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ABSTRACT 

This study examines the effects of nutrient inputs on the microbial activity in stream 

sediments along the San Pedro River during the 2003 monsoon season. Surface water 

from three flow events, as well as pore water from below a point bar were monitored for 

dissolved constituents. As a proxy for microbial respiraton rate, gas fluxes were 

measured. Immediately after the floods, in situ respiration rates increased above and 

below the water table. Methane, N20 and CO2 flux measurements more than tripled, 

signifying an increase in anaerobic respiration. During flow events dissolved levels of 

DOC, DON, nitrite, and nitrate measured in the stream and pore water all increased, 

while sulfate, chloride and bromide all decreased. Furthermore, Cl:Br and C:N 

concentration ratios both changed, indicating a new source of water to the system during 

monsoonal flows. Flow events appear to trigger both aerobic and anaerobic processes in 

the sediment. 
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CHAPTERl 

INTRODUCTION 

The San Pedro River is an important riparian area in the semi-arid Southwest. It 

is one of the last undammed rivers of its size in this area and provides a critical migratory 

pathway for many bird species. Currently, the San Pedro River is protected along a 

section of the river, near Tombstone and Sierra Vista, Arizona, in the San Pedro National 

Conservation Area. Even with this designation the riparian corridor is still under threat 

of water depletion due to pumping of ground water from the city of Sierra Vista and the 

Ft. Huachuca military base (Arizona, 1991). It is important to understand the linkage 

between hydro logic fluxes and nutrient cycling of the river so that policy decisions 

regarding the riparian corridor can be made accordingly. 

The San Pedro River, is a perennial river and undergoes wet and dry seasons. 

Most of the rain occurs during the summer monsoon season (,...., 70%) with high intensity, 

short-term rainstorms that cause intermittent high flow events (Dawson and Ehleringer, 

1998). Desert streams of the southwest are subject to severe flooding with peak flows 

often exceeding baseflow by several orders of magnitude, which decimates their biotas 

(Grimm, 1987). Flash flooding in desert streams provides a disturbance that returns algal 

matter and macroinvertebrates to near zero (Grimm, 1994). During the winter months 

precipitation is in the form of light, longer-term rainstorms. At this time baseflow in the 

rivers may rise gradually but the likelihood of the high flows that occur during monsoon 

season decreases (Dawson and Ehleringer, 1998). 
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Streams of the semi-arid southwest provide an excellent opportunity to study the 

effects of disturbance on surface-subsurface interactions. Flash flooding is frequent and 

intense, subsurface hydrologic exchange with the surface stream is high, and recovery 

following disturbance is rapid (Fischer et al., 1982; Grimm, 1987; Fischer & Grimm, 

1988). Changes in microbial activity are related to these processes and therefore also 

important to understand. 

During the high flow events of the summer months water reaches sections of the 

banks and terraces along the river, which are not in contact with water for months during 

the dry season. The banks store nutrients over the summer months and may become a 

source of nutrients to the river, with higher flows (Grimm & Fisher, 1984). High flow 

events also carry with them high sediment yields that affect the river through scour and 

fill along the channel. After a high flow event a layer of silt may cover the point bar and 

terraces, which may affect the microbial populations (Grimm, 1996). Studying the 

effects of changing water sources and the influx of fine particles onto the point-bar during 

monsoon season flow events and how these changes affect the microbial processes is 

important when trying to understand the productivity of the river at different times of the 

year. 

In other river systems, such as Sycamore Creek, also within the Sonoran Desert, it 

has been found that ecosystem respiration is high and fueled by in-stream algal 

production as well as organic matter from the terraces that enters the stream during high 

flow events. Organic matter from the stream surface is transported into sediments at 

regions of hydro logic downwelling (Jones, 1995). This organic matter can be an 

important source of energy supporting microbial respiration (Fisher et al., 1982). While 
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this rapid flux of organic matter and oxygen from the surface to the subsurface supports 

high aerobic respiration, there is also the potential for anaerobic respiration to take place 

as aerobic respiration rapidly reduces available oxygen (Jones et al., 1995b). 

Methanogenesis is the major anaerobic pathway in freshwater ecosystems (Whiticar et 

al., 1986; Oremland, 1988), and is also important to nutrient cycling in areas of oxygen 

depletion, such as during sediment inundation, and in anoxic zones of the river. 

Previous research in Sycamore Creek, a nitrogen-limited Sonoran Desert stream, 

has shown that the hyporheic zone (the region of saturated sediments below the surface of 

the stream) and the parafluvial zone (the part of the active channel lateral to the surface 

stream) (Figure 1.1) are active biogeochemically and can affect nutrient supply to the 

surface stream (Grimm & Fischer, 1984; Holmes et al., 1994a, b; Valett et al., 1994). In 

addition to their importance to nutrient cycling, subsurface sediments may also account 

for a large fraction of whole-system respiration (Grimm & Fischer, 1984; Jones et al., 

1995b). 

This study will add to the research that has been done on microbial metabolism 

along the San Pedro River. Measurements of carbon dioxide, nitrous oxide and methane 

production will be added to what is already known about the changes in biotic production 

at different times of the year. The chemistry of the water in the river and sediments will 

also be studied to provide more information on how water chemistry of the parafluvial 

zone changes during the monsoon season and its linkages to the surface stream nutrient 

changes. The hypothesis that is being tested in this thesis is whether nutrient inputs 

during summer monsoonal flow events trigger microbial respiration increases in the 

parafluvial zone of the stream system. 



Parafluvial zone 

Hyporheic zone 

Figure 1.1: Schematic describing where the hyporheic and parafluvial zones of a 
river system are located. For the site at the San Pedro River the water would be 
flowing out of the page. The parfluvial zone is the part of the active channel lateral to 
the surface stream, and the hyporheic zone is the region of saturated sediments below 
the surface stream. 

1.1 Background 

In nutrient-limited ecosystems, such as those of the desert southwest, factors 

governing import and transformation of nutrients can have strong effects on microbial 
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activity. Streams are composed of interacting subsystems (e.g., surface-stream, riparian, 

hyporheic and parafluvial zones) that can function as sources or sinks for nutrients 

(Peterjohn & Correll, 1984 and Valett et al., 1994). Nutrient demand in particular 

subsystems, such as that caused by photoautotrophic production in surface channels 

(Newbold et al., 1983) and denitrification in riparian zones (Peterjohn & Correll, 1984) 

may reduce nutrient concentration. Nutrient transformation or release from other 

subsystems may raise nutrient concentration, for example nitrogen fixation in surface 
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streams (Howarth et al., 1988) or groundwater input (Hendricks & White, 1991). 

Processes occurring within subsystems and well as interactions between them is critical 

to understanding stream ecosystem functioning (Jones et al., 1995a). 

1.2. Surface-Subsurface Interactions 

Surface-Subsurface exchange occurs on many scales. There is the small-scale 

exchange in the hyporheic zone that occurs whenever there is water flow. During the 

dramatic change in discharge during the monsoon season on the San Pedro River and 

other semi-arid streams there is a significant effect on the flow of nutrients and organic 

material through the system (Grimm, 1996). Connectivity to the terrestrial system during 

these high flows has important consequences, including changing composition, 

concentrations and flux of material through the aquatic environment and creating links to 

the terrestrial environment (Tockner et al., 2000). 

Materials carried in flowing water may be exchanged among subsystems, such as 

from the surface water to the hyporheic and parafluvial sediments. This includes both 

dissolved and suspended materials. In areas of recharge suspended materials may be 

filtered out by sediments, leaving the particulate matter on the sediment surface while 

transporting water with high oxygen and low dissolved nutrient levels to the parafluvial 

and hyporheic zones (Grimm, 1996). In discharge zones the nutrient rich water reaches 

the surface, often resulting in increased algal production (Grimm, 1987). 

During flash-flooding overland flow may carry terrestrial organic matter and 

limiting nutrients, such as nitrogen, into the river system (Grimm & Fisher, 1984). These 

constituents may either flow through the river system, being transported from upstream to 



downstream reaches, or be buried in the stream sediments below and along the stream 

channel. The addition of nutrients and moisture during the monsoon season may be of 

critical importance to the riparian environment, in that the additions occur during a key 

time of year and may control the overall productivity of the system (Grimm, 1996). 
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Jones (1995) found that hyporheic respiration was inversely correlated with 

particle size of the sediment, and therefore correlated with surface area of the sediments. 

Sediment size affects surface area available for microbial colonization as well as 

interstitial flow rates, affecting the delivery of nutrients and dissolved oxygen to 

subsurface waters. It is important to understand what controls microbial metabolism, and 

the changes it undergoes throughout the year with different flow conditions. 

1.3 Organic Carbon and Nitrogen 

Dissolved organic carbon (DOC) is an important energy source for microbial 

metabolism in fresh water systems (Wetzel, 1983; Webster & Meyer, 1997). For much 

of the year, under baseflow conditions, in-stream algal communities are likely the 

greatest control on DOC concentrations in desert streams (Grimm, 1987; Jones et al., 

1997). Bacteria and algae can either be autochthonous sources or sinks for DOC during 

baseflow, utilizing it as an energy source for respiration or creating extra cellular by

products (Westerhoff & Anning, 2000). 

Holmes et al. (1998) found that respiration was highest in the parafluvial zone just 

after the flood receded. At this time the DOC concentration in the surface stream was 

more than double the pre-flood concentration. This finding seems to support the idea that 

post-flood parafluvial metabolism is supported by material derived from the terrestrial 
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catchment, rather than algal derived organic matter. The input of a new energy source to 

the system is extremely important during this time due to the fact that most aquatic plants 

are decimated wiping out aquatic organic matter, which may be used as an energy source 

for microbial productivity (Jones et al., 1995a). 

Most streams in the semi-arid southwest are considered to be nitrogen limited 

(Jones et al., 1995b ); therefore, nitrogen movement through the riparian system is of 

particular importance. During monsoon flood events nitrogen is washed into the stream 

from the banks as well as terrestrial sources (Jones et al., 1995a), which can have 

important consequences for biological activity, such as providing a source of inorganic 

nitrogen for photoautotrophic production (Grimm, 1992). 

1.4 Burnie Substances 

Humic substances are heterogeneous mixtures of acidic, randomly polymerized, 

polydisperse, high-molecular-weight organic macromolecules having widely different 

chemical functional groups and other physiochemical characteristics. Humic substances 

comprise the largest proportion of naturally occurring organic matter in soils and waters, 

and their bulk physiochemical characteristics vary depending on their source and location 

(Hur and Schlautman, 2003). For example, terrestrial humic substances are known to 

have a higher carbon content, molecular weight and percentage of aromatic carbon than 

aquatic humic substances (Dean Martens, personal communication). Variations in their 

spectroscopic features have been attributed to different structural and other 

physiochemical characteristics based on their origin (Chin et al., 1994). Studies have 

been conducted using different environmentally important properties, including 
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ultraviolet absorptivity to characterize heterogeneities among different humic substances 

(McKnight et al., 2001; Chin et al., 1994). 

Microorganisms found in soils and sediments are able to use humic substances as 

an electron acceptor for the anaerobic oxidation of organic compounds and hydrogen 

(Lovley et. al, 1996). The bioavailability ofhumic substances, which comprise the 

majority of aquatic DOC, is not well understood (Thomas and Lara, 1995), however 

humic substances may be an important source of substrates for microbial activity 

(McDonald et al., 2007). 

1.5 Microbial Respiration in Semi-Arid Stream Systems 

Stream ecosystem respiration is spatially heterogeneous and depends on many 

factors including abundance and species composition of microorganisms (Characklis & 

Cooksey, 1983; Rounick & Winterboume, 1983), organic matter quantity and quality 

(Kaplan & Bott, 1985; Leff & McAurthur, 1990), inorganic nutrient availability, and 

availability of the terminal electron acceptor (Dahm et al., 1991 ). Many studies have 

found increases in respiration with the presence of water in the system. For example, 

Debusk and Reddy (2003) found that soil respiration in Everglades soil-water 

microcosms was greatest under flooded conditions, presumably due to the replenishment 

of dissolved oxygen (DO) in the water column. The presence of oxygen in the system is 

extremely important for use as the terminal electron acceptor. 

Although a diverse fauna exists in the parafluvial sediments (Boulton et al., 

1992), the most important biotic component of this zone is most likely microbial 

(Boulton & Stanley, 1996; Jones & Holmes, 1996). Bacteria are instrumental in nutrient 



cycling and organic matter decomposition, and may be important links in the foodweb 

(Busch & Fischer, 1981 ). Given their importance to ecosystem functioning it is 

surprising how little is known about their distribution and abundance. 

1.6 Methanogenesis 
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Two types of microbes are involved in anaerobic production and consumption of 

methane (Figure 1.2). Methanogens, which are strict anaerobes, use H2 as the electron 

donor and CO2 as the electron acceptor to produce CH4. Anaerobic degradation of 

carbon is strictly done by microorganisms. This process is responsible for most of the 

biological CO2 and CH4 released into the atmosphere (Dahm et al., 1991). Anaerobic 

respiration involves the complete oxidation of organic substances often using N03- or 

S04 
2

- as electron acceptors (Jones et al., 1995c ). Methanotrophs are microorganisms that 

use methane as the electron donor and oxygen as the electron acceptor. Methanotrophs 

need the methane produced by methanogens as well as oxygen, therefore these microbes 

are found at the boundaries of oxic and anoxic environments where both methane and 

oxygen are obtainable (Smith et al., 2000; Jones et al., 1995c ). 

Methanogenesis is strongly influenced by soil temperature (Bellisario et al., 

1999). Freshwater stream ecosystems of the semi-arid southwest are commonly 25° to 

30°C (Fischer et al., 1982). This high temperature may lead to an increased production of 

methane. Soil CH4 uptake is also controlled by soil N, with consumption rates decreased 

when soil NH4 concentrations are high enough to inhibit soil methanotrophs (Bowden et 

al., 2000). 
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It has been shown in the Orinoco River in Venezuela that methane emissions are 

weakly correlated with the carbon content of the soil and the amount of methane in the 

water column and negatively correlated with DO (Smith et al., 2000). In this same study 

methane emissions only occurred when the volumetric water content of the soil was 

greater than 25% showing the importance of water to the creation of anoxic microsites. 

Methane production on an Amazon floodplain was found to be high during the initial 

phase of the dry period but quickly decreased to zero as water levels decreased. This low 

flux during dry periods may be due to the inhibition of methanogenic bacteria by 

oxidized conditions or due to increased microbial methane oxidation (Koschorreck, 

2000). 

In Sycamore Creek, Arizona the area lateral to the stream surface had higher rates 

of methane production than the hyporheic and parafluvial zones, although the parafluvial 

zone was frequently anoxic, and the concentration of methane in the sediment ranged 

from 1 to 6 mg CH4-Cr1
• The study found that methane emission was closely coupled 

with higher DOC concentrations, and that the parafluvial zone always had lower methane 

emissions than the banks and hyporheic zone (Jones et al., 1995c ). . 

Meth an otrop hs 

Methane / CH30H \ 
monooxygenase 

(Fe) 

Methanogens 
Llra....er5S'ly of ~la. 1 Q96 

Figure 1.2: Cycle of methane consumption and production by methanotrophs and 
methanogens, respectively. Carbon is the terminal electron acceptor in this system. 
(http://soilsl.cses.vt.edu/ch/biol.4684/cycles/methane.html) 
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1. 7 Nitrous Oxide Emissions 

The flux of N20 from sediment may be due to either denitrification, which is the 

microbial reduction of nitrate to N2 with the possibility ofN20 being produced as an 

intermediate product as shown in the following pathway. 

Denitrification 

Nitrous oxide can also be produced by nitrifier denitrification, which is the 

bacterial oxidation ofNH4+ or NH3 via N02- to N03-. During the nitrifier denitrification 

process N20 can be produced at two different steps as shown in the following pathway. 

Nitrifier denitrification 

Denitrification is an anaerobic process with the use ofN as a terminal electron 

acceptor. The genera of denitrifying bacteria is diverse. The capacity to denitrify is 

present in about 23 genera of bacteria. 

Nitrifier denitrification occurs within two groups of autotrophic bacteria and can 

occur under aerobic conditions because the intermediate NH20H can be used as an 

electron donor. 

In environments with predominantly wet conditions and low ammonium inputs 

nitrification contributes little to N20 emissions from riparian buffer zones (Hefting et al., 

2003). The relative proportion of nitrifier denitrification to the N20 budget ranges from 0 

to 30% of total N20 released. As water flows from the surface through the hyporheic and 
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parafluvial zones nitrate concentration is elevated due to nitrification (Grimm et al., 1991; 

Holmes et al., 1994a, b ). The increase in nitrate levels can then fuel denitrification 

processes. Several factors have been linked to nitrous oxide production, including soil 

moisture, organic matter, pH and nitrate concentration in the pore water (Skiba et al., 

1998). In many studies a positive relationship was found between moisture content and 

N20 emissions. High water contents with increasingly anoxic conditions stimulate 

denitrification activity and facilitate N20 production. Semi-aquatic sediments represent a 

habitat that is associated with high emissions of nitrous oxide during the terrestrial phase 

(Koschorreck, 2000). 

1.8 Study Objectives: 

The purpose of this study is to determine the underlying factors affecting changes 

in microbial respiration in the parafluvial sediments of the San Pedro River throughout 

the year, but mainly during peak flows of the monsoon season. The primary question 

addressed in this research is: What are the main drivers for microbial respiration in the 

parafluvial zone of the San Pedro River and do these drivers change with high flow 

events associated with the monsoon season? The major factors considered include; 

chemistry of the water within a point bar located at the Boquillas site on the San Pedro 

River, chemistry of river water, changes in the nature of the organic matter within the 

sediment pore water, and changes in sediment particle size distribution on the point bar. 

The objectives considered in answering this question are: 



1. To measure changes in microbial activity within point bar 

sediments on the San Pedro River. 
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2. To relate changes in microbial activity to water chemistry, sediment 

particle size, and changes in the DOM of the water. 

3. To use methane and nitrous oxide production to correlate changes 

in microbial activity to changes in hydrologic regime. 
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CHAPTER2 

SITE DESCRIPTION 

2.1. San Pedro Description 

Like many mid-size streams of the Sonoran Desert, the San Pedro River is 

spatially and temporally intermittent and is fed primarily by high elevation precipitation. 

Localized summer thunderstorms may cause flash flooding during which discharge rises 

abruptly and falls to preflood levels within 1-2 days (Arizona, 1991). 

The San Pedro River flows north from Mexico to its confluence with the Gila 

River north of Tucson, AZ. It is located in an area where the Sonoran and Chihahuan 

Deserts meet. The elevation of the watershed ranges from 3200 meters to 1300 meters. 

The river flows north for 225 km from its headwaters in the Mexican Sierra San Jose, 

Sierra Los Ajos and Sierra Mariquitos Mountains. Ponderosa pine forests dominate the 

mountain region, while the lower section is dominated by mesquite woodlands. Along 

the river the riparian corridor is filled with cottonwood, willow and mesquite. The 

dominant vegetation of the upper San Pedro Basin is Chihuahuan Desert Scrub, which is 

characterized by the Creosote (Larrea tridentate), as well as stem succulents such as 

Lechuguilla (Hesperoyucca whipplei), sotol (Dasylirion wheeleri), and yucca (Yucca), 

and semi-desert grassland, usually located on plateaus, rolling hills, and basin floors 

where the soils are relatively deep. Blue Gramas (Bouteloua gracilis ), tobosa grass 

(Pleuraphis mutica), beargrass (Yucca glauca) and sotol (Dasylirion wheeleri) are 

common species in this vegetation zone. N etleaf Hackberry ( Ce/tis reticulata ), Little 

Walnut (Jug/ans microcarpa), and a number of oaks (Quercus) are common woody 
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components (Brown, 1982). 

Precipitation in the San Pedro Basin is monsoonal in nature, with two rainy 

seasons in the summer and winter. Storms with high intensity, short-term rains dominate 

the summer monsoon season from June until September, while storms with longer more 

gentle rain occur in the winter. Average annual precipitation in the watershed is 452.6 

mm(± 45.4 mm) in the mountain regions, and 300.4 mm(± 36.1 mm) in the lowlands. 

The last few years have shown below average rainfall (> 250 mm ± 28) during the 

monsoon season, although in 2003 late storms due to tropical storms off the Baja 

Peninsula brought some later rains to the San Pedro basin (Hamblen, 2003). 

The river is discontinuous for most of the year when parts of the river become 

dry, but during monsoon season the river flows throughout the entire watershed, and 

receives nutrient inputs, primarily from terrestrial sources (Huth, 2003). 

2.2 Study Site 

The study site (N.31.69018°, W.110.18509°) is located on a perennial reach of the 

San Pedro River near the Boquillas Ranch within the San Pedro National Conservation 

Area near Tombstone, AZ (Figure 2.1). It is approximately 176 km southwest of Tucson, 

Arizona. The stream is within a wide shallow channel of sand and gravel containing 

numerous point bars. Water samples during high flow events were taken approximately 

10 m upstream of the point bar where the respiration measurements were made. The 

water sampling site is bordered by a low cut bank and flood plain on the left and a high 

steep cut bank on the right. The vegetation in the riparian zone along the channel is 
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primarily Cottonwood (Populus fremontii) and Willow (Salix gooddingii). A terrace of 

Mesquite woodland (Prosopsis species) is next to the riparian corridor. 

Respiration measurements were made at the head end of a point bar, which was 

located at a downwelling zone, previously determined with bromide tracer testing 

(Hamblen, 2003), (Figure 2.2). The point bar was chosen based on its accessibility as 

well as the fact that previous research had been done at this site for comparison 

(Hamblen, 2003 and Huth, 2003). The point bar is approximately 35 m long and 20 m 

wide at its widest spot and is comprised of silt, sand, gravel, cobbles and boulders, with 

the majority of the sediment being greater than 2 mm. The point bar is inundated with 

water during very high flow events. When this happens a fine layer ( - 2 mm) of silt 

covers the point bar. 

0 50km 

Figure 2.1: Location of Boquillas study site in Arizona. The San Pedro River flows 
north from Mexico to its interception with the Gila River. The Boquillas study site is 
near Tombstone and Sierra Vista Arizona. The point bar was the site of microbial 
respiration experiments. 
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Figure 2.2: Photograph of Boquillas study site with the location ofrespiration 
measurements and grab samples labeled. Microbial respiration experiments were done 
both above and below the water table at this site. Grab samples were taken from the river 
from April to November 2003 and measured for nutrients and water quality parameters. 
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CHAPTER3 

METHODS 

3.1. Field Procedures 

3.1.1 Microbial Respiration Experiments: 

Microbial respiration was measured before, during and after the monsoon season 

began, with the first flood occurring on July 19, 2003. Ten measurements were made 

over the sampling season from April 16 to November 15. Three measurements were 

made before monsoon season, five were made during the monsoon and two after 

monsoon season. 

Respiration measurements were made near the head end of the point bar near the 

stream/sediment interface. Respiration measurements were made above and below the 

water table. A drive-point ( a 2.5 m hollow metal tube, ~ 1.5 cm in diameter that can be 

attached to the vacuum pump with plastic tubing) was inserted into the sediment until it 

reached the water table and allowed to equilibrate for 1-hour. 

Chambers with a 3.1 cm outer diameter and 2.5 cm inner diameter made of clear 

polycarbonate tubing and 15.3 cm in length and were used. Chambers were marked at 11 

cm so that the ratio of water to sediment was 3: 1. In the field the top layer of sediment 

(~2 cm) was scraped away with a trowel. The chambers were then inserted into the 

sediment until full to the line and drawn out, trying not to disturb the surrounding 

sediment. The chambers were filled with pore water from below the point bar using a 

geopump and drive point inserted into the point bar to reach the water table. The 

chambers were fitted with a stopper and inverted 3 times to ensure mixing of water 

throughout the sediment. DO and temperature were measure with a Microelectrode, Inc, 
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OM-4 Oxygen Meter and an alcohol thermometer, respectively. At least three chambers 

were filled and measured both above and below the water table. 

After these measurements the chambers were topped off with pore water and 

again sealed with rubber stoppers, ensuring that no air bubbles were present in the 

chambers. They were then buried in the sediment at 17 cm for 3-4 hours. After this time 

they were removed and the DO and temperature again measured. 

The Microelectrodes, Inc, OM-4 Oxygen Meter was calibrated using a 0% oxygen 

saturated solution containing sodium sulfite, and a 100% oxygen saturated solution that 

was shaken for 5 minutes. The calibration was done in the field before making the first 

measurements. 

Respiration rate was determined as the change in oxygen measured in a volume of 

water per kg of dry sediments per unit time (mg 0 2/(kg sed*h)). The volume of water is 

determined as a mass balance: 

Volume of Water = Full Chamber Weight - Empty Chamber Weight - Dry Sediment Weight. 

A possible source of error in respiration measurements included that in situ 

sediments contained different distributions of size fractions in different chambers. For 

example, one chamber may have a large piece of gravel taking up a large fraction of the 

chamber, biasing the measurement to a low surface area versus volume sample. Another 

chamber may have only small sands, providing bias in the opposite direction. Also, 

different amounts of sediment and water were added to each chamber due to how the 

chambers were filled. Finally, measurement errors associated with the DO probe and 

thermometer have to be considered. Based on personal experience the DO probe would 

react sporadically if the electronics in the meter heated up. The measurements were 

made in the shade whenever possible but this procedure was not always feasible. 



3.1.2 Gas Flux Experiments: 

Nitrous oxide, methane and carbon dioxide gas flux experiments were also 

conducted as another way of measuring possible microbial respiration rates. Flux 

measurements were collected during and after monsoon season. Seven measurements 

were made between June 27 and October 10, with five during monsoon season and one 

measurement both before and after monsoon season. 
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Gas samples were collected every fifteen minutes for one hour from two airtight 

chambers constructed of 8" PVC pipe and cut to 0.9 min length. In the field the 

chambers were carefully twisted into the sediment to a marked level one hour before 

sampling began in order for the sediment and chamber to equilibrate. The sampling 

location was on the same point bar, within 20 feet of the other sampling that had been 

done. The sampling was not always done in the same location on the point bar due to 

rising water stage inundating the early season sample location. The chamber was set up 

on the point bar after the water samples had been taken and the sediment chambers had 

been filled. They were always set up in an area where there hadn't been any disturbance 

on the point bar from the sampling activities. A 10 mL syringe was used to collect the 

gas sample, which was taken after two cleansings of the syringe with air from the 

chamber. Pressure was kept on the sample during transport to the lab. The air 

temperature was also recorded, before the first sample and after the last sample were 

taken. 

Once all the gas samples were taken the chambers were connected to a CO2 meter 

provided by the ARS. The initial, or ambient reading, and the peak reading were 

recorded. This was used to determine how much CO2 was produced in one hour. 
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Methane and nitrous oxide fluxes were determined by running the gas samples collected 

in the field on a Shimadzu GC14-A Gas Chromatograph (GC), fitted with dual detectors 

(Flame Ionization Detector and Electron Capture Detector) and a 80/100 HayeSep-Q 

column, 2 m x 3 mm ID (Supelco, Inc., Bellefonte, PA) using N2 as a carrier gas (flow 

rate, 40 mL min-1), with a temperature program of 250°C detector, 110°C injector, and 

45°C column, usually within one week of sampling, although the sample taken on August 

21 was run 10 days after sampling due to power outages that occurred during this time 

making the GC inoperable for a few days. 

The GC was calibrated using 5 known gas concentration mixtures of methane and 

nitrous oxide. Nitrous oxide and methane concentrations of the known samples were 

measured on the GC. These values were used to create a standard curve with an r2 value 

greater than 0.995. The field samples were then measured on the GC and graphed. A 

linear trendline was inserted to determine the k value, which is the slope of the line. This 

value represents rate of gas production in ppb per hour, ifr2 value was less than 0.90 the 

flux was considered to be O (Koschorreck & Conrad, 1993). This was then converted to 

nanomoles of gas flux per hour per mol of gas in the chamber using the ideal gas law 

(PV=nRT) and solving for n, the number of moles. In order to use this formula the total 

volume of the chamber (10.21 L) had to be determined by measuring the amount of water 

required to fill both the chamber and the lid. The volume of sediment in the chamber was 

determined before any samples were taken by filling the chambers to a marked level with 

a representative sample of sediment from the site and filling with water. Ten replicates 

were averaged. The difference between the total volume and volume after adding 

sediment was considered the sediment volume. The chambers were always inserted to 
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this level in the field. The atmospheric pressure used for the San Pedro was 0.8613 atm. 

Once n was determined n was multiplied by k and divided by the ground area covered by 

the chamber and sediment volume to determine the flux in nmols-1
, the unit for flux 

(Hutchinson & Mosier, 1981 ). 

3.1.3 Grab Samples: 

A total of 10 surface water samples were collected from the Boquillas Ranch 

study site from April 11, 2003 until November 23, 2003, with half being during 

monsoonal flow, three before monsoon season and two after all high flow events had 

ended. Sampling was done using a I-liter amber glass bottle that had been pre

combusted by heating at 500°C for at least 4 hours. The bottle was rinsed three times 

with stream water at the sampling location before collecting the water sample to be 

filtered. Samples were filtered at the site using a Nalgene hand pump and Nalgene filter 

pod with pre-combusted (500°C, 4 hours) Whatman GF/D (2.7 mm) prefilters during high 

flow conditions. After pre-filtering or when no pre-filtering was needed the sample was 

filtered using the same method with GF/F (0.7 mm) pre-combusted glass fiber filters. 

The filters were stored in foil and handled with tweezers. After filtering, the sample was 

used to rinse and fill a 125 mL pre-combusted amber glass sample bottle. Duplicates of 

each sample were made. The samples were then stored on ice until reaching the lab 

where they were refrigerated between 4°C and 8°C until analysis. 
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3.1.4 Autosampler: 

An ISCO autosampler, which collects 250 mL water samples in plastic bottles, 

was set up on a terrace approximately 5 m above the river. It was turned on by hand and 

sampled streamflow every hour for 24 hours. The autosampler was set up to rinse and 

purge the tubing between the sampler and the river between samples. After the sample 

bottles in the autosampler were full the water samples were transferred to pre-combusted 

glass, amber bottles and stored on ice to take to the lab, where they were filtered on a 

vacuum filtering system using the same method previously described. They were then 

analyzed for major anions, as well as dissolved organic nitrogen (DON) and dissolved 

organic carbon (DOC). 

The event on July 27, 2003 was high enough to inundate the autosampler so the 

samples for this event were lost. Because tubing needs to be run from the autosampler to 

the river it could not be reset until the water level had gone down so that it was possible 

to get into the river. Therefore, continuous sampling was not possible for several large 

flow events, which occurred after the autosampler had been tipped over and before it had 

been reset. 

3.1.5 Soil Water Samples 

Soil water was collected using tension soil lysimeters made of stainless steel with 

a pore size of< 0.1 mm. Two clusters of lysimeters located along the left bank of the 

reach were sampled by using a volumetric flask and vacuum pump. One cluster sampled 

at,...., 0.5, 1 and 1.4 meter depths and was directly across the river from the point bar, while 

the other cluster sampled at 0. 7 and 1.4 meters and was -50 m upstream of this site. Both 
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sets oflysimeters were representative of the surrounding soil porewater. A vacuum 

would be applied for 1-2 hours, or until enough sample had been collected for analysis. 

The samples were collected in 125 mL amber glass bottles that had been precombusted at 

500°C and stored on ice until reaching the lab, where they were filtered using 0.7 um 

glass fiber precombusted filters, refrigerated between 4 °C and 8°C and analyzed for 

major anions, as well as dissolved organic nitrogen (DON) and dissolved organic carbon 

(DOC), when enough sample was present. 

3.1.6 Precipitation Samples 

Precipitation was collected in a HDPE plastic bottle rinsed with Milli-Q water. 

The bottle was buried in sediment near the autosampler for ease of collection . A plastic 

funnel rinsed in Milli-Q water was attached to ease collection and prevent overland flow 

from contaminating the sample. The samples were filtered using precombusted 0. 7 mm 

glass fiber filters and stored in precombusted amber glass bottles on ice until reaching the 

lab where they were refrigerated between 4 °C and 8°C, until analysis of major anions as 

well as DOC and DON, when enough sample was present. 

3.1.7 Water Quality Analysis: 

Water quality parameters of the river and sediment water were analyzed 

throughout the season. A Quanta unit that measured pH, conductivity, DO and 

temperature probes was used to measure river and sediment pore water samples in the 

field. After calibrating the probes three measurements were made and averaged for each 

parameter. In stream analysis was done in situ, while pore water samples were analyzed 



using a flow through cup attached to the geopump and drivepoint inserted into the 

sediment and equilibrated for one hour. 

3.2. Laboratory Procedures: 

3.2.1 Chemical Analysis: 
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Analysis was done on water samples collected from the river during high flow 

events as well as from the sediment pore water and precipitation. Filtered samples were 

analyzed for nitrate, bromide, chloride, fluoride, sulfate and nitrite on a Dionex ion 

chromatograph with EG-400 eluent generator and CD-25 conductivity detector. 

Standards were made by diluting a high concentration standard with milli-Q water 

each time samples were run. Six standards were used to create a calibration curve of 

each of the analytes. An r2 value of 0.97 or higher was necessary for the calibration 

curve to be considered accurate. Samples with known concentrations were included in 

the run every 5-10 samples to ensure accuracy. 

A Shimadzu TOC-5050A Total Organic Carbon Analyzer was used to analyze for 

DOC in all the samples. Four potassium hydrogen phthalate standards ranging from 1 to 

10 mgL-1 were used to create the calibration curve, and run every 10-15 samples to 

ensure accuracy and account for drift. If drift was greater than 5%, the samples were 

rerun. Each sample and standard were acidified with 1 M HCl before being run, in order 

to convert the inorganic carbonate and hydrogen carbonate compounds into carbon 

dioxide. The dissolved CO2 is subsequently removed from the sample via sparging with a 

stream of air. The remaining organic carbon compounds are then reconverted to CO2 via 

high temperature ( catalyst) or wet-chemical oxidation. Four injections of each sample 



were performed and the average concentration reported. A calibration curve was then 

created using peak area and concentration. If the sample did not inject 4 times, the 

concentration was calculated as the average of the three peak. This was not a common 

problem, but did occur in approximately 2% of the samples. The syringe was rinsed 

between each of the injections with milli-Q water. 
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Total dissolve nitrogen (TDN) was measured using a Shimatzu TDN analyzer. 

Three standards were used in addition to the zero. The standards used were 1, 5, and 10 

mgL-1 potassium nitrate (KN03). If a sample exceeded the high standard, the software 

would signal another injection, with a smaller aliquot of sample, to achieve a result 

within the range of the curve. The peak area of the known standard KN03 was monitored 

throughout the run to ensure accurate measurements. DON was then calculated as the 

difference between TDN, N03 and N02. This does not account for NH4 in the samples, 

which has been shown to generally be low(< 0.005 mgL-1
) in desert streams (Huth, 

2003), and therefore was not considered in this study. 

3.2.2 Spectroscopic analysis: 

Spectroscopic analysis was conducted on filtered total water samples for 

determination of the relative amounts of aquatic and terrestrial humic matter in the river 

and sediment pore water and during different flow conditions (Chin et al. 1994). 

Analysis was done using a UV spectrophotometer and 1 cm quartz cuvettes. The samples 

were run at 280 nm because this is the region where electron transitions for phenolic 

substances, aniline derivatives, benzoic acids, polyenes and polycyclic aromatic 
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hydrocarbons occur. Also, nitrate does not absorb radiation at this wavelength, so would 

not interfere with analysis (Chin et al., 1994). 

The technique was modified from Chin et al. (1994). Quartz cuvettes were rinsed 

with acetone and milli-Q water before being filled with the sample water. The cuvette 

was rinsed once with the sample water before filling it for analysis. The samples were 

run at 280 nm. Samples with low SUV A values ( ~ 100.0 L/(mg OC*cm)) represent 

humic materials that are aquatically based. Those with higher absorptivities such as the 

standard, Suwannee River (~509 L/(mg OC*cm) come from more terrestrial sources. 

SUV A values were determined for each sample by linear regression of UV 

absorbance versus DOC concentration over an appropriate concentration range. The 

regression was considered accurate if the r2 value was greater than 0.9. 

Absorptivity values were determined for each sample by linear regression of UV 

absorbance versus DOC concentration over an appropriate concentration range. The 

regression was considered accurate if the r2 value was greater than 0.9. If the r2 was less 

than 0.9 the samples were rerun. Samples with low absorptivity values ( ~ 100.0 L(mg 

OC*cmr1
) represent humic materials that are aquatically based. Those with higher 

absorptivities such as the standard, Suwannee River ( ~509 L(mg OC*cmr1
, come from 

more terrestrial sources. 

3.2.3 Particle Size Analysis: 

Particle size analysis was done using stacked sieves with seven sizes ( 4mm, 2mm, 

0.85mm, 0.425mm, 0.18mm, 0.063mm, 0.038mm). First, the sediment from the DO 

respiration chambers was put into pans and dried in an oven at 120°C overnight. While 
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this was done each of the sieves was weighed separately on a top load scale. The 

sediment was then placed in the stacked sieves and shaken for several minutes using an 

automated shaker. Each of the sieves was then reweighed to determine the amount of 

sediment present. These weight were used to determine the percentage of each size class 

present by dividing the amount of each size by the total amount of sediment. Each class 

is referred to with the upper limit of its size range. 

3.2.4 Discharge Calculations 

Discharge calculations for the beginning of the study were calculated using a 

United States Geological Survey (USGS) stage recorder located ~ 10 m upstream of the 

autosampler. This stage recorder was used with a previously determined rating curve 

during the first floods, which were within the high flows of previous events, (Dr. James 

Leenhouts, USGS, personal communication) to determine discharge at the site. This 

recorded stage was compared to discharge from the Charleston gage ~ 7.4 km upstream of 

the site and the Tombstone gage~ 12.2 km downstream of the site. 

After the July 27, 2004 flow event of over 84 m3s-1 the stage recorder at the site 

was disabled. From this point on the discharge at the site was extrapolated from a linear 

regression analysis of the recorded discharge at the upstream and downstream USGS 

gaging stations versus the distance of these stations from the site. The comparison of the 

two USGS sites produced an adequate fit for regression analysis (R2 
= 0.92). 



CHAPTER4 

RESULTS 
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The sampling focused on changes in aerobic microbial respiration above and 

below the water table with flood events to determine what factors play a role in the 

respiration rate in these zones. Earlier work (Hamblen, 2003) showed changes in aerobic 

microbial respiration rate measured in the laboratory, but no measurements were made in 

the field to conclusively show what may be correlated to these changes. Anaerobic 

respiration also was not examined in these earlier experiments. 

4.1 Field Observations 

During baseflow conditions from April through June the water in the San Pedro 

River was clear with discharge decreasing over time. By June the river had become a set 

of separate pools. Water was present at the head end of the point bar but the downstream 

end of the point bar had become dry. 

During this time algae were plentiful in the river. With the first flow event the 

algae was decimated and did not come back into the system to any great extent until 

September when the large flow events had ended. 

4.2 River Water Chemistry 

During baseflow conditions in the spring and summer the discharge in the river 

was nearly zero and the study site had disconnected pools. The concentrations of nitrate, 

nitrite, DON and DOC were all lower than levels measured during flow events (0.015 ± 



0.001 mg N03_L_1, < 0.001 mg N02_L_1, 0.13 ± 0.02 mg NL-1
, and 2.18± 0.23 mg CL-1

, 

respectively), while measured levels of chloride, bromide and sulfate were all higher 

(8.71 ± 0.44 mg CrL-1
, 0.05 ± 0.01mg Br-L-1

, and 38.87 ± 1.86 mg SO/-L-1
, 

respectively). 
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After the first flood event on July 19, 2003 the river became continuous for the 

rest of the study period, with the peak flow being recorded on July 27, 2003 at 85 ± 17 

m3s-1 (Figure 4.1 ). This event was so large it flowed over the terrace, approximately five 

meters above the riverbed, where the autosampler was located, destroying all the samples 

collected. It was unsafe to sample during the flood, but as water receded the next day a 

few samples were gathered for analysis. This flood had high concentrations of nitrate, 

nitrite, dissolve organic nitrogen (DON) and dissolve organic carbon (DOC), measuring 

4.31 ± 0.22 mgN03_L_1, 0.132 ± 0.005 mgN02_L_1, 0.92 ± 0.35 mgNL-1 and 9.15 ± 0.62 

mg CL-1 respectively. Both DOC and DON measurements were the highest analyzed 

throughout the season. The measured values of sulfate and chloride ranged from 20.88 ± 

1.04 to 14.13 ± 0.71 mg SO/-L-1 and 6.74 ± 0.34 to 2.71± 0.14 mg CrL-1
, respectively. 

The entire hydrograph of four floods was analyzed for dissolved constituents. These 

were the first, second, fifth and eighth floods of the season (marked on Figure 4.1). 
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Figure 4.1: Peak daily discharge for the Boquillas site on the San Pedro River, 
determined as a weighted average of the Charleston and Tombstone gages, upstream and 
downstream of the site, for each day of the sample season. The labeled floods, with 
unfilled symbols, were analyzed for constituents throughout the hydrograph. The first 
flood occurred on July 19, 2003, while floods five and eight occurred on August 12 and 
21, respectively. Discharge is shown on a logarithmic scale for visual aid, lines are also 
for visual aid. 

Each of the major floods analyzed showed similarities in the change in 

concentration of nutrients in the river with high flow events (>1.5 ± 0.3 m3s-1
). The 

major trends include an increase in nitrate, nitrite, DOC and DON, and a decrease in 

chloride, bromide and sulfate with higher flows. The timing of these changes was 

different at the beginning and end of the monsoon season. This can be seen by the 

flattening of the hydro graph and the graphs of nutrient concentrations (nitrate, nitrite, 

DOC and DON) as the season progressed. No longer showing a step increase with peak 

flows. Typically, all the dissolved species analyzed showed this same trend, except 



fluoride: fluoride concentrations are randomly scattered in all of the flow events 

analyzed, showing none of the trends seen in the other constituents. 
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Floods one and two: The first flood (3.34 ± 0.67 m3s-1
) on July 19, 2003 and the 

second flood (1.61 ± 0.32 m3s-1
) flood on July 21, 2003 both had sharp peak flows 

(Figure 4.2). These first two high flow events of the monsoon season showed a sharp 

increase in nitrate concentration simultaneous with the increase in stage. When the river 

was at baseflow on July 18, 2003, just before the flood event the concentration of nitrate 

was around 0.06 ± 0.01 mg N03L-1
, at the peak flows on July 19 and 21, 2003 

concentrations reached 3.15 ± 0.16 mg N03 _L_ 1 and 2.86 ± 0.14 mg N03 L-1
, respectively. 

Both peaks in concentration occurred one hour after the peak flow in the hydrograph. 

During the second peak flow there is a sharp step up in concentration when the flood 

wave comes through. 

Nitrite also rose with higher flows but the peaks occurred later than those found 

with nitrate. The first nitrite peak concentration was eight hours later than the 

hydrograph peak and the second peak concentration was three hours later than the second 

hydrograph peak. Nitrite went from a concentration of0.008 ± 0.001 mg N02_L_1 at 

baseflow to 0.061 ± 0.003 mg N0-2L-1 and 0.113 ± 0.005 mg N02-L-1
, at its highest. The 

increase to the nitrite peak concentrations was more gradual with time than those of 

nitrate, which rose quickly, although they recess together. 

The DOC and DON concentrations of the floods on July 19 and 21, 2003 also 

showed the same general shape as the hydrograph, with sharp peaks, almost a step 

increase, in the concentrations. The return to baseline concentrations was more gradual. 

The concentration of DOC changed from 1.40 ± 0.04 to 8.79 ± 0.44 mg CL-1 and 6.52 ± 
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0.33 mg CL-1
, within six and thirteen hours respectively. The concentration of DON also 

showed a sharp increase with the first flood, with concentration changing from 0.12 ± 

0.01 mg NL-1 at baseflow to 0.63 ± 0.12 mg NL-1 within four hours. During the second 

flood the increase in concentration was not as great and the rise was much more gradual 

changing from 0.20 ± 0.03 to 0.50 ± 0.07 mg NL-1 over fifteen hours. 

Whereas nitrate, nitrite, DON and DOC hydrographs mimicked the stage 

hydrograph, sulfate, chloride and bromide concentrations show the opposite trend, 

decreasing with higher flows. The declines showed a similar shape as the hydrograph but 

the lowest value occurred later than the peak flow. During baseflow the concentration of 

SO/-was 36.30 ± 1.82 mg SO/-L-1 dropping to 11.59 ± 0.58 mg SO/-L-1 six hours after 

the peak flow of the first event and 6.64 ± 0.33 mg so/-L-1 3 hours after the second 

event peak. The chloride concentration changed from 8.12 ± 0.41 to 3.91 ± 0.20 mg erL-

1 and 2.70 ± 0.13 mg erL-1, six and eight hours after the peak flows. Bromide showed a 

similar trend with the concentration changing from a high of0.047 ± 0.002 to 0.011 ± 

0.001 mg Br--L-1 and 0.007 ± 0.001 mg Br--L-1 after the peak flows, with the low values 

occurring at the same time as those of sulfate (six hours and three hours, respectively). 

The ratio of e1-:Br -concentration should remain constant if the water entering the 

river comes from the same source; however, this ratio also changed during the flow 

events. At baseflow the ratio averages 150 ± 15 mg er (mg BrT1
, during the highest 

flows of the first flood the ratio reached 400 ± 38 mg er (mg BrT1 one hour after the 

first peak flow. Between the two hydrograph peaks the ratio has a noisy trend with a few 

peaks, but generally the concentration stays relatively stable around 150 ± 10 mg er (mg 
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BrT1 during baseflow conditions and rising to 259 ± 20 mg er (mg Br)-1 four hours after 

the second peak flow. 

The behavior of this ratio can be compared to the ratio of DOC to DON 

concentrations and nitrate to nitrite concentrations. If one looks at the C:N ratio, this 

ratio increased from 12.3 ± 0.4 to 36.8 ± 10.6 mg C(mg Nr1 three hours after peak flow. 

The C:N ratio then quickly decreased back to pre-flood levels and stayed low throughout 

the second flood. However, the N03-:N02- ratio varies inversely with the C:N ratio for 

the two floods. The N03 -:N02- ratio showed little change during the first flow event but 

rose from around 50 ± 5 to 300 ± 3 mg N03- (mg N02T 1 just before the second flow 

event, with two sharp peaks. 
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Figure 4.2: Comparison of constituents throughout the peak flows on July 19 and 21, 
2003, during the first and second flow events, at the Boquillas site on the San Pedro 
River. Discharge values calculated from stage recorder at site. Lines are for visual aid 
only. Vertical lines represent 24 hour periods. 
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Flood five: The next flood on August 12, 2003 occurred after the larger flood event on 

July 27, 2003 of 85 ± 17 m3s-1
• Discharge in the river before the August 12 flood 

occurred returned to a baseflow level near 0.12 ± 0.03 m3s-1
, and nutrient concentrations 

had also returned to levels measured in June before any flooding had occurred. The 

August 12 event had two peaks, which were separated by a few hours (Figure 4.3). 

Before the flood occurred discharge had returned to the levels measured during baseflow 

conditions; however, between the peaks the flow never returned to baseflow conditions 

and the nutrient concentrations acted as though it were one event, staying relatively stable 

between the two peaks. The peak flow of the two events was 14.70 ± 2.94 m3s-1
• 

Both nitrate and nitrite reached higher concentrations than they had in the 

previous two floods. Nitrate reached a peak of 5.41 ± 0.27 mg N03_L_1 an hour after the 

peak flow, although it did not begin rising until a few hours after the first high flows 

came through, the rise was again seen as a step up in concentration. After the flood wave 

had passed the concentration decreased gradually to 2.28 ± 0.11 mg N03 -L-1
, never 

returning to the concentration measured at baseflow. Nitrite concentrations increased 

slightly during peak flow (three hours after first peak flow) to 0.064 ± 0.003 mg N02-L-1
, 

where it remained until after the flow begins to recede. At that point ( eight hours after 

peak flow) there is a sharp jump in concentration to 0.22 ± 0.01 mg N02-L-1
, which 

occurred after nitrate had already reached its peak. Once nitrite reached its highest 

concentration it remained constant for the next two days only decreasing to 0.16 ± 0.008 

mg No2-L-1
• This behavior is best illustrated by examining the N03-:N02- ratio, the ratio 

reaches its maximum value (102 ± 13 mg N03-(mg N02}
1
) one hour after the flood 

peak. 
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The DOC and DON concentrations show a similar trend as nitrate concentrations, 

with a sharp step up in concentration with the high flow. The highest concentration of 

DOC (7.39 ± 0.35 mg CL-1
) occurred one hour after the hydrograph peak. The highest 

measured DON concentration (0.61 ± 0.1 mg NL-1
) occurred one hour after the DOC 

peak and two hours after the highest flow. Both the DOC and DON concentrations were 

between those measured during the previous floods. The concentrations of DOC and 

DON both decreased gradually during the next two days returning to 2.17 ± 0.21 mg CL-1 

and 0.12 ± 0.04 mg NL-1 respectively. 

Sulfate, chloride and bromide concentrations all showed the same trend as in the 

previous two floods. The low values were 6.17 ± 0.31 mg so/-L-1
, 1.24 ± 0.06 mg CrL-

1 and non-detect, respectively. These measurements were all lower than those in the 

previous floods. All three constituents show a large decrease just after the flood arrives. 

Sulfate was lowest at the highest flow; while chloride was lowest five hours later and 

bromide was not detectable two hours before the peak flow. After the flood passed the 

concentrations began to rise with sulfate levels returning to those measured pre-flood, 

while the concentrations of chloride and bromide remained lower than those measured 

during baseflow conditions. 

The changes in the er :Br- and N03 -:N02 - ratios had trends similar to those seen in 

the first two floods, with the highest values (235 ± 25 mg c1- (mgB0-1 and 102 ± 13 mg 

N03- (mg N02T1
, respectively) occurring one hour after the highest flow. The cr:B{ 

ratio does not begin to rise from 140 ± 20 mg er (mgBrT1 until one hour after the second 

peak flow, while the N03-:N02- ratio changes from around 8 ± 5 to 64 ± 10 mg N03- (mg 

N02T
1 within one hour of the first peak flow. The C:N ratio shows a different trend than 
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that seen in the first flow event, the ratio is highest before the flood passes (27.56 ± 2.0 

mg C(mg Nr1
) and quickly lowers to 10.07 ± 0.5 mg C(mg Nr1 during the rising limb of 

the hydrograph, remaining low throughout the high flow. The C:N ratio then raises 

gradually as the flood receeds and remains high the rest of the sampling period. 
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Figure 4.3: Comparison of constituents throughout the peak flows on August 12, 
during the fifth flow event, at the Boquillas site on the San Pedro River. Discharge 
values calculated using a weighted average from the Charleston gage upstream and the 
Tombstone gage downstream. Lines are for visual aid only. Vertical lines represent 
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Flood eight: The last flood measured occurred on August 21, 2003. The highest 

flow recorded for this flood was 7.78 ± 1.56 m3s-1
, both the rising limb and recession 

were gradual, taking four and twenty-four hours, respectively (Figure 4.4). Changes in 

nutrient concentration during this flow event were also more gradual than in the previous 

events. The nutrient concentrations measured before the flood for nitrate, and nitrite, 

(3.07 ± 0.51 mg No2-L-1
, 0.020 ± 0.011 mg N0-3L-1

, respectively) were higher than at the 

previous baseflow conditions. On the other hand, the concentrations of sulfate, chloride 

and bromide (26.64 ± 1.15 mg SO/-L-1
, 3.47 ± 0.62 mg CrL-1and 0.03 ± 0.01 mg Bf_L_1, 

respectively) were all lower than those measured during earlier baseflow conditions. 

During this flood event the concentration of nitrate changed from 1.02 ± 0.05 to 

6.99 ± 0.35 mg N03-L-1
, but the change was much more gradual than that seen in the 

previous floods, with the rise in concentration occurring over several hours rather than as 

the step increase seen in the previous floods. The maximum measured concentration 

occurred 5 hours after the flow hydro graph peak and was higher than any of the previous 

concentrations (5.49 ± 0.23 mg N03-L-1
, occurred during the August 12 flood). 

Nitrite also showed a rise in concentration with the flood event going from 0.014 

± 0.001 to 0.136 ± 0.006 mg N02L-1 and decreasing gradually after the flood had passed. 

The nitrite peak occurred 8 hours after the peak flow. 

DOC and DON both rose slightly with the flood but the changes were more 

gradual than during the previous flood events. DOC changed from 2.25 ± 0.17 mg CL-1 

at baseflow and reached 8.52 ± 0.22 mg CL-1 four hours after peak flow, while DON 

changed from 0.12 ± 0.03 to 0.42 ± 0.05 mg NL-1
, which also occurred four hours after 

the hydrograph peak. 
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Sulfate, chloride and bromide all acted similarly to the previous floods. Sulfate 

showed a sharp decrease in concentration from 25.4 ± 1.27 to 3.24 ± 0.16 mg so/-L-1 

two hours after the peak flow event. Chloride also had a slight step down from 3 .48 ± 

0.17 to 1.68 ± 0.08 mg CrL-1 four hours after peak flow. At baseflow the concentration 

of bromide was 0.02 ± 0.01 mg Br_L_1 and decreased quickly to 0.010 ± 0.001 mg BrL-1 

two hours after the peak flow. 

This last measured flood shows a rise in the cr:Br- ratio with the rising discharge, 

(from 399 ± 22 mg er (mg BrT1 at peak flow to 125 ± 12 mg er (mg BrT1 ten hours 

afterwards), while the N02-:N03- has the opposite trend, decreasing throughout the event 

from 124 ± 11 mg N02- (mg N03 T
1 pre-flood to 33 ± 7 mg N02- (mg N03T 1 4 hours 

after the peak flow. The ratio returns to pre-flood levels at the end of the sampling period 

for the event (approximately twenty-six hours after the peak concentration). The C:N and 

ratios stay relatively stable throughout the event (20 ± 4 mg C(mg N)-1
) with a slight rise 

during the flood event (25 ± 2 mg C(mg Nr1). These trends are different than what was 

seen in the previous flow events measured. 
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Figure 4.4: Comparison of constituents throughout the peak flows on August 21, 
during the eighth flow event, at the Boquillas site on the San Pedro River. 
Discharge values calculated using a weighted average from the Charleston gage 
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Seasonal trends: In summary, trends in river water chemistry were seen over the 

course of the entire monsoon season during baseflow conditions (Figure 4.5). The 

changes in dissolved constituents are similar to those seen during a flow event. 

Throughout the season the concentrations of nitrate, nitrite, DOC and DON rose, with 

large peaks in late July and early August around the time of the largest flow event (Tables 

4.1, 4.2). On the other hand, the concentrations of sulfate, chloride and bromide all 

lowered. The ratio of C:N dropped significantly over the season from 20.65 ± 1.4 to 9.66 

± 0.8 mg C(mg Nr1 during the highest flow events. Cr:Br- ratio showed a different trend, 

rising over the season from 150 ± 15 mg er (mg BrT1 at baseflow to 300 ± 28 mg er 

(mg BrT1 in the middle of the monsoon season. 

The temperature, dissolve oxygen (DO), pH and conductivity of the water also 

changed throughout the monsoon season (Figure 4.6). The temperature in the river rose 

from 13.1 ± 1 to 25.0 ± 1 °C. The DO concentration in the instream water decreased from 

9.7 ± 1 to 4.6 ± 0.5 mg 0 2L-1 (Table 4.3). The percent DO saturation also decreased over 

this time from 98 ± 7% during pre-monsoon sampling to 80 ± 10% throughout the 

monsoon season, from July 20 to August 26. 

After the first flood the percent saturation was greatly decreased to 52 ± 6%, 

suggesting a large contribution of ground water. From September 2, 2003 through 

November 15, when the last measurement was taken, the percent DO saturation increased 

back to near pre-flood levels (96 +- 1 %). The pH rose slightly from 7.5 ± 0.5 to 8.1 ± 0.5 

after 5 flood events, and the conductivity lowered to 200 ± 14 µScm- 1 until August when 

it began rising to its original level of 500 ± 35 µS(cmr 1
• By November the 

measurements had all returned to levels measured in April, before monsoon season. 
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Table 4.1: Inorganic constituents measured in the San Pedro River throughout the 2003 
sampling season. On each date a sample measurement was made at baseflow conditions, 
with the mean value of three samples shown along with the standard deviation. 
Concentrations below detection are shown by b.d. 

Date 
Fluoride Nitrate Chloride Bromide Sulfate Nitrite 

(mg Fl L-1
) (mgN03 L-1

) (mg Cl L-1
) (mg Br L-1

) (mg S04 L-1
) (mgN02 L-1

) 

16-Apr 
0.56 0.015 8.71 0.05 40.12 

b.d 
± 0.04 ± 0.001 ± 0.44 ± 0.03 ± 2.01 

10-May 
0.53 0.014 7.23 0.05 38.05 

b.d. 
±0.04 ± 0.001 ± 0.36 ± 0.03 ± 1.90 

27-Jun 0.47 0.051 7.09 0.05 30.76 
b.d. 

± 0.02 ± 0.001 ± 0.35 ± 0.03 ± 1.54 

20-Jul 
0.59 0.14 6.12 0.04 38.01 

b.d. 
± 0.04 ± 0.01 ± 0.31 ± 0.02 ± 1.90 

04-Aug 
0.79 4.31 5.74 0.02 20.88 0.091 

± 0.05 ± 0.22 ± 0.30 ± 0.01 ± 1.04 ± 0.004 

12-Aug 
0.55 0.16 6.04 0.03 24.65 0.040 

±0.04 ± 0.01 ± 0.30 ± 0.01 ± 1.23 ± 0.002 

26-Aug 
0.40 0.042 6.39 0.03 27.26 0.013 

± 0.03 ± 0.002 ± 0.32 ± 0.001 ± 1.36 ± 0.001 

02-Sep 
0.71 0.062 6.72 0.04 26.04 

b.d. ±0.05 ± 0.003 ±0.34 ± 0.01 ± 1.30 

10-0ct 
0.65 0.033 7.05 0.05 35.65 

b.d. 
± 0.04 ± 0.002 ± 0.35 ± 0.02 ± 1.78 

15-Nov 
0.53 0.011 7.86 0.05 39.82 

b.d. ±0.04 ± 0.001 ±0.39 ±0.02 ± 1.99 
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Table 4.2: Organic constituents, ratios and absorptivity measured in the San Pedro River 
during the 2003 sampling season. On each date a sample measurement was made at 
baseflow conditions, with the mean and standard deviation of three samples shown. 

Date 
DON DOC C:N Cl:Br absorptivity 

(mgN L-1
) (mg C L- 1

) (mg C(mg Nr1
) (mg Cl(mg Brr1

) (L(mol OC*cmr1
) 

16-Apr 
0.11 2.29 20.6 159 104 

± 0.05 ±0.06 ± 1.4 ± 16 ±7 

10-May 
0.12 2.05 16.9 149 107 

± 0.04 ± 0.05 ± 1.4 ±15 ±8 

27-Jun 
0.14 2.19 15.6 147 103 

± 0.03 0.05 ± 1.4 ± 14 ±7 

20-Jul 
0.36 5.28 14.8 146 256 

± 0.11 ± 0.26 ± 0.9 ± 14 ± 17 

04-Aug 
0.85 8.25 9.7 287 498 

± 0.31 ± 0.36 ± 0.8 ±28 ± 33 

12-Aug 0.66 7.36 11.2 201 367 
± 0.13 ± 0.17 ±0.5 ±20 ±24 

26-Aug 0.48 5.21 10.9 213 268 
± 0.10 ± 0.16 ± 0.7 ± 21 ± 18 

02-Sep 
0.12 2.41 20.1 168 246 

±0.04 ± 0.12 ± 1.1 ± 17 ± 16 

10-0ct 
0.21 2.38 11.3 141 145 

± 0.02 ± 0.07 ± 1.3 ±14 ± 10 

15-Nov 0.10 2.36 23.6 157 116 
± 0.01 ±0.07 ± 1.4 ± 16 ±8 
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Table 4.3: Water quality parameters and average daily discharge for the San Pedro River 
during baseflow conditions for the 2003 sampling season. Discharge was calculated as a 
weighted average from the Charleston gage upstream and the Tombstone gage 
downstream of the site. For water quality parameters the mean and standard deviation of 
three samples is shown. For discharge the average and confidence interval are shown. 

Date pH 
conductivity temperature DO %DO discharge 

(µS/cm) (OC) (mg 02 L-1) saturation (m3s-1) 

16-Apr 
7.6 491 13.1 9.7 98 0.21 

±0.5 ± 33 ± 1 ± 1 ±7 ±0.02 

10-May 
7.7 529 22.0 9.3 96 0.14 

± 0.5 ± 35 ± 1 ± 1 ±5 ± 0.02 

27-Jun 7.7 204 23.0 9.3 52 0.02 
± 0.5 ± 14 ±1 ± 1 ±6 ± 0.01 

20-Jul 
7.9 362 25.0 5.5 90 0.04 

± 0.5 ±24 ± 1 ± 0.5 ±6 ± 0.01 

04-Aug 
7.8 295 22.6 4.6 71 0.12 

±0.5 ±20 ± 1 ± 0.5 ±4 ±0.04 

12-Aug 8.0 389 21.2 5.6 84 0.10 
± 0.5 ±26 ±1 ±0.5 ±7 ± 0.03 

26-Aug 
7.8 457 22.3 7.3 80 1.59 

± 0.5 ± 30 ± 1 ± 0.8 ± 10 ± 0.40 

02-Sep 
8.0 475 23.0 8.3 97 0.37 

± 0.5 ± 32 ± 1 ± 0.8 ± 12 ± 0.12 

10-0ct 
8.0 492 21.6 8.6 96 0.22 

± 0.5 ± 33 ± 1 ± 0.9 ±6 ± 0.06 

15-Nov 
7.7 487 13.6 9.5 98 0.12 

±0.5 ± 32 ± 1 ± 1 ±8 ±0.02 



59 

8.1 600 

8 { ! ;r:-

500 ~ I ! t 
7.9 ! 

i l: 400 
7.8 i i ::c: 

C. 

! ! 
i: 

! 
300 

7.7 
I: 200 ! 7.6 

7.5 • pH 100 

7.4 
• Conductivity 

0 

11 110 

10 t ' t t 100 

9 t t i 90 
! ! 8 80 -'7..:l 

7 I: 70 1:)1) 

s -- 6 60 
0 I ' Q 5 I 50 

![ 

4 40 
• DO 

3 30 
• % DO Saturation 

2 20 

30 

25 I - I: II {! 
B20 
~ ,_ 
= -f 15 
~ 
C. 
s 10 ~ 

E---

5 
• Temp. 

0 
4-Mar 23-Apr 12-Jun 1-Aug 20-Sep 9-Nov 29-Dec 

Date 
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4.3 Sediment Pore Water Chemistry 

Throughout the monsoon season the chemistry of the pore water also changed 

(Tables 4.4, 4.5), mirroring the trends in the surface water. When baseflow conditions 

were decreasing from April until the beginning of July the water chemistry in the 

sediment stayed relatively stable (Figure 4. 7). 
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After the first monsoon flood on July 18, 2003, concentrations of measured 

constituents in the sediment pore water changed slightly: fluoride, nitrate, DON and DOC 

concentrations all rose (0.45 ± 0.02 mg P-L-1
, 0.021 ± 0.002 mg N03 -L-1

, 0.10 ± 0.02 mg 

NL-1
, 1.22 ± 0.08 mg CL-1 to 0.52 ± 0.03 mg F-L-1

, 0.042 ± 0.004 mg N03-L-1
, 0.28 ± 

0.06 mg NL-1, 4.46 ± 0.10 mg CL-1, respectively) while those of chloride, bromide and 

sulfate all decreased slightly from (8.34 ± 0.42 mg ClL-1
, 0.102 ± 0.031 mg Br-L-1

, 42.57 

± 2.13 mg SO/-L-1 to 7.15 ± 0.36 mg CrL-1
, 0.051 ± 0.013 mg Br_L_1, 38.91 ± 1.95 mg 

SO/-L-1
, respectively). 

As the monsoon season continued these trends in chemistry of the sediment water 

also continued until August 12, 2003 when the concentrations of fluoride, nitrate, DON 

and DOC all lowered (0.58 ± 0.04 mg P-L-1
, 0.243 ± 0.012 mg N03-L-1

, 0.93 ± 0.15 mg 

NL-1, 8.31 ± 0.29 mg CL-1 to 0.51 ± 0.03 mg F-L-1, 0.196 ± 0.010 mg N03_L_1, 0.42 ± 

0.08 mg NL-1
, 6.47 ± 0.16 mg CL-1

, respectively), and continued to decrease until the end 

of the season in September, with the exception of fluoride, which increased after August 

12. Both chloride and sulfate also show an anomaly on August 12, with an increase in 

concentration from 6.48 ± 0.26 to 7.02 ± 0.35 mg crL-1 and 24.61 ± 0.23 to 25.69 ± 1.28 

mg so/-L-1, respectively. This increase continues throughout the sampling season for 
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sulfate but chloride shows a slight decrease on September 2, 2003 (6.75 0.35 mg± CrL-

1). From July 26 to 28 there were two very large floods, the first was 85 ± 17 m3s-1 and 

the second 57 ± 11 m3s-1
• It took nearly a week for the water to return to baseflow levels 

and after it did the water in the sediment had very high nitrate, DON and DOC values 

(0.24 ± 0.02 mg N03-L-1
, 0.93 ± 0.15 mg NL-1

, and 8.31 ± 0.29 mg CL-1
, respectively). 

By August 12 when the next measurements were taken the values of nitrite, DON and 

DOC had decreased to levels slightly higher than those measured before those large 

floods (0.19 ± 0.02 mg N03-L-1
, 0.42 ± 0.08 mg NL-1

, and 6.47 ± 0.16 mg CL-1
, 

respectively). 

The C:N and cr:Br- ratios in the pore water also changed throughout the 

monsoon season. The initial value of cr:Bf was 67 ± 7 mg er (mg Br}1 and rose to 

260 ± 26 mg er (mg Br}1 by August. The opposite trend is seen with the C:N ratio with 

the value lowering from 19.75 ± 1.3 to 8.94 ± 0.4 mg C (mg Nr1
• The ratio is slightly 

higher in the river water throughout the study period changing from 20.65 ± 1.4 to 9.66 ± 

0.8 mg C(mg Nr1
• The Cr:Br- ratio is also higher in the surface water (157 ± 16 mg Cr 

(mg Br}1
) than that below the sediments (70 ± 7 mg er (mg Br}1

) during baseflow 

conditions. During high flow events the two ratios are nearly the same (287 ± 29 mg er 

(mg Br}1 and 263 ± 26 mg er (mg Br}1
, respectively), suggesting both are receiving the 

same water. 

Once the flooding had stopped the pore water chemistry began to return to the 

values measured previous to the floods. The last measurements were taken in November 

and showed a values of fluoride, nitrate, DON and DOC (0.47 ± 0.03 mg F-L-1
, 0.022 ± 
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0.001 mg N02-L-1
, 0.09 ± 0.02 mg NL-1

, and 1.49 ± 0.07 mg CL-1
, respectively) all a little 

higher than those measured in April (0.49 ± 0.02 mg F-L-1
, 0.013 ± 0.001 mg N02-L-1

, 

0.07 ± 0.01 mg NL-1
, and 1.44 ± 0.06 mg CL-1

, respectively), while chloride, bromide 

and sulfate concentrations were all lower (8.42 ± 0.42 mg crL-1, 0.12 ± 0.01 mg Br_L_1 

and 38.47 ± 1.92 mg so/-L-1
, respectively). The November concentrations measured 

were similar to those found after the first flood. 

The temperature, conductivity and DO values measured in the water under the 

point bar also changed throughout the monsoon season, although pH remained relatively 

constant at 7.6 +- 2 (Figure 4.8, Table 4.6). During baseflow conditions from April to 

June the temperature measured averaged 26.2 ± 1 °C, conductivity was 321 ± 20 µS( cmr1 

and DO averaged 1.9 ± 0.5 mg 0 2L-1
, with a percent DO saturation value near 36 ± 2%. 

After the first flood the temperature and DO did not change, but the conductivity 

increased to 390 ± 7 µS(cmr 1
• As the monsoon season progressed the temperature raised 

to a high of 30.1 ± 1 °C, conductivity changed to 390 ± 20 µS( cmr1 and DO lowered to 

1.7 ± 0.05 mg 0 2L-1
, while the percent oxygen saturation increased throughout the 

sampling season, except on August 4, when it was at its lowest value (29 ± 2% ). After 

the monsoon season was over and baseflow became relatively stable, temperature, 

conductivity and DO began to return to values measured in April,.conductivity was 

higher at 380 ± 25 µS(cmr1, temperature was lower at 21.3°C and DO was higher at 5.9 

± 1 mg 0 2L-1
, with percent saturated oxygen levels also higher after the monsoon season 

had ended, reaching a high value of 68 ± 6% on October 10, 2003. 



Table 4.4: Inorganic constituents measured in pore water of a point bar along the right 
bank of the San Pedro River throughout the 2003 sampling season. On each date a 
sample measurement was made at baseflow conditions, with the mean and standard 
deviation of three samples shown. Concentrations below detection are shown by b.d. 

Fluoride Nitrate Chloride Bromide Sulfate Nitrite 
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Date (mg Fl L-1
) (mgN03 L-1

) (mg Cl L-1
) (mg Br L-1

) (mg S04 L-1
) (mgN02 L-1

) 

16-Apr 
0.49 0.012 8.82 0.13 35.17 

b.d. 
±0.02 ± 0.001 ± 0.44 ± 0.02 ± 1.76 

10-May 
0.47 0.024 8.58 0.12 38.87 

b.d. 
± 0.02 ± 0.001 ± 0.43 ± 0.02 ± 1.94 

27-Jun 
0.45 0.023 8.34 0.10 42.57 

b.d. 
± 0.02 ± 0.001 ± 0.42 ± 0.02 ± 2.13 

20-Jul 
0.52 0.044 7.15 0.05 38.91 

b.d. 
± 0.03 ± 0.002 ± 0.36 ± 0.01 ± 1.95 

4-Aug 
0.58 0.243 5.26 0.02 24.61 0.091 

± 0.04 ± 0.012 ± 0.26 ± 0.01 ± 0.23 ± 0.004 

12-Aug 
0.51 0.196 6.48 0.03 25.69 0.043 

± 0.03 ± 0.010 ±0.32 ± 0.01 ± 1.28 ± 0.002 

26-Aug 
0.60 0.154 7.02 0.03 26.76 0.072 

± 0.04 ± 0.008 ± 0.35 ± 0.01 ± 1.34 ± 0.003 

2-Sep 
0.68 0.073 6.75 0.04 28.60 0.025 

±0.05 ± 0.004 ± 0.34 ± 0.02 ± 1.43 ± 0.001 

10-0ct 
0.55 0.041 7.24 0.10 32.87 

b.d. 
± 0.04 ± 0.002 ± 0.36 ± 0.02 ± 1.64 

15-Nov 0.47 0.022 8.42 0.12 38.47 
b.d. 

±0.03 ± 0.001 ± 0.42 ±0.02 ± 1.92 
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Table 4.5: Organic constituent, ratios and absorptivity measured for pore water from a 
point bar on the right bank of the San Pedro River throughout the 2003 sampling season. 
On each date a sample measurement was made at baseflow conditions, with the mean and 
standard deviation of three samples shown. 

Date 
DON DOC C:N Cl:Br absorptivity 

(mgN L-1
) (mg C L-1

) (mg C(mg Nr1
) (mg Cl(mg Brr1

) (L(mol OC*cmr1
) 

16-Apr 
0.07 1.44 19.7 68 122 

± 0.01 ±0.06 ± 1.3 ±7 ±8 

10-May 
0.09 1.33 14.8 75 109 

±0.02 ±0.07 ± 1.2 ±7 ±7 

27-Jun 
0.10 1.22 12.2 83 115 

±0.02 ±0.08 ± 1.3 ±8 ±8 

20-Jul 
0.28 4.46 15.9 142 225 

± 0.06 ± 0.10 ± 0.6 ± 14 ± 15 

4-Aug 
0.93 8.31 8.9 263 458 

± 0.15 ±0.29 ± 0.4 ±26 ± 31 

12-Aug 
0.42 6.47 15.4 216 337 

± 0.08 0.16 ± 0.6 ±22 ±22 

26-Aug 
0.37 4.04 10.9 251 253 

±0.07 ± 0.14 ± 0.6 ±25 ± 17 

2-Sep 
0.21 2.89 13.7 169 221 

± 0.06 ± 0.13 ± 0.6 ± 17 ± 15 

10-0ct 
0.12 2.47 20.6 72 175 

±0.02 ± 0.10 ± 1.2 ±7 ± 12 

15-Nov 0.09 1.49 16.6 70 127 
± 0.02 ± 0.07 ± 1.3 ±7 ±8 
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Table 4.6: Water quality parameters measured throughout the 2003 sampling season in 
the pore water below point bar sediments at the head end of a point bar in a downwelling 
zone of the San Pedro River. The mean and standard deviation of three samples on each 
date is shown. 

Date pH 
conductivity temperature DO %DO 

(µSiem) (OC) (mg 02 L-1
) saturation 

16-Apr 
7.55 391 23.1 3.2 35 ± 6 
± 0.5 ±26 ±1 ± 0.5 

10-May 
7.53 348 26.2 2.3 

38 ±4 
± 0.5 ±23 ± 1 ± 0.5 

27-Jun 
7.51 225 29.3 2.3 

40± 8 
± 0.5 ± 15 ± 1 ± 0.5 

20-Jul 
7.8 390 29.6 2.5 

44±4 
± 0.5 ±26 ±1 ± 0.5 

4-Aug 
7.79 245 28.4 1.7 

29±2 
± 0.5 ± 16 ±1 ± 0.5 

12-Aug 
7.85 387 30.1 2.7 

48±7 
± 0.5 ±26 ± 1 ± 0.5 

26-Aug 
7.5 289 25.2 3.5 

57± 8 
± 0.5 ± 19 ±1 ±0.5 

2-Sep 
7.6 315 25.2 3.5 

57± 6 
± 0.5 ± 21 ±1 ± 0.5 

10-0ct 
7.72 365 20.7 5.5 68 ± 6 
± 0.5 ±24 ± 1 ± 0.5 

15-Nov 
7.8 380 21.3 5.9 59±6 

± 0.5 ±25 ± 1 ± 1 
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Figure 4. 7: Change in dissolved constituents measured in the pore water of a point bar on the right 
bank of the San Pedro River and microbial respiration rates measured on the point bar during the 2003 
sampling season. Error bars represent standard deviation of three measurements. 
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Figure 4.8: Water quality parameters of pore water from a point bar at the Boquillas site 
on the San Pedro River, during the 2003 sampling season. Error bars represent standard 
deviation of three samples. 
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4.4 Rain Water Chemistry 

Four precipitation samples were collected throughout the monsoon season at the 

Boquillas Ranch site and analyzed for dissolved constituents (Tables 4.7, 4.8). The first 

sample gathered on July 21, 2003 produced the highest levels of fluoride (0.24 ± 0.01 mg 

FL-1
) and a measurable amount ofbromide (0.012 ± 0.001 mg Br-L-1). Measurable 

levels of bromide were only found in two of the four samples. The lowest concentration 

of chloride (0.58 ± 0.03 mg crL-1), nitrite (0.021 ± 0.001 mg N02-L-1), DON (0.08 ± 

0.01 mg NL-1) and DOC (1.62 ± 0.13 mg CL-1) were also measured in this sample. The 

second sample collected on August 13, 2003 contained the highest nitrite concentration 

of the four storms at 0.082 ± 0.004 mg N02_L_1 as well as the highest DON measurement 

of0.25 ± 0.05 mg NL-1. This storm also measured the lowest C:N of the four storms 

(10.21 ± 1.2 mg C(mg Nr1). The third storm on August 21, 2003 produced the highest 

nitrate, chloride, sulfate and DOC concentrations of all the storms ( 6.17 ± 0.31 mg N03-

L-1, 2.30 ± 0.12 mg CrL-1, 7.95 ± 0.40 mg so/-L-1, and 2.90 ± 0.19 mg CL-1 

respectively). Measurable bromide concentrations were also found in the August 21 

storm (0.013 ± 0.001 mg Br-L-1). This storm measured the highest C:N of the four 

samples (21.32 ± 3.5 mg C(mgNr1). Finally, the last sample, collected on August 22, 

2003, had the lowest measurable fluoride concentration (0.12 ± 0.01 mg P-L-1) of the four 

storms. This storm produced the lowest nitrate (1.61 ± 0.08 mg N02-L-1) and sulfate 

(2.01 ± .01 mg so/-L-1) concentrations. 
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Table 4. 7: Concentrations of inorganic constituents measured in precipitation samples 
collected at the Boquillas Ranch site along the San Pedro River over the 2003 sampling 
season. The mean and standard deviation of three samples is shown. b.d indicates 
samples below the detection limit. 

Date 
Fluoride Nitrate Chloride Bromide Sulfate Nitrite 

(mg Fl L-1
) (mgN03 L-1

) (mg Cl L-1
) (mg Br L-1

) (mg S04 L-1
) (mgN02 L-1

) 

21-Jul 
0.24 4.65 0.58 0.012 2.75 0.021 

± 0.02 0.23 0.03 ± 0.001 ± 0.14 ± 0.001 

13-Aug 
0.19 3.74 0.77 

b.d. 
2.80 0.082 

± 0.01 ± 0.19 ±0.04 ± 0.14 ± 0.004 

21-Aug 
0.21 6.17 2.30 0.013 7.95 0.050 

± 0.01 ± 0.31 ± 0.12 ± 0.001 ± 0.40 ± 0.002 

22-Aug 
0.12 1.61 0.79 

b.d. 
2.01 0.023 

± 0.01 ±0.08 ± 0.04 ± .010 ± 0.001 

Table 4.8: Concentrations of organic constituents measured and ratios calculated in 
precipitation samples collected at the Boquillas Ranch site, San Pedro River over the 
2003 sampling season. The mean and standard deviation of three samples is shown. 

DON DOC C:N Cl:Br N03:N02 
Date (mg N L-1

) (mg C L-1
) (mg C(mgNr1

) (mg Cl(mgBrr1
) (mg N03(mgN02r1

) 

21-Jul 
0.08 1.62 20.3 80 232.4 

± 0.01 ± 0.13 ±2.3 ±8 ± 22.4 

13-Aug 
0.25 2.55 10.21 47.2 

±0.05 ±0.24 ± 1.2 ± 5.1 

21-Aug 
0.14 2.90 21.32 162 131.2 

± 0.02 ± 0.19 ± 3.5 ± 16 ± 13.2 

22-Aug 
0.19 2.29 11.83 98.8 

±0.03 ±0.10 ± 1.7 ± 10.0 

4.5 Soil Water Chemistry 

The water sampled from two nests of lysimeters measuring the soil water at 

different depths along the left bank of the San Pedro River, changed greatly throughout 

the study season (Tables 4.9, 4.10). Wells lA and lB are 1.4 m and lm in depth, 

respectively. This lysimeter nest is located across the river from the point bar on the left 

bank of the San Pedro. Well 2A is 1.4 m in depth and is located on the left bank 
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approximately 50 meters upstream of the other lysimeter nest. Nitrate in well 2A, was 

highest during the early and late measurements (183 ± 15 mg N03_L_1 on July 10 and 

144 ± 20 mg N03_L_1 on September 12, 2003), well lA showed similar trends as well 

2A, but the concentrations were much lower (36 ± 4 mg N03 L-1 on July 10 and 41 ± 5 

mg N03_L_1 on September 12, 2003); however, well lB had the opposite trend with 

higher nitrate values during the monsoonal flows (13 ± 2 mg N03_L_1 vs. 36 ± 5 mg N03-

L-1). Nitrite levels were below detection in all measurements except on September 12, 

when the concentration from the well lB measured 0.21 ± 0.04 mg N02-L-1. 

Chloride levels rose throughout the monsoonal flows in wells lA and lB, 

changing from 13 ± 0.8 mg CrL-1 and 16 ± 0.9 to 180 ± 13 mg CrL-1 and 51 ± 4 mg CrL-

1, respectively. In well 2A, upstream of this site, the opposite trend occurred with 

chloride concentrations lowering throughout the monsoonal season from 17 ± 4 mg CrL-1 

on July 10 to 9 ± 0.3 mg CrL-1 by August 21, 2003. Bromide levels were above 

detection in nearly all the samples, and stayed relatively constant in all three wells 

sampled. With well lA having the highest concentration throughout the sample period 

(0.20 ± 0.03 mg Br-L-1) and wells lB and 2A both producing samples with concentrations 

near 0.04 ± 0.02 mg Br-L-1. 

Sulfate levels dropped during the monsoon season in wells 1 A and 2A ( 503 ± 19 

and 90 ± 14 mg SO/-L-1 to 407 ± 32 and 62 ± 11 mg so/-L-1, respectively. In the well 

lB the opposite trend is seen with sulfate being lower at the end of the season (88 ± 12 

mg so/-L-1) than during the monsoon season (149 ± 17 mg so/-L-1). 
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Table 4.9: Inorganic constituents measured in soil water taken from three lysimeters on 
the left bank of the San Pedro River during the 2003 sampling season. The 3 foot and 4.5 
foot well are in the same nest across the river from the point bar where respiration 
measurements were made. The 4 foot well is located approximately 50 meters upstream 
of this site. The mean and standard deviation of three samples is shown. b.d. indicates 
samples below the detection limit. n.a. stands for constituents that were not analyzed. 

Sample Fluoride Nitrate Chloride Bromide Sulfate Nitrite 
(mg Fl L-1

) (mgN03 L-1
) (mg Cl L-1

) (mg Br L-1
) (mg S04 L-1

) (mgN02 L-1
) 

Well lA 

10-Jul 
0.54± 36.5 ± 13.24 ± 0.24± 503.62 ± 

b.d. 
0.11 3.9 0.76 0.04 19.02 

21-Aug 
0.59± 27.5 ± 180.90 ± 0.18 ± 406.58 ± 

b.d. 
0.13 3.3 12.98 0.03 32.03 

12-Sep 
0.61 ± 40.8 ± 264.74 ± 0.29± 522.01 ± 

b.d. 
0.12 5.2 14.37 0.04 25.99 

Well lB 

10-Jul 
0.52± 13.2 ± 15.60 ± 

b.d. b.d. 
0.11 2.1 0.87 

n.a. 

22-Aug 
0.67± 35.5 ± 51.11± 0.06± 148.80 ± 

b.d 
0.14 4.7 4.31 0.02 17.44 

12-Sep 
0.43 ± 20.3 ± 29.11 ± 0.03 ± 88.01 ± 0.21 ± 
0.04 3.5 2.34 0.01 11.63 0.04 

Well 2A 

10-Jul 
0.38 ± 183.0 ± 17.25 ± 0.05 ± 89.62 ± 

b.d. 
0.02 15.1 4.32 0.01 14.01 

14-Aug 
0.29± 

b.d. 
13.94 ± 

b.d. 
74.52 ± 

b.d. 
0.02 1.24 12.16 

21-Aug 
0.43 ± 91.9 ± 9.24± 0.04± 62.83 ± 

b.d. 
0.05 11.6 0.31 0.01 11.02 

12-Sep 
0.56± 144.5 ± 17.07 ± 0.05 ± 83.46 ± 

b.d. 
0.10 20.2 1.02 0.01 15.23 
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Table 4.10: Oragnic constituents measured in water collected from lysimeters on the left 
bank of the San Pedro River during the 2003 sampling season. n.a. stands for 
constituents that were not analyzed due to lack of sample volume necessary. The mean 
and standard deviation of three samples is shown. 

Sample DON DOC C:N Cl:Br 
(mg N L-1

) (mg C L-1
) (mg C(mgNr1

) (mg Cl(mg Brr1
) 

Well lA 

21-Aug 
0.90± 6.08 ± 6.8 ± 999± 
0.30 1.15 0.3 49 

12-Sep 
0.88 ± 7.83 ± 8.9 ± 904± 
0.55 1.67 0.5 62 

Well lB 

22-Aug 
0.79± 6.62± 8.4 ± 
0.45 1.02 0.7 

n.a. 

12-Sep 
0.75 ± 8.13 ± 10.8 ± 1266± 
0.52 1.34 0.6 56 

Well 2A 

21-Aug 
6.94± 238 ± 

n.a. 
1.03 

n.a. 
24 

12-Sep 
378 ± 

n.a. n.a. n.a. 
42 

4.6 Particle Size Distribution 

As floods washed over the point bar depositing fine sediment the particle size 

distribution of the sediment above and below the water table also changed (Figures 4.9, 

4.10). The amount of fine sediment changed more above the water table than below the 

water table over the study season. Over the monsoon season the percentage of 2 mm 

particles above the water table decreased from July 20, 2003 to August 4, 2003, (31.2 ± 

4.7 to 14.6 ± 2.2), while the 4 mm, 0.18 mm and 0.063 mm, particles increased (1.4 ± 

0.4, 1.2 ± 0.2, 0.8 ± 0.2 to 11.6 ± 1.3, 4.5 ± 0.4, 2.1 ± 0.4, respectively) (Table 4.11 ). 

After this time the 4 mm particle begin increasing reaching their greatest mass fraction on 
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September 2, 2003 (13.7 ± 1.0). The percentage of fine particles (0.18 mm) also changes 

over the monsoon season, becoming higher with higher flow events (1.9 ± 0.5 to 4.5 ± 

0.4). During baseflow the percentage of fine particles above the water table is 1.9 ± 0.5, 

increasing to 4.1 ± 0.3 on August 4, 2003. 

Below the water table the particle size distribution was much different than that 

above the water table (Table 4.12) with no particles greater than 4 mm being present, 

therefore the greatest mass fraction was the 2 mm particles (30.9 ± 4.5) before any flow 

events. This changed in July when 0.85 mm particles became the greatest mass fraction 

below the water table (35.6 ± 4.6) and remained the highest throughout the monsoon 

season. The percentage of fines below the water table had the opposite trend as that seen 

above the water table. Throughout the monsoon season the percentage of fines decreased 

from 5.2 ± 0.7 on April 16 to 0.9 ± 0.2 on August 12, 2003. After this point the particle 

size distribution stays relatively constant over the rest of the season and into the fall. 
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Figure 4.9: Particle size distribution of the sediment above the water table on a point bar 
on the right bank of the San Pedro River during the 2003 sampling season. The mass of 
each size class was determined using stacked sieves. 
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Figure 4.10: Particle size distribution below the water table on a point bar on the right 
bank of the San Pedro River during the 2003 sampling season. The mass of each size 
class was determined using stacked sieves. 
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Table 4.11: Particle size distributions based on sieving of dry sediments from microbial 
respiration experiments done above the water table during the 2003 sampling season on 
the San Pedro River, at the head end of a point bar. The mean and standard deviation of 
three samples is shown. 

Date 
4mm 2mm 0.85 mm 0.425 mm 0.18 mm 0.063 mm 0.038 mm 

(g) (g) (g) (g) (g) (g) (g) 

16-Apr 
11.6 21.5 20.5 7.4 1.9 0.4 0.1 
± 0.9 ± 1.6 ± 2.7 ± 1.0 ±0.5 ± 0.1 ± 0.1 

10-May 
12.3 18.9 20.4 6.1 1.7 0.7 0.2 
± 1.2 ± 1.8 ± 3.6 ± 1.2 ± 0.2 ± 0.1 ± 0.1 

27-Jun 
0.1 31.4 17.9 2.7 1.2 0.5 0.1 

± 0.1 ± 3.2 ± 2.1 ± 0.9 ± 0.4 ± 0.1 ± 0.1 

20-Jul 
1.4 31.2 21.5 3.1 1.2 0.8 0.6 

± 0.4 ±4.7 ± 3.2 ± 0.6 ± 0.2 ± 0.2 ± 0.1 

4-Aug 
11.6 14.6 20.0 4.5 4.5 2.1 0.4 
± 1.3 ± 2.2 ± 2.1 ± 0.9 ± 0.4 ± 0.4 ± 0.1 

10-Aug 
12.1 18.5 29.7 5.3 2.1 1.9 0.3 
± 0.6 ± 1.6 ± 5.1 ± 0.2 ± 0.5 ± 0.6 ± 0.1 

26-Aug 
12.6 15.4 20.2 1.7 1.4 2.4 1.0 
± 2.7 ± 3.2 ± 3.5 ± 0.3 ± 0.2 ± 0.7 ± 0.3 

2-Sep 
13.7 14.9 20.4 5.8 1.3 0.4 0.1 
± 1.0 ± 0.9 ± 0.1 ± 2.5 ± 0.6 ± 0.1 ± 0.1 

10-0ct 
12.7 18.2 20.5 6.6 1.6 0.4 0.1 
± 1.6 ± 2.1 ± 3.9 ± 1.0 ± 0.4 ± 0.1 ± 0.1 

15-Nov 
12.9 16.2 20.3 4.7 1.4 1.1 0.4 
± 1.7 ± 2.0 ± 2.7 ± 0.9 ± 0.4 ± 0.3 ± 0.1 

Average (g) 
10.1 20.1 21.1 4.8 1.9 1.1 0.3 
± 1.0 ± 2.5 ±2.7 ± 0.9 ± 0.5 ± 0.3 ± 0.1 
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Table 4.12: Mass Fraction of each particle size based on sieving of dry sediments from 
microbial respiration experiments done below the water table during the 2003 sampling 
season on the San Pedro River, at the head end of a point bar. The mean and standard 
deviation of three samples is shown. 

Date 
2mm 0.85 mm 0.425 mm 0.18 mm 0.063 mm 0.038 mm 

(g) (g) (g) (g) (g) (g) 

16-Apr 
30.9 21.4 11.2 5.2 0.6 0.2 
±4.5 ± 3.2 ± 3.1 ± 0.7 ± 0.1 ± 0.1 

10-May 
24.4 18.5 10.7 3.6 0.5 0.2 
± 3.3 ± 2.6 ± 0.9 ± 0.3 ± 0.1 ± 0.1 

27-Jun 
17.9 15.6 10.3 2.7 0.5 0.1 
± 2.5 ± 1.6 ± 0.7 ± 0.8 ± 0.3 ± 0.1 

20-Jul 
26.5 35.6 3.3 0.4 0.2 0.1 
± 4.2 ± 4.6 ± 0.9 ± 0.1 ± 0.1 ± 0.1 

4-Aug 
22.9 27.8 5.8 0.9 0.2 0.1 
± 3.8 ± 2.2 ± 1.1 ± 0.2 ± 0.1 ± 0.1 

10-Aug 
22.4 30.1 7.7 0.8 0.3 0.1 
± 4.5 ± 2.1 ± 1.9 ± 0.5 ± 0.1 ± 0.1 

26-Aug 
24.8 27.4 5.3 0.5 0.2 0.1 
± 2.1 ± 4.6 ± 0.6 ± 0.1 ± 0.1 ± 0.1 

2-Sep 
21.5 30.9 6.2 0.9 0.2 0.1 

± 3.4 ± 3.0 ± 0.6 ±0.3 ± 0.1 ± 0.1 

10-0ct 
22.9 31.7 6.5 0.9 0.4 0.1 
± 3.6 ± 4.1 ± 1.3 ± 0.3 ± 0.1 ± 0.1 

15-Nov 
19.7 33.3 6.3 0.9 0.4 0.1 
± 3.9 ± 5.6 ± 0.7 ± 0.2 ± 0.1 ± 0.1 

Average(g) 
23.4 27.2 7.3 1.7 0.3 0.1 
±3.6 ±3.5 ± 1.2 ± 0.4 ± 0.1 ± 0.1 

4. 7 Spectroscopic Analysis: 

Spectroscopic analysis of the river and sediment pore water throughout the 

monsoon season showed an increased molar absorptivity from 104 ± 7 L(mg OC*cmr 

1during baseflow to greater than 250 ± 17 L(mg OC*cmr1 during monsoon season when 

floods are regularly occurring (Figure 4.11 ). The highest value occurred in the river after 

the July 27, 2003 flood when the absorptivity reached 498 ± 33 L(mg OC*cmr1
• 

The absorptivity in the river water and sediment pore water show a similar trend 
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throughout the season, rising during monsoonal flow events, with lower values pre- and 

post-monsoon season. During the monsoon season absorptivity measured in the river is 

always slightly higher than that measured in the sediment. During the dry seasons this is 

not the case, with absorptivity measured in the sediment pore water being higher at these 

times. 

Typically higher absorptivity (>450 L(mg OC*cmr1)is associated with organic 

matter that is derived from terrestrial sources (Chin et al. 1994). As the absorptivity goes 

up throughout the summer, the source of the organic matter shifts from in-stream 

production to more terrestrially based organic matter. 
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Figure 4.11: Absorptivity of pore water of a point bar on the right bank of the San Pedro 
River with average daily discharge for the Boquillas site determined through a weighted 
average from the Charleston and Tombstone USGS gages, throughout the 2003 sampling 
season. Error bars represent the standard deviation of three absorptivity samples. The 
line connecting discharge points is for visual aid only. 
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4.8 Microbial Respiration 

Microbial respiration both above and below the water table increase significantly 

after a flow event (Figure 4.12). Respiration above the water table showed a greater 

change with flow than below the water table, but the rates measured were always greatest 

below the water table. During baseflow conditions the respiration rates above the water 

table were much lower (-94 mg 0 2(kg sed*hr1
) than those measured below the water 

table (-600 mg 02(kg sed*hr1
• 

After the first flood the microbial respiration rate in the sediment increased 

significantly to 730.65 ± 2.97 mg 02(kg sed*hr1 below the water table and 430.25 ± 

21.96 mg 02(kg sed*hr1 above the water table, measured on July 22, 2003 (Table 4.14). 

Below the water table these high respiration rates continued throughout the monsoon 

season with the highest respiration rate being measured on August 4 after the largest 

flood events (984.23 ± 95.78 mg 0 2(kg sed*hr1 
). On the other hand, microbial 

respiration measured above the water table was high only after a flow event, which was 

shown by the low reading on August 12, 2003 when there had been no high flows for a 

week (225.31 ± 104.4 mg 0 2(kg sed*hr1). Microbial respiration above the water table 

decreased to pre-flood values in response to sediment drying following a flow event. 
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Figure 4.12: Microbial respiration rates above and below the water table at the stream 
water interface on a point bar at the San Pedro River during the 2003 sampling season. 
Discharge calculated as a weighted average of the Charleston and Tombstone USGS 
gages. Symbols represent averages and error bars represent the standard deviation of 
three respiration measurements. The line connecting discharge points is for visual aid 
only. 

Table 4.13: Microbial respiration rate measured above and below the water table at the 
head end of a point bar in a downwelling zone of the San Pedro River throughout the 
2003 sampling season. The measurements shown are the mean of three samples. 

Date respiration rate below water table respiration rate above water table 
(-mg 02/kg sed *h) std. dev. (-mg 0 2/kg sed *h) std. dev. 

16-Apr 563.50 14.12 92.56 34.98 

10-May 605.47 21.65 95.67 37.44 

27-Jun 632.56 24.45 94.24 26.39 

20-Jul 730.65 2.97 430.25 21.69 

4-Aug 984.23 95 .78 605.38 157.44 

10-Aug 815.45 82.75 225.41 104.4 

26-Aug 746.25 63.42 632.54 34.2 

2-Sep 725.69 48.75 647.72 62.25 

10-0ct 648.95 19.68 124.84 57.46 

15-Nov 585.72 23.65 99.35 32.18 
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Microbial respiration was also measured using flux chambers as the amount of 

CO2 produced. These measurements showed the same trends as those found measuring 

0 2 consumption. Before the start of the monsoon season the CO2 flux measured 

averaged 6584 ± 67 nmol(hr*m2r1
, while during the season the CO2 flux increased to 

170,844 ± 170 nmol(hr*m2r1
• This is 22 times greater than that found during baseflow. 

The CO2 flux is well correlated (R2 
= 0.9) with microbial respiration, measured as the 

amount of DO removed from the small chambers (Figure 4.13). 
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Figure 4.13: Correlation between microbial respiration rate measured above the water 
table and carbon dioxide flux. Measurements were taken on a point bar on the right bank 
of the San Pedro River at the Boquillas site. Points represent and average and error bars 
represent standard deviation of three respiration measurements. The unfilled points are 
baseflow conditions. The line represents a linear least squares fit between respiration rate 
and CO2 flux, which is significant based on ANOV A analysis. 
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4.9 Gas Fluxes 

The fluxes of nitrous oxide, methane and carbon dioxide all showed significant 

changes with increased discharge (Figure 4.14). Both CH4 and CO2 fluxes increased 

greatly after a flow event (from 645 ± 6 nmol (m2*hrr1 and 6584 ± 64 nmol(m2*hrr1 to 

20,000 ± 2000 nmol (m2*hrr1 and 150,000 ± 50,000 nmol(m2*hrr1 respectively), with 

CO2 fluxes being significantly larger than those of CH4 (Table 4.14). Nitrous oxide 

fluxes followed the opposite trend, with the flux being largest during the dry periods ( 695 

± 7 nmol(m2*hrr1 
) and becoming nearly zero after a flow event. Even when N20 was 

produced the quantity was orders of magnitude smaller than those of CH4 or CO2. 

Table 4.14: Gas fluxes measured in the sediment at the head end of a point bar on the 
San Pedro River during the 2003 sampling season. The average of two measurements is 
shown with the confidence interval. 

Date N20 CH4 CO2 
(nmol(h*m2r 1

) (nmol(h*m2r 1
) (nmol(h*m2r1

) 

27-Jun 
695 645 6,584 
±7 ±6 ± 67 

20-Jul 
98 18,695 75,849 

± 10 ± 190 ± 77 

4-Aug 
56 25,281 253,053 
±5 ±275 ±275 

12-Aug 
112 7,677 84,674 
± 14 ± 78 ± 92 

26-Aug 
77 21,046 232,108 
±9 ±220 ±245 

2-Sep 
187 17,749 195,750 
±20 ±180 ± 215 

10-0ct 
680 623 6,881 
±7 ±6 ± 69 
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Figure 4.14: Gas flux changes measured on a point bar along the right bank of the San 
Pedro River at the Boquillas site, with discharge calculated as the weighted average of the 
Charleston and Tombstone USGS gages. Lines are for visual aid only. 
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CHAPTERS 

DISCUSSION 

The question addressed is whether the triggering factors that may cause an 

increase in microbial respiration rates can be identified. The factors that are considered 

to be important include: water chemistry changes and inputs of different sources of 

dissolved organic matter. The study site, the head end of a point bar in a downwelling 

zone, was chosen to maximize stream water infiltration, thereby increasing nutrient 

concentrations. This research indicated that with an input of nutrients during monsoonal 

flows microbial productivity increases. 

5.1 Changes in Water Chemistry 

From both a hydrologic and ecological perspective, a stream system includes the 

river as well as water that leaves the main channel and enters nearby sediments, the 

parafluvial and hyporheic zones. These sediments provide a surface for attachment of 

microorganisms, which utilize the nutrients that are dissolved in the pore water. During 

periods with high concentrations of nutrients microbial productivity in the sediments increases. 

The parafluvial zone can be an important source of nutrients to the stream as well as a 

storage and processing zone for nutrients along flowpaths, due to higher residence times, 

and microbial communities that play an important role in nutrient dynamics through these 

sediments (Grimm et al, 1981; Grimm & Fisher, 1984). The processing of these nutrients 

changes with the availability or organic carbon and humic matter as an energy source, as 

well as with the input of both organic and inorganic nitrogen in nitrogen-limited streams. 
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The 2003 sampling season, from April through November, shows considerable 

differences of in-stream water chemistry during the dry and wet seasons. These changes 

propagate from the river into the parafluvial sediments adjacent to the river. In the dry 

season, parts of the system are hydrologically isolated (the uplands, terraces, and dry 

portions of the river); during the wet season the floods and rain storms connect these 

parts either by runoff from the terraces, or by flooding events moving downstream. In 

the former case, salts and nutrients move from the land to the river, in the latter case these 

changes may propagate from the river into the sediments adjacent to the river (Huth, 

2003). 

It is assumed that the San Pedro is a typical stream in the semi-arid southwest and 

is nitrogen-limited most of the year (Grimm, 1987). The monsoonal period is extremely 

important in these systems, as it provides inorganic nitrogen (via lightning fixation, 

Martinez & Ohline, 1988) as well as organic nitrogen washed down from the surrounding 

catchment basin. One of the most important characteristics of monsoonal flow events is 

the movement of nitrogen, as either DON or nitrate into a system that is nitrogen limited. 

Due to this increase, nitrification in parafluvial subsurface sediments may also increase. 

(Jones, 1995). 

Typical of many perennial and interrupted streams in the southwest, groundwater, 

forced to the surface by bedrock, is the main source of water to the stream throughout 

most of the year. This is indicated by the river temperature rising throughout the 

monsoon season. This increase may be due to a decrease in groundwater inflow and an 

increase in precipitation, since groundwater is colder than precipitation. Common 
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conservative constituents, such as chloride and bromide, can be used to identify different 

sources of water. Chloride concentrations typically vary seasonally (Figure 5.1). During 

the period after leafout and before monsoonal rains, levels of chloride tend to increase 

due to evapo-transpiration in the surface water system. Thus, chloride concentrations 

measured in the stream and shallow sediments are slightly higher than the average 

groundwater concentration during baseflow, as was the case in this system (8.7 ± 0.44 mg 

CrL-1 vs. 7.5 ± 0.5 CrL-1
, respectively). 

During monsoon season the chloride concentration drops below that found in 

groundwater due to dilution from precipitation (6.0 ± 0.3 crL-1
). The changing chloride 

concentration, as well as changing Cr:Br- (159 ± 16 to 287 ± 28 mg Cr (mg Br)-1
) and 

C:N ratios (20.6 ± 1.4 to 9.7 ± 0.8 mg C(mg Nr1
) show a change in the source of water 

from groundwater during baseflow to a new source, most likely from soil flushing, bank 

drainage, overland flow or precipitation inputs (Creed & Band, 1998). Dean Martens has 

measured C:N ratios as low as 2 in the soil under mesquite trees in the area (personal 

communication). The low C:N ratio of terrestrial material suggests the source may be 

carbon depleted. 

Precipitation throughout the watershed brings in dilute levels of dissolved 

constituents, the actual composition of this new water source may depend on where the 

precipitation originated. Monsoonal storms are convective storm cells, and tend to be 

intense, of short duration and highly localized. Runoff from the storm results in a rapid 

rise in the stream stage, as the water moves through the system, part of this water 

partitions back into the bank sediments. These bank sediments have been hydrologically 
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disconnected from the stream system for most of the dry period. The infiltrating water 

washes out nutrients and salts that have built up over the winter and spring months when 

the system was dry. This can be seen by the high chloride values in Table 4.9 after a 

rainfall event. The inputs of these nutrients and salts into the stream system has been 

shown to be important in other biological processes along the river (Mulholland & Hill, 

1997). 

The profiles of the hydro graph as well as the nutrient concentrations during the 

storms change over the course of the summer. During the first event of the season the 

banks are still dry and the hydrograph peak flows through the system quickly. A 

previous study along the San Pedro showed that a higher input of soil-water occurs 

during wetter years and in early season floods (Huth, 2003). As the banks fill up with 

water the hydrograph and concentration waves become more dispersed, which is an effect 

of wetter banks, longer residence times and more interaction between water in the main 

channel and adjacent banks during late season floods (Landon et al., 2000). Late season 

floods reflect a well-mixed system and less variation is found in the nutrient 

concentrations during flood hydrographs at this time (Lemon, 2004). This trend was seen 

in both conservative and non-conservative constituents. 
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Figure 5.1: Chloride concentration measured in the river and pore water of a point bar 
on the right bank of the San Pedro River, during baseflow at the Boquillas site over the 
2003 sampling season. The lines represents the average groundwater concentration (7 .5 
± 5 mgL-1

) found by Pool and Coes, 1999 and Huth, 2003. The error bars represent the 
confidence interval of analysis. 

The gradual decrease of some nutrients, such as sulfate, chloride and bromide and 

increase in others, such as nitrate, nitrite, DON, and DOC in the stream water was due to 

different controls on each solute. Bromide and chloride appear to behave as conservative 

solutes, becoming diluted with higher flows, while nitrate and nitrite are non-

conservative solutes and varying hydrologic conditions cause changes in the biological 

activity controlling their concentrations. This includes hydrologic transport and 



88 

microbial uptake, which occur on different time scales, with transport in river water being 

much faster than microbial use (Busch & Fischer, 1981 ). 

Both nitrate and DON concentrations show a step increase in the first storms, this 

signifies a large input into the system with the first flush of nutrients from the terrace and 

bank sediments. At the end of the monsoon season the nitrate and DON concentration 

curves during storm flows are much shallower. This change of shape suggests that the 

build-up of nutrients in the terrestrial system that occurs over the winter months has been 

washed out with the previous storm events. A similar study of monsoonal flow on the 

Verde River in central Arizona found that small early increases in discharge resulted in 

pulses of DOC during early events. The response then diminished with subsequent flow 

events (Parks & Baker, 1997). This may be a result of a "first flush phenomenon" where 

spring vegetation dies and decays during the dry spring and summer months when 

disconnected from the river and the first summer rains mobilize the organic material. A 

similar trend has been documented in snow melt dominated systems (Boyer et al., 2000). 

The dissolved oxygen concentrations and percent oxygen saturation of the river 

water also decrease throughout the monsoon season (9.7 ± 1mg 0 2L-1
, 98 ± 7% to 4.6 ± 

0.5 mg 02L-1
, 71 ± 4%, respectively). This decrease implies suboxic inputs or increased 

respiration. It may also be due to the decimation of the large algal community that had 

been present before any flooding. The decrease in DO concentration may have a 

profound affect on the organisms in the water. A large die-off of crayfish was seen at the 

site throughout the summer, which may be due to the large flows coming through the 

channel or decreasing oxygen levels of the stream. This phenomenon has also been seen 



in Sycamore Creek, Arizona and was attributed to high flow events decimating the 

system (Grimm, 1994). 

5.2 Seasonal Changes in Dissolved Organic Matter 

89 

High quality organic matter and an available electron acceptor are needed to fuel 

heterotrophic microbial metabolism. In this study spectroscopic analysis was used to 

determine if the DOC content under base flow and monsoonal flow conditions was 

aquatically or terrestrially derived. Absorptivity values of~ 100 L(mg OC*cmr1 

represent aquatically derived matter, while values closer to 450 L(mg OC*cmr1 represent 

terrestrially derived matter (Chin et al., 1994). 

Analysis of the absorptivity of the whole water samples collected throughout the 

2003 sampling season show a marked change in composition from baseflow conditions 

throughout the monsoon season, increasing during flow events (from 256 ± 17 L(mg 

OC*cmr1 to 498 ± 33 L(mg OC*cmr1 
). Although different methods were used to 

determine the origin of DOC the result are similar to those found by Haas (2003) for the 

same study reach in the summer of 2002. Chin et al. (1994) found that low molar 

absorptivity (100-200 L(mg OC*cmr1
) represents samples with humic matter formed 

from the extracellular and/or decompositional byproducts of phytoplankton and bacteria. 

This is consistent with McKnight et al. 's observations, that aquatically derived fulvic 

acids have a lower aromaticity than terrestrially based organic matter (McKnight et al., 

2001). Higher molar absorptivity (400-500 L(mg OC*cmr1
) is comprised of organic 

molecules from higher plants. The observed change in absorptivity indicates that the 
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source of DOC in the water changed from aquatically based to more terrestrially based 

throughout the monsoon season. This inputs a new source of energy for the microbes in 

the system thereby allowing for greater heterotrophic metabolism. 

Previous studies of desert streams in the southwest have found that DOC 

concentrations during baseflow are primarily controlled by autochthonous sources of 

organic matter such as algae and microbial exudates (Grimm & Fischer, 1986). 

Although with the first flood event of the monsoon season most of the algae in the system 

was no longer visible in the study area, removing the primary energy source for microbial 

organisms. The algae may have been removed from the study area and washed 

downstream, or buried in stream sediments further down the river. 

Terrestrial organic matter that is washed into the system can also be used as the 

primary energy source for these microbes (Jones, 1995) and may be one of the main 

components in driving heterotrophic microbial respiration from the time of the first flood 

until the algal communities have time to regenerate after the last flood of the season. In 

the study reach, as terrestrially based DOC in the system increases (absorptivity increased 

from 104 ± 7 to 498 ± 33 L(mg OC*cmr1
) an increase is also seen in the respiration rate 

below the water table (563.50 ± 14.12 to 984.23 ± 95.78 mg 0 2(kg sed * hrr1 
). The 

respiration rates measured in the sediments above the water table were too scattered to 

show any trends. 

This data collaborates the hypothesis from Sycamore Creek that material other 

than algal-based substances supported parafluvial metabolism after a high flow event, and 

that terrestrially based organic matter may be the source of energy for the microbial 



91 

population at this time (Holmes et al., 1994b ). Dissolved organic carbon may be 

important for fueling microbial respiration. Dissolved oxygen levels in parafluvial zones 

have been found to decrease along flowpaths, which the authors suggest indicates that 

subsurface respiration is dependent upon surface inputs of dissolved and particulate 

organic matter (Holmes et al., 1994b ). This study shows that these inputs come from 

different sources at different times of the year. 

5.3 Microbial Respiration 

To determine if the microbial respiration rate could be linked to the influx of 

nutrients, change in organic matter, or the infilling of fines, correlations between the 

measured parameters (DOC, DON, N02, N03, particle size, absorptivity) and respiration 

rates were examined. Above the water table respiration seemed to be triggered mainly by 

water coming into the system, whereas below the water table, correlations between 

respiration rate and water chemistry and particle size are significant (p < 0.5). The 

microbial respiration rates measured seem to be linked to many factors. The first being 

DOC concentration in the sediment pore water (Figure 5.2). This factor is well correlated 

with changing respiration rates below the water table (p < 0.01), but does not seem to be 

significantly linked to changes above the water table (p > 0.05). Using a linear regression 

the r2 value for the respiration rate below the water table is 0.9 and shows a trend of 

increasing respiration rate with increasing DOC. Above the water table the respiration 

rate is not correlated with DOC concentration; the respiration rate is relatively constant 

(92.56 ± 34.98 to 94.24 ± 26.39 mg 0 2(kg sed*hr1), during baseflow, increasing during 
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monsoonal flows even when DOC is not higher, indicating that the increase in respiration 

rate may be more due to the size of the flow event than the actual DOC level. 
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Figure 5.2: DOC concentration measured in pore water of a point bar on the right bank 
of the San Pedro River at the Boquillas site versus microbial respiration rate above and 
below the water table measured in mg 0 2/(kg sed * h). The unfilled symbols represent 
measurements taken before and after monsoon season. The line represents a linear least 
squares fit between respiration rate and DOC concentration, which is a significant 
correlation (p < 0.01) below the water table and not significant (p > 0.05) above the water 
table. The points represent averages and the error bars represent the standard deviation of 
three respiration measurements. 

The microbial respiration rate also may be correlated to the change in DON 

concentration in the sediment pore water (Figure 5.3). This factor is also well correlated 

with respiration rate below the water table (R2 
= 0.9). The distribution of DON 

concentrations and respiration rates is well distributed for the respective range in 

concentrations, following a trend of increasing respiration rate ( 563 .50 ± 14.12 to 984.23 
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± 95.78 mg 0 2(kg sed*hr1
) with increasing DON (0.07 ± 0.01 to 0.93 ± 0.15 mg NL-1). 

Above the water table the same non-linear trend is seen as with DOC. The concentration 

of DON in the system was found to be significant below the water table (p < 0.05), while 

above the water table there was no significance found (p > 0.05). 

Nitrite and nitrate were also correlated to changes in microbial respiration rates. 

Above the water table neither nutrient shows a significant correlation (p > 0.05). Both 

have a cluster of values at baseflow with low respiration rates (94 ± 2 mg Oi(kg sed*hr1
) 

and low nitrate and nitrite concentrations (0.01 mg N03L-1 and< 0.001 mg N02L-1
, 

respectively) (Figures 5.4, 5.5). A few points oflow nitrate and nitrite concentrations 

(0.04 ± mg N03L-1 and< 0.001 mg N02L-1
, respectively) also have high respiration rates 

(430 ± 22 mg Oi(kg sed*hr1
) in the early floods. Below the water table the trend is 

significant (p < 0.05), although the linear regression lines in Figures 5.4 and 5.5 are 

relatively flat, showing little change in respiration rate with changing nutrient 

concentrations. The higher nitrate and nitrite values (0.20 ± 0.05 mg N03L-1 and 0.06 ± 

0.03 mg N02L-1
, respectively) and respiration rates (850 ± 125 mg 0 2(kg sed*hr1

) were 

measured during monsoon season. 
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Figure 5.3: DON concentration measured in pore water of a point bar on the right bank 
of the San Pedro River at the Boquillas site versus microbial respiration rate above and 
below the water table measured in mg 0 2/(kg sed * h). The unfilled symbols represent 
measurements taken before and after monsoon season. The line represents a linear least 
squares fit between respiration rate and DON concentration, which is a significant 
correlation (p < 0.05) below the water table and not significant (p > 0.05) above the water 
table. The points represent averages and the error bars represent the standard deviation of 
three respiration measurements. 



900 
• below water table 

A above water table 

800 

2 700 ! 
-I< 

'2 
{,:J 

OJ) 
600 ~ 

~ 
0 

500 OJ) 

a 
_.!., 
~ 400 .... 
e 
= = 300 .:::: 
~ 

·= Q. 
{,:J 200 ~ 

~ 

100 ... 
0 

0 0.02 0.04 0.06 0.08 

y = l 248 .6x + 602.5 
R2 = 0.689 

0.1 0.12 

nitrate concentration (mg N03r
1

) 

95 

0.14 0.16 0.18 

Figure 5.4: Nitrate concentration measured in pore water of a point bar on the right bank 
of the San Pedro River at the Boquillas site versus microbial respiration rate above and 
below the water table measured in mg 0 2/(kg sed * h). The unfilled symbols represent 
measurements taken before and after monsoon season. The line represents a linear least 
squares fit between respiration rate and nitrate concentration, which is a significant 
correlation (p < 0.05) below the water table and not significant (p > 0.05) above the water 
table. The points represent averages and the error bars represent the standard deviation of 
three respiration measurements. 
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Figure 5.5: Nitrite concentration measured in pore water of a point bar on the right bank 
of the San Pedro River at the Boquillas site versus microbial respiration rate above and 
below the water table measured in mg 0 2/(kg sed * h). The unfilled symbols represent 
measurements taken before and after monsoon season. The lines represents a linear least 
squares fit between respiration rate and nitrite concentrations, which is a significant 
correlation (p < 0.05) below the water table and not significant (p > 0.05) above the water 
table. The points represent averages and the error bars represent the standard deviation of 
three respiration measurements. 

Different sources of water enter the system during monsoonal flow events, as 

shown through the changes in the ratios of the dissolved constituents, and may also be a 

factor affecting the microbial respiration rate. In the regression of C:N and respiration 

rate two clusters of points are obvious both above and below the water table (Figure 5.6). 

The first is during baseflow when the C:N is high (19 ± 1 mg C(mg N)-1
) and respiration 

rates are low above and below the water table (94 ± 2 mg 02(kg sed*hr1 and 600 ± 35 
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mg 0 2(kg sed*hr1
, respectively). The second grouping is during the monsoon season 

when the C:N has changed to a lower value (9 ± 2 mg C(mg N)-1
) and respiration rates 

are higher (500 ± 100 mg 0 2(kg sed*hr1 and 850 ± 50 mg 02(kg sed*hr1). This is 

consistent with the finding that algal leachate has a higher C:N ratio than that of leaf 

leachate (Wolfe et al., 2002) This indicates that algal leachate may be more a more 

preferable energy source when nitrogen is a limiting factor affecting microbial 

metabolism, which is not the case during monsoonal flooding. The form of the nitrogen 

entering the system is also important for microbial respiration, as different forms of 

nitrogen maybe more efficiently used by different microbes. This bimodal change results 

in r2 values around 0.74 below the water table and 0.83 above the water table, with the p

values for both zones also showing a significant change (p < 0.05). 
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Figure 5.6: Microbial respiration rate measured on a point bar on the right bank of the 
San Pedro River, above and below the water table versus the e:N ratio measured from the 
pore water in the point bar sediment. Measurements taken over the 2003 sampling 
season from April to November. The unfilled symbols represent measurements taken 
before and after monsoon season. Points represent averages and error bars represent 
standard deviation in respiration measurements determined from three samples. The lines 
represent a linear least squares fit between respiration rate and e:N ratio. This is 
significant (p< 0.05) below the water table. 

One commonly used method for distinguishing waters from different sources is to 

compare the er :Bf ratios. Often different waters have different ratios. During the 

monsoon season the cr:Bf ratio increased for storms (230 ± 30 mg er (mg BrT1
) and 

then lowered to baseline values (75 ± 10 mg er (mg BrT1). When correlated to 

respiration rates, the er:Br- ratio has a linear trend both above and below the water table, 
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but the correlation was not found to be significant (p > 0.05) (Figure 5.7). The change in 

cr:Br- does have a grouping of values during baseflow as seen in the regression with 

C:N. Once the monsoons start the cr:Br- ratio gradually rises with respiration. Above 

the water table the correlation of cr:B{ ratio to respiration rate is poorer (R2 
= 0.6841) 

than the correlation for respiration rates below the water table (R2 
= 0.8017). However, it 

does appear that with a change in water source the respiration rate both above and below 

the water table increases. 
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Figure 5. 7: Microbial respiration rate measured on a point bar on the right bank of the 
San Pedro River, above and below the water table versus the er :Br- ratio measured from 
the pore water below the point bar sediment. The unfilled symbols represent 
measurements taken before and after monsoon season. Measurements taken over the 
2003 sampling season from April to November. Points represent averages and error bars 
represent standard deviation in respiration measurements determined from three samples. 
The lines represent a linear least squares fit ofrespiration rate and cr:Br- ratio, which is 
not significant (p > 0.05) either above nor below the water table. 

The percentage of particles smaller than 0.18 mm both above and below the water 

table was correlated with the respective microbial respiration rates measured. There is no 
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trend seen either below the water table or above the water table (Figures 5.8, 5.9). 

Although below the water table the percentage of particles smaller than 0.18 % is greater 

both before and after monsoon season than during the high flow events. 

1200.00 

--... ! -= 1000.00 -Jc 
,:s 
~ 
r;,i 

bl! ! ~ 800.00 .._ 
j -

'1 
N 

0 
bl! 
a 600.00 ,..!., 
~ ..... cs ... 
= 400.00 -~ ..... cs ... ·a 

200.00 r;,i 
~ 

~ 

0.00 

0 2 3 4 5 6 7 8 9 IO 

% of particles smaller than 0.18 mm 

Figure 5.8: Correlation between microbial respiration rate measured on a point bar on 
the right bank of the San Pedro River, below the water table, and the percentage of 
particles smaller than 0.18mm. The unfilled symbols represent measurements taken 
before and after monsoon season. Measurements taken over the 2003 sampling season, 
from April to November. Points represent averages and error bars represent standard 
deviation in respiration measurements determined from three samples. The line 
represents a linear least squares fit between respiration rate and particle size, which is not 
significant (p > 0.05) 
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Figure 5.9: Microbial respiration rate measured on a point bar on the right bank of the 
San Pedro River, above the water table, versus the percentage of particles smaller than 
0.18mm measured above the water table of the point bar. Measurements taken over the 
2003 sampling season, from April to November. The unfilled symbol represents 
baseflow conditions. Error bars represent standard deviation in respiration measurements 
determined from three samples. No significant trend is seen with particle size and 
respiration rates above the water table (p > 0.05). 

The correlation between absorptivity of the sediment pore water below the water 

table and respiration rate shows a linear increase, while above the water table the data is 

scattered, and does not show a recognizable trend in microbial respiration with changes in 

the source of organic matter (Figure5. l 0). Both above and below the water table a 

grouping of data with low absorptivity and low respiration rates are seen. During 

monsoonal flows the absorptivity and respiration rate gradually increase below the water 

table showing a linear trend. Above the water table no trend is seen, with the data being 

widely scattered. When ANOVA analysis was run on the data the absorptivity of the 

organic matter was significantly correlated with respiration rates measured below the 
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water table (p < 0.01). However, there was no significance found above the water table 

(p > 0.05). 
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Figure 5.10: Microbial respiration rate above and below the water table on a point bar in 
the San Pedro River versus the absorptivity of the water in sediments. The higher the 
absorptivity the more terrestrial the source of organic matter in the water. Absorptivity 
values from 100-200 represent algal sources, while values from 400-500 represent 
terrestrial sources. The unfilled symbols represent measurements taken before and after 
monsoon season. Points represent averages and error bars represent the standard 
deviation of respiration measurements based on three samples. The lines represent a 
linear least squares fit of respiration rate to absorptivity, which is significant above and 
below the water table 
(p < 0.05). 

When methane flux was correlated with microbial respiration, two clumps of data 

are seen, with the flux being very low during baseflow (630 ± 10 nmol (m2*hrr1
) and 

high during monsoonal flow (20,000 ± 2000 nmol (m2*hrr1). This bimodal pattern gives 

an r2 value of0.89 (Figure 5.11). This bimodal trend separating baseflow and monsoonal 

flow is also seen in the nitrous oxide and carbon dioxide fluxes (R2 = 0.62 and R2 = 0.88, 

respectively), and may signify that microbes are present in the sediment during wet and 
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dry seasons, only becoming active when conditions become favorable, as with the 

addition of nutrients and water to the sediment. 

When nitrous oxide flux was correlated with microbial respiration, two points 

have much lower respiration values and higher nitrous oxide fluxes (Figure 5 .12). These 

two points were measured during base flow conditions. This indicates that during 

monsoonal flow events nitrous oxide production decreases greatly. 
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Figure 5.11: Methane flux measured at the head end of a point bar on the right bank of 
the San Pedro River during the 2003 sampling season, from April to November, 
correlated with change in microbial respiration rate measured in the same area. The 
unfilled symbols represent measurements taken before and after monsoon season. The 
points represent averages and the error bars represent standard deviation of three 
respiration measurements. The line represents a linear least squares fit of the two 
variables, which is a significant correlation (p < 0.05). 
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Figure 5.12: Nitrous oxide flux measured at the head end of a point bar on the right 
bank of the San Pedro River during the 2003 sampling season, from April to November, 
correlated with change in microbial respiration rate measured in the same area. The 
unfilled symbols represent measurements taken before and after monsoon season. Points 
represent averages and error bars represent standard deviation of three respiration 
measurements. The two high nitrous oxide values were measured during baseflow 
conditions, when the sediment was dry. 

The following variables were correlated with parafluvial respiration rates above 

and below the water table using forward stepwise multiple linear regression: DON, N03-, 

N02-, cr:Bf, C:N, DOC, fraction of sediments less than 0.18 mm, and absorptivity. It 

was found that 62 to 94 percent of the changes in aerobic respiration rates below the 

water table were correlated to DOC, N03-, C:N and absorptivity, while the rest of the 

variables showed no correlation when included in the analysis. Above the water table 

different variables were important to microbial respiration rates. It was found that the 

fraction of sediments less than 0.18 mm and DON could be linked to respiration rates, 

while the other factors were not correlated when included in the regression analysis. 

These factors could only explain 45 to 72 percent of the change in respiration rates. 
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Microbial respiration rate in the sediments above and below the water table 

showed different trends over the course of the monsoon season and seem to be driven by 

different factors. The importance of the presence of water within the sediments can be 

seen as the respiration rates above the water table are lower than those below the water 

table throughout baseflow and high flow events. There are significant increases in 

microbial respiration rates when water is present in the sediment above the water table 

and a quick decline as the sediments dry out. 

The microbial respiration rates above the water table showed no consistent trends, 

nor did they correlate as well with the measured factors; however higher microbial 

respiration rates were measured during monsoon events than before or after. Below the 

water table respiration rate is correlated more closely with the properties of the water than 

the respiration rate measured above the water table. The factors showing significant 

trends when correlated with changes in microbial respiration rate below the water table 

were linked to changes in the constituent concentrations in the sediment pore water. 

Particle size was not significant in this zone. 

Above the water table the only factor found to be significant was the C:N ratio. 

Indicating that the amount of carbon and nitrogen are controlling factors for microbial 

respiration in this area. Since these sediments are not in direct contact with the water for 

long periods of time, and the particle may be replaced during floods, other factors may be 

controlling respiration rate in this area. As new particles enter the system more energy 

sources may be available for the microbes in this area, increasing productivity and 
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therefore respiration rate. Once this material dries out or is used up microbial respiration 

quickly decreases. 

DOC, DON and N03- concentrations showed significant correlations with 

respiration rate below the water table. The increased carbon brought into the system 

during a high flow event increases nutrient processing, as can be seen by the increase in 

CO2 and CH4 production directly after a flow event. Higher nitrate concentrations may 

be especially important for anaerobic portions of the sediment where nitrate may be used 

as the terminal electron acceptor rather than oxygen. The parafluvial zone has been 

proposed as a significant nitrate source, due to nitrification occurring, particularly after 

floods when a source of terrestrial carbon is supplied to this zone, facilitating nutrient 

processing along flowpaths (Holmes et al., 1996). This was potentially supported by this 

study, although nitrous oxide production in this area was lowest right after a flow event, 

quickly increasing within 7 days, and remaining elevated until another flow event, which 

suggests denitrification occurring. Water within parafluvial sediments within desert 

stream systems often has very low organic and inorganic nitrogen concentrations (0.07 

± 0.01 mg NL-1 and 0.012 ± 0.001 mg N03-L-1
, respectively). During the monsoonal 

flows waters carry higher concentrations of nutrients and flow through sediments, 

therefore nutrients become available to microbes in the system. Below the water table 

the pore water velocity is lower than the river and flow is laminar, which implies that the 

water in this zone flows through the sediments for a longer period of time. This does not 

imply that nutrients are contained in the sediment for a longer period of time, as they may 

be consumed faster in this area due to microbial activity. Depending on the microbial 
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processes occurring in the sediment organic and inorganic nitrogen concentrations may 

decrease as the water flows through the sediment (Grimm, 1987), or nitrate levels may 

rise with higher levels of nitrate leaving the point bar, increasing algal growth in these 

areas (Holmes et al., 1994a). 

The respiration rates measured at the San Pedro were measured in a downwelling 

zone where the sediments would be receiving water that was brought in by the river. It is 

also at the head end of a point bar, where there has been recorded scour and fill. This 

may account for the fact that the microbial respiration rate below the water table does not 

decrease as quickly after a flow event as the respiration rate above the water table, which 

returns to baseflow level within a week of the flow event. The quick decrease in 

microbial activity above the saturation zone may also be tied to the sediments drying out 

in this area. The monsoonal flows have high DOC, DON and N03- levels, which are 

important in microbial metabolism processes. The higher levels of these constituents 

may increase the efficiency of the microbial populations indicated by higher respiration 

rates at this time. In the winter months, low temperatures limit microbial activity. 

During this season when the water level in the river rises the constituents in the river do 

not change as drastically as they do during monsoonal events. Therefore, these higher 

flows most likely do not impact the productivity of the microbial community during this 

season. 
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5.4 Methanogenesis 

Methane production is linked with carbon dioxide production at the same site on 

the point bar at the San Pedro River. This indicates that there are areas of aerobic and 

anaerobic activity in the sediment after a flow event, both of which are greater than 

during baseflow conditions. This is consistent with the finding on Sycamore Creek that 

subsurface respiration is dependent upon surface inputs of dissolved or particulte organic 

matter (Holmes et al., 1994b ). Jones (1995) found higher hyporheic respiration in 

downwelling zones, which is linked to import of surface-derived organic matter. 

During flow events organic matter from the surface is transported to the 

subsurface and supports high aerobic and anaerobic metabolism. The increase in 

methane flux after a storm indicates that organic matter carried into the point bar may be 

decomposed aerobically or anaerobically depending on where it is located in the 

parafluvial zone and whether the available oxygen has been used up as it flows along its 

pathway through the sediment. 

Methane emissions have been coupled with DOC and nitrogen concentrations in 

sediments (Jones et al., 1997; Smith et al., 2000). This same trend was found in the San 

Pedro River, where increased DOC and nitrogen levels in the water were found 

throughout the monsoon season when methane flux was also the greatest. This increase 

in emission has been attributed to a positive relationship between ebullition (bubble 

emission) and carbon (Smith et al., 2000). When the sediment dries out ebullition is 

effectively shut-down, therefore the release of carbon from the system also decreases. 
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Gas production along the San Pedro showed a decrease in methane flux as 

sediment dried, possibly due to inhibition of methanogenic bacteria by oxidized 

conditions or due to increased microbial methane oxidation (Henckel & Conrad, 1998; 

Smith et al., 2000). Soils with a water content below 25% emitted no measurable amount 

of methane from a floodplain in Venezuela because the soils desiccate rapidly and the 

rate of decline in the water level is low, which is similar to the situation at the San Pedro 

River after the monsoon season. (Smith et al., 2000). Koschorreck (2000) found that 

decreased methane flux was due to a decrease in methane production rather than methane 

oxidation in exposed Amazon lake sediments. Even considering maximum methane 

emission, CO2 flux exceeded the CH4 flux by a factor of more than 75; therefore, 

methane emission is of minor importance for the carbon budget of the sediments. 

A two-step mechanism may account for the reduction of methane flux from the 

sediment during the dry period. In the first step, the flux is greatly reduced because 

ebullition is blocked when the sediment dries. In a second step, the methane flux out of 

the reduced zone decreases gradually during the drying (Koschorreck, 2000). 

5.5 Nitrous Oxide Production 

Sediment nitrogen dynamics play a strong role in regulating CO2, N20 and CH4 

fluxes (Bowden et al., 2000). Nitrous oxide fluxes depend on both nitrification 

(conversion ofNH4 or NH3 to N03) and denitrification (N03- to N20 or N2) (Robertson 

& Tiedje, 1987). In the San Pedro N20 fluxes are extremely small while the sediments 

are wet and increase greatly as sediments dry. Studies have shown that nitrification can 
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be the dominant process in aerobic soils, while in areas with wet conditions and high 

nitrate and low ammonium inputs nitrification contributes little to N20 emissions 

(Hefting et al., 2003). This may be the case in the San Pedro, where ammonium levels 

are fairly low and nitrate is orders of magnitude higher during a monsoonal flow event. 

Nitrification may not be a significant process at the San Pedro, since little N20 is 

produced when water has been present and the flux increases as the sediment dries. 

Another possibility is that high sediment water content after a flow event 

increases denitrification while it increases residence time ofN20 in the sediment, 

restricting diffusion, enhancing the reduction of nitrous oxide to nitrogen gas, which is 

difficult to measure (Blicher-Mathiesesn & Hoffmann, 1999; Jacinthe et al., 2000). 

Therefore, nitrification may be occurring during monsoonal flows using the 

denitrification pathway, but due to the residence time in the water the end product is N2, 

which is difficult to measure so the production ofN20 as an intermediate product is not 

measured. 

It may also be possible that denitrification is the dominant process in the 

sediments but the N20 produced when the sediment is anoxic is trapped in the sediments, 

and as the sediments dry the N20 is allowed to escape. This may be more likely due to 

the fact that denitrification and methanogenesis usually occur simultaneously. 



CHAPTER6 

CONCLUSIONS 

111 

Differences in microbial respiration rate were found above and below the water 

table, from baseflow throughout monsoon season although the change is much greater in 

magnitude above the water table. The results indicate that although microbes are present 

both above and below the water table they are more active below the water table 

throughout the entire year, which may be due to the more favorable conditions, including 

a more constant temperature and moist sediments. 

Above the water table activity is much higher during monsoon season flooding 

with the input of water to the sediment, indicating that there is a large microbial 

community in this area that is waiting for the conditions to become more favorable before 

becoming active. As the sediment dries the microbial respiration rate decreases quickly 

returning to levels measured during baseflow conditions in ~7 days oflow flow. 

This increase in microbial respiration rate below the water table can be linked to 

composition of the water in the sediment, as well as the type of organic matter present. 

The composition of the water in the river changes with monsoonal flooding, this change 

propagates into the water under the point bar, bringing in more nutrient rich waters. 

These changes include an increase in DOC, DON and nitrate, which are significant 

factors controlling microbial respiration as well as methanogenesis. 

Other changes in water composition such as the change in C:N ratio and cr:Br

ratios indicate the source of water is changing in the system, although only the C:N ratio 
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was significantly correlated to microbial respiration rates. This may indicate that the 

concentrations of these two nutrients are more important to microbial respiration than a 

new source of water coming into the system. Microbial respiration needs sources of 

energy as well as a terminal electron acceptor and the concentrations and forms of carbon 

and nitrogen in the water may fuel microbial respiration in this system. 

As the organic matter changes from aquatic to terrestrial during monsoonal flows 

the respiration rates of the microorganisms below the water table increases. This "new" 

organic matter may be a higher quality energy source to the organisms, which may 

increase their productivity when present. 

Above the water table only C:N ratio was found to significantly affect microbial 

respiration. Because sediment in this area may be turned over during high flow events, 

other factors may be the major driver of microbial processes. The input of water to this 

area is probably the most important factor affecting respiration in this area. Once it dries 

out microbial respiration is decreased greatly. 

Anaerobic processes also increased during monsoon season flow events. The 

amount of methane produced after a flow event was 3-times larger than that measured 

during baseflow. This indicates that there are pockets of aerobic and anaerobic sediments 

throughout the point bar, which are more productive during monsoon season with the 

input of organic carbon and terrestrial organic matter for use as an energy source. 

The fact that nitrous oxide production is higher during the dry periods raises the 

possibility that N20 is produced through nitrification rather than denitrification at this 

time. Although it is possible that denitrification is an important process during a flood 
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event, and due to the presence of water N20 is retained in the sediment longer and can be 

converted to N2 (which was not measured). 

This study helped to link several factors to changes in microbial respiration rate 

and found that different areas of the parafluvial zone behave differently depending on the 

time of year and presence or absence of water in the sediment. Although the importance 

of each component is not well understood a laboratory study controlling each factor 

would be helpful in discerning which components are the main drivers for increases in 

microbial respiration during monsoonal flooding. 

Although this study was conducted on a small reach (50 m) in the San Pedro 

River, it can provide some information about the importance of these processes to the 

whole river basin. Respiration rates increased in response to inputs of water, dissolved 

organic carbon and nitrogen species and inorganic nitrogen species. Unsaturated 

sediments responded with a greater magnitude change, but at a lower rate with the 

addition of nutrients and water than saturated sediments with the addition of nutrients. 

This suggests that as the San Pedro dries out after the rainy season, the zones where there 

will be active respiration will be saturated sediments that have active exchange with the 

river; hyporheic zone, parafluvial zone and gravel bars. Microbial processes in these 

zones will continue to use the nutrients that have entered the river system during the 

monsoon season until a specific nutrient becomes limiting or the next rainy season 

occurs. 

Rapid additions of nitrate during floods may have dramatic effects on aquatic 

primary production, which would be exacerbated by any anthropologic sources of nitrate. 
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This could increase the production of methane, and nitrous oxide, which are known 

greenhouse gases, exacerbating global warming and decreasing base flow in rivers of the 

Southwest. 
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