the 

southwestern United States. The availability of water in a water limited environment 

allows riparian ecosystems to maintain high levels of biodiversity and productivity 

compared to the surrounding landscape (Krueper et al. 2003). In addition to maintaining 

water supply, water quality is crucial to the ability of these ecosystems to support local 
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biota and management requires understanding of elemental cycling, particularly with 

respect to relationships between water and nutrients. 

Following water limitations, nutrient availability controls riparian productivity 

and biological diversity. The most common limiting nutrient in natural freshwater 

systems is phosphorous (Wetzel 2001) but rivers in desert and semi-arid southwestern 

USA tend to be nitrogen limited due to an abundance of phosphorous-rich parent material 

(Grimm and Fisher 1986). Changes in human activities since the agricultural and 

industrial revolution have offset these natural nutrient balances with recent studies 

finding global increases in nitrate pollution (Aber et al. 1989, Vitousek et al. 1997, 

Matson et al. 2002, Galloway et al. 2004) and notable deposition increases in the semi-

arid western USA (Asner et al. 2001). These studies focus particularly on atmospheric N-

deposition; however, agriculture, industry and the influence of growing population 

centers are also point and non-point sources. Increased nitrogen inputs in a nitrogen 

limited system have potentially deleterious impacts such as changes in plant community 

diversity and composition, soil and water chemistry and ecosystem productivity (Matson 

et al. 2002). Understanding controls on N limitation and cycling within semi-arid riparian 
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