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ABSTRACT

The purpose of this study is to examine the effects of land use and hydrology on
surface water quality in a semi-arid watershed. Six synoptic sampling events were
performed along the upper San Pedro River, AZ, USA before, during, and after the 2002
monsoon season. Water samples were analyzed for conservative solutes, nutrients, and
organic matter. During non-monsoon baseflow periods, conservative solutes indicated
limited hydrologic connection between regions. Protected reaches had significantly
higher DOC concentrations and agricultural reaches had significantly higher DON and
NO3-N levels. In contrast, solute concentrations during the monsoon season indicated all
regions were hydrologically linked. DOM and NO3-N concentrations increased as
terrestrially derived solutes were flushed into the stream. Nutrient loads were variable
suggesting that changes in nutrient concentrations were related to individual reaches.
This research demonstrates that hydrologic flowpaths and land cover are important
controls on surface water quality at the reach and river scales.
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1. INTRODUCTION

The influence of the terrestrial environment on stream and river systems varies
both in space and time largely due to the routing and distribution of hydrologic
flowpaths. Increasing human populations have disrupted the natural flowpaths and
placed extensive demands on a limited water supply in much of the western U.S. Flood
control methods, such as levees and dams, have lead to a reduction in flow regime and
urbanization has lead to the fragmentation and loss of wetland and riparian ecosystems
due to land use change, groundwater depletion, and stream dewatering (e.g. Stromberg et
al., 1996; Westerhoff and Anning, 2000). As more and more anthropogenic stresses
cause the river corridor to shift from wetland and riparian species to more upland
vegetation the overall productivity in the system will decrease (Stromberg et al., 1996).
Over 90% of riparian habitat in Arizona and New Mexico has been lost over the past
century (Brinson, et al., 1981), which demonstrates the increasing vulnerability of
riparian habitat and species to changes in hydrologic regimes. Understanding how the
stream-riparian system interacts with the changing landscape will be a vital component to
maintaining and managing a clean and robust water supply.
Riparian ecosystems long have been recognized as diverse and biologically
important systems that provide numerous environmental and aesthetic benefits (e.g.
Tiner, et al., 2002). Not only do they provide habitat for numerous plants and animals
and offer recreational opportunities for humans, but they also play a major role in nutrient
retention and cycling. Riparian zones can be sources, sinks, or transformers of chemicals
based on their mechanical, chemical, and biological properties. Mechanically, the
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increased hydraulic roughness of vegetation serves to intercept sediments and debris,
which can enhance the filtration process and reduce erosion. In addition, mineralization,
nitrification, denitrification, oxidation, and biological uptake within the riparian zone can
serve to transform, store, or release nutrients and pollutants that are in the stream-riparian
system. A few of the important consequences of these exchanges include maintainance
of water-quality, increases in productivity, decreases in eutrophication, retention and
transformation of pollutants, and the global cycling of nitrogen and carbon (e.g. Tiner, et
al., 2002).
Connections between the biotic and abiotic components of a river system can
become quite complicated and interdependent. Interactions between structure and
function coupled with variations across space and time present a major problem in
understanding and managing these systems. Nowhere is this more apparent than in arid
and semi-arid regions because of the scarcity of water resources, the high demand on
surface and groundwater for human consumption, and the extremely dynamic flow
regimes characteristic of these regions.
Headwater and smaller, low-flow streams rely on adjacent systems to supply and
deliver nutrients, in particular carbon and nitrogen, to the stream system (e. g. Fiebig, et
al., 1990; Allan, et al., 1997; Boyer, 1998; Findlay, et al. 2001). In semi-arid climates,
however, the stream-riparian system is often hydrologically disconnected from the
adjacent hillslopes and uplands for most of the year. Rivers and streams in these regions
depend upon intense, episodic rainfall events and local floods to connect these isolated
systems. Research has acknowledged the importance of floodwater in the delivery and

12

exchange of nutrients and energy between streams and the neighboring landscape (e.g.
Holmes, et al., 1998; Tockner, et al., 1999; Butturini and Sabater, 2000), but much less is
known about the interaction between the stream and the neighboring landscape during
periods of low flow and the consequent chemical and biological processes that occur both
spatially and temporally at the scale of the river in arid and semi-arid regions. Improving
our understanding of these processes in both space and time is critical for effective water
resource management.
Temperate, mesic ecosystems are both quantitatively and qualitatively different
from rivers and streams in more arid environments. Riparian zones in humid settings act
as buffers to remove and transform nutrients and pollutants carried by both surface and
groundwater. In semi-arid systems, however, the movement of water is generally away
from the stream during most of the year. Water sources are localized in both space and
time resulting in high seasonality of discharge. Furthermore, losing reaches often
dominate the length of the river and are interspersed with isolated groundwater inflows
that regenerate flow. Consequently, the distance water and solutes at any one point may
travel downstream is likely to vary significantly due to changes in the flow regime.
These differences suggest that models based on mesic systems may not be appropriate
and will not provide the information required to understand nutrient cycling in semi-arid
river systems.
Desert streams in the southwestern U.S. are characterized by extremes, alternating
between short bursts of high discharge during floods to extended periods of low flow or
no flow during dry seasons. Precipitation during the monsoon season occurs in short.
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very intense, and highly locaUzed showers that result in flash flooding. Rapid changes in
hydrologic flowpaths control the exchange of nutrients, solutes, and sediments by
transporting these materials downstream and depositing them within the active channel.
Recent studies have shown the importance of nutrient flushing in monsoon- (e.g. Jones, et
al., 1996; Butturini and Sabater, 2000; Haas, 2003; Huth, 2003) and snowmelt-dominated
(e.g. Boyer, et al., 1997; Boyer, et al., 2000; Carey, 2003) basins, with the majority of the
nutrient mass flux occurring during monsoonal flood events or spring snowmelt. The
combination of extreme hydrology and rapid redistribution of nutrients has been used to
study the effect of disturbance (i.e. flash flooding) on stream processes, but these same
characteristics also offer a unique opportunity to study the influence of low-flow
conditions on the nutrient dynamics of lotic systems.
In addition to hydrology, biological and chemical transformations also affect the
production, distribution, and transport of nutrients (Boyer, et al., 2000). Flowing water
often carries the transformed products away from their place of origin, however during
low flow conditions limited hydrologic connectivity between the upland regions, riparian
zone, and stream channel could allow potentially large, mobile nutrient pools to
accumulate within the system (Homberger et al. 1994; Parks and Baker, 1997; Huth
2003). As the discharge slows with the waning flood, the organic matter, nutrients, and
sediments traveling in the stream may be deposited in losing reaches. Various processes,
such as surface water-groundwater exchange rates, residence times of the water in the
catchment, and biotic activity can control whether a reach acts as a source or a sink for a
particular nutrient (Boyer, et al., 1997; Brunke and Gonser, 1997; Dahm, et al., 1998;
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Dent et al., 2001). For example, Holmes, et al. (1998) demonstrated that the stream
chemistry returns to pre-event values and microbial communities become active after a
flood wave recedes. Algal uptake, bacterial respiration, adsorption, and upwelling
groundwater can all cause nutrient concentrations to fluctuate, therefore spatial variation
in nutrient concentrations can be used to infer the biogeochemical transformations,
physical mechanisms, or hydrological interactions that are occurring as water travels
down gradient.
Nutrient and solute concentrations in stream ecosystems are related to the
characteristics of the watershed (e.g. Aiken and Cotsaris, 1995; Boyer, et al., 2000;
Findlay et al., 2001; Aryal, et al., 2003). However, as described above, arid and semiarid regions throughout the world are experiencing substantial population growth and
consequently urban expansion, which ultimately alters the characteristics of the
watershed (e.g. Butturini and Sabater, 1996; Stromberg, et al., 1996; Parks and Baker,
1997; Westerhoff and Anning, 2000). One of the most obvious changes is the conversion
of the natural landscape to agricultural or residential land uses (Findlay, et al., 2001),
which can cause excess nutrient loading and sedimentation (Allan, et. al, 1997).
Agricultural and urban development in semi-arid regions also leads to groundwater
depletion and stream dewatering causing shallow water tables to drop, perennial streams
to run dry, and riparian vegetation to disappear (Stromberg, et al., 1996; Snyder and
Williams, 2000). The upper San Pedro River corridor supports a healthy and diverse
riparian habitat, but localized pumping and regional groundwater declines threaten this
unique area (Stromberg, et al., 1996). Protection can be accomplished through the
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coordination of science, planning, community involvement, and effective management
practices. Determining how stream characteristics and changing land use influence
nutrient variability is essential to understanding the functional aspects and metabolism of
the San Pedro River and other semi-arid streams.
The purpose of this study is to examine the effects of land use and regional
hydrology on the surface water quality of the upper San Pedro River during both
monsoon and non-monsoon baseflow periods. Many investigations have occurred at sitespecific locations along the upper San Pedro River, but this was the first investigation
that focused on surface water quality in between floods at a larger, regional scale. We
hypothesized that the local, near-stream environment would have a larger impact on
surface water nutrient concentrations during the dry season because of decreased
discharge, longer residence times, and limited hydrologic connectivity. Conversely, we
hypothesized that regional characteristics such as land cover and soil texture would have
more of an impact on surface water chemistry during the monsoon season because of the
hydrologic connectivity associated with an increase in discharge and because of the
overland flow related to intense monsoon activity.

1.1 Study Site Description
The San Pedro River is characterized as a semi-arid, high-desert valley, which is
located in northeastern Sonora, Mexico and southeastern Arizona, USA {Figure 1). It
flows northward approximately 225 kilometers from its headwaters in Cananea, Mexico
to its confluence with the Gila River in central Arizona. This study was conducted in the
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upper San Pedro Basin, from the international boundary with Mexico to about 95
kilometers north near Benson, Arizona. This section of the river was chosen because it
contains a variety of hydrologic conditions and land cover characteristics. The river in
this region is mostly perennial in the upper reaches and mostly ephemeral in the lower
reaches. The approximate transition zone is near the abandoned settlement of Fairbank
on Highway 82. The landscape along this stretch also transitions from semi-desert
grassland to desert scrub and has an assortment of land uses including agricultural, urban,
and federally-protected habitat.
The basin is bordered by mountain ranges and divided by a narrow riparian
corridor (Figure 1). The mountain ranges vary in elevation from 1500 meters to 3000
meters with their drainage focused into the San Pedro River valley (Putman, 1988;
Huckleberry, 1996). The valley and portions of its tributaries consist mainly of Holocene
alluvium surrounded by basin fill. Baseflow is supplied by the surface discharge of
groundwater that flows from the regional aquifer and varies spatially due to regional
geology and temporally due to anthropogenic and vegetative demands during different
seasons (Pool and Goes, 1999).
Streamflow and shallow groundwater support a narrow and diverse riparian
corridor. Regional phreatophytes found within this corridor include the Fremont
Cottonwood (Populus fremontii) and Goodding willow {Salix gooddingii). Mesquite trees
(Prosposis velutina) also grow along higher terraces on either side of the river.
Vegetation in the upland regions varies due to elevation and consists of Ghihuahuan
desert scrub, semi-desert grassland, oak savannah, and ponderosa pine forests {Figure 2).
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The basin supports a wide diversity of desert wildlife and migratory birds, including
several federally-listed endangered species (Pool and Goes, 1999; Goode and Maddock,
2000; Jimerfield, 2003).

1.2 Thesis Format
The format of this thesis is defined by the University of Arizona Graduate College's
Manual for Theses and Dissertations and is, therefore, subject to repetition. It includes
an introductory chapter describing the uniqueness and relevance of this research, a
chapter on the Present Study that briefly summarizes the findings of the manuscript
included in Appendix A and discusses the conclusions and implications of these findings.
Appendix A is a scientific manuscript on the effects of land use and regional hydrology
on the surface water quality of the San Pedro River, Arizona, USA and is planned for
submission to the journal Biogeochemistry. The manuscript succinctly reiterates the
introduction, conclusions, and implications presented in the body of this thesis, but it also
includes chapters that describe the methods and discuss the results of my research. The
manuscript addresses the following questions:
1)

How does the spatial variation in surface water nutrient concentrations during
baseflow change over time?

2)

Are the increases and decreases in surface water nutrient concentrations
correlated to watershed characteristics?

3) Do reaches behave similarly in terms of net nutrient processing (i.e. source or
sink)?
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2. PRESENT STUDY

The methods, results, and conclusions of this study are presented in the
manuscript, "The effects of land use and regional hydrology on surface water quality in
the upper San Pedro River, AZ, USA," Appendix A. The following is a summary of the
most important findings in this paper.

2.1 Present Study
This paper describes the influence of land use and regional hydrology on the
spatial and temporal variations of nutrient concentrations. The main objectives were to
describe the spatial and temporal variations of surface water nutrient concentrations along
a 95-km stretch of the upper San Pedro River during baseflow conditions. In addition,
nutrient loads were examined to determine if variations in nutrient concentrations and
transport were correlated to reach and/or watershed characteristics.
Surface water samples were collected at seventeen locations along a 95-km
stretch of the upper San Pedro River in southeastern Arizona, USA. Six sjmoptic
sampling events were performed before, during, and after the 2002 monsoon. Samples
during the pre- and post-monsoon season were collected only if flowing water was
present to diminish the influence of ponding or stagnancy. Samples during the monsoon
were collected only during periods of elevated baseflow between summer floods to
eliminate the effect of floodwater on stream chemistry. The samples were analyzed for
conservative solutes, dissolved nutrients, and organic matter to determine the effects of
reach characteristics on stream water chemistry.
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Baseflow during the non-monsoon season was supplied by the surface discharge
of groundwater from the regional aquifer. Downstream patterns in chloride
concentrations during this time period indicated repeating patterns of strong
evapoconcentration gradients followed by new groundwater inputs suggesting limited
solute transport between the upper, middle, and lower regions. Dry season carbon
sources were mostly autochthonous and the solute data suggested that local land use and
the immediate riparian corridor were important controls on the nutrient dynamics at the
reach scale with protected reaches having significantly higher DOC concentrations and
agricultural reaches having significantly higher DON and NO3-N concentrations. The
low flow and intermittent nature of the river during the non-monsoon season resulted in
the accumulation of solutes where they entered the stream-riparian system.
In contrast to the dry season, stream flow during the monsoon season was a
combination of overland flow, subsurface flow, and groundwater flow. Less variable and
diminished chloride concentrations during the monsoon season indicated the entire 95kilometer stretch was hydrologically linked. Sources of organic matter identified both
higher concentrations and a higher percentage of allochthonous material as terrestrially
derived solutes were flushed during monsoon precipitation. Early season floods were
responsible for the initial mixing of solutes from the upland areas and nutrient
concentrations revealed a well-mixed system by the middle of August. Even though the
system appeared well-mixed and hydrologically connected later in the season, nutrient
loads were variable between reaches. Vegetation changes (natural or anthropogenic).
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bank drainage, soil flushing, and hydrologic exchange rates all seemed to be important
influences on the nutrient dynamics at the reach scale.
As the monsoon season ended, hydrologic and biogeochemical connectivity was
broken and solute concentrations began to reflect more localized sources, similar to the
pattern observed in pre-monsoon baseflow demonstrating the potential of the San Pedro
River to recover from rapid changes in flow regime and alternating sources of organic
matter. This research also indicates that the increase in discharge associated with
monsoon precipitation connects previously isolated stream reaches not only during the
flood event, but also during baseflow between floods.

2.2 Conclusions and Implications
2.2.1

Context for Research

As Edward Abbey once said, "Nowhere is water more beautiful than in a desert
because nowhere else is it as scarce." In western states water is at a premium because
water resources are over-allocated, over-drafted, and contingent on the competition
between humans and the environment. Water of acceptable quality is becoming harder to
find because of the overuse of this limited resource. Some of the most rapidly developing
states are found in the semi-arid southwest and communities in arid and semi-arid regions
are trying to secure future water supplies through a variety of management practices.
Many places are coming to realize the importance of riparian areas to a clean and
robust water supply. In the U.S., instream flow rights have been used to establish
required minimum discharges for sustaining stream-riparian ecosystems, but often these
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rights are junior to other allocations. Another complication with instream flow regimes
in semi-arid systems is that often the minimum requirements to maintain the riparian
ecosystem are unknown because rivers and streams in these regions are fundamentally
different from their mesic counterparts and linkages between the upland regions, riparian
zones, and stream channel are not quantified. Presently, many water managers, decision
makers, scientists, and citizens are trying to balance environmental and economic
incentives with the social values of their communities. Understanding how the streamriparian system interacts with a changing landscape is an essential component of
identifying the baseline sustainability of these environments.
The San Pedro watershed in southeastern Arizona is classic example of a location
where a limited amount of water is in demand for both human and natural systems. River
discharge is highly seasonal; summer precipitation is flashy with short, very intense, and
relatively local monsoon storms delivering up to 70% of the annual rainfall in the basin
(Bahre, 1991), however throughout most of the year precipitation is negligible and the
basin remains water limited. Recent research has demonstrated the importance of
episodic hydrologic transport events in semi-arid river systems (Jones, et al., 1996;
Butturini and Sabater, 2000; Haas, 2003; Huth, 2003) with the majority of the nutrient
mass flux occurring during monsoon flood events. This investigation expands upon
previous findings providing a comprehensive analysis of the spatial heterogeneity of
water quality in the San Pedro River as it is related to the seasonal variability of
hydrology and the spatial variability of landcover.
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2.2.2

Seasonal Controls on Hydrology and Water Quality

Synoptic sampling during a 4-month period quantified several significant differences
between the one-month monsoon season and the remainder of the year. Baseflow during
the non-monsoon season was supplied only by the surface discharge of groundwater from
the regional aquifer. Downstream trends in chloride concentrations during the dry season
indicated repeating patterns of strong evapoconcentration gradients followed by new
groundwater inputs, which signified three distinct hydrologic regions of similar length
along the extent of the river. The river was functioning like three different systems
during the dry season with very limited water and solute transport between the upper,
middle, and lower sections. The low flow and disconnected nature of the river during the
dry season inhibited the transport of nutrients downstream causing potentially large,
mobile nutrient pools to accumulate where they entered the stream-riparian system.
In contrast to the dry season, stream flow during the monsoon season was a
combination of overland flow, subsurface flow, and groundwater flow with surface water
contributions ranging from 48% to 96%. The contribution of surface water and interflow
had significant implications for water quality either diluting or concentrating nutrient
levels with varying proportions of surface and groundwater. Low variability in chloride
concentrations during this time period indicated that the entire 95-km stretch was
hydrologically linked. Nutrient concentrations increased throughout the region as
terrestrially derived solutes were flushed into the stream by monsoon precipitation. In
addition, nutrient loads were variable across reaches and regions even though the system
was hydrologically linked at this time implying that hydrologic exchange rates between
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the riparian, parafluvial, hyporheic, and stream systems may enhance biogeochemical
processes or physical mechanisms, thus altering the concentration and composition of
nutrients in the stream. As the monsoon season ended, hydrologic and biogeochemical
connectivity was broken and solute concentrations began to reflect more localized
sources, similar to the pattern observed in pre-monsoon baseflow demonstrating the
potential of the San Pedro River to adjust to rapid changes in flow regime and alternating
sources of organic matter.
The highest and most variable nutrient concentrations were observed at the
beginning of the monsoon season signifying that the first floods were responsible for the
initial mixing of solutes. Fluorescence ratios indicated a pulse of terrestrially derived
organic matter in surface water suggesting that dry antecedent conditions allowed organic
matter and solutes to accumulate in the regional landscape that subsequently were flushed
to the stream during this time. The shift in organic matter concentrations and
characteristics may supply energy sources to support a diverse community of organisms
(Holmes, et al., 1998; Westerhoff and Anning, 2000). However, as the monsoon season
progressed, fewer and fewer solutes were available to be flushed for the first time and
solute concentrations in the stream became less variable. After two weeks of monsoon
activity solute concentrations indicated a well-mixed system.

2.2.3

Landscape Effects on Water Quality

Land use adjacent to the stream was an important indicator of the overall water
quality during the non-monsoon season whereas regional characteristics of the watershed
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were more important to the overall nutrient loads during the monsoon season. Some of
the major findings are as follows:
Non-Monsoon Season
• DOC concentrations were significantly higher in conservation reaches
• DON and NO3-N values were significantly higher in agricultural reaches
Monsoon Season
• Nutrient load patterns were consistent with concentrations
• Nutrient loads were variable at the reach (1-lOkm) and segment (3040km) scales
DOC concentrations were relatively low during the dry season but were consistent with
other findings for baseflow conditions in desert streams (Jones, et al., 1996; Parks and
Baker, 1997; Westerhoff and Anning, 2000). The DOC concentrations along
conservation reaches were significantly higher than those found in urban and agricultural
reaches, however the differences between the urban and conservation reaches may have
been a product of the hydrological flowpaths in the stream channel as opposed to any
direct influence from urban centers in the San Pedro Basin. In this study, the urban
reaches were located in an area of known upwelling whereas the areas in SPRNCA
alternated between gaining and losing reaches (Figure 2). Westerhoff and Anning (2000)
studied the influence of urbanization on several river systems in Arizona and found that
perennial sites had lower DOC concentrations than intermittent sites, consistent with the
findings in this paper. They also found that urban infrastructure probably supports
processes that increase DOC levels. Most likely, the influence of Sierra Vista, Fort
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Huachuca, and Benson was not apparent in the surface water chemistry of the San Pedro
River because there was no transport mechanism between the urban centers and the
stream during the dry season.
Both organic and inorganic nitrogen concentrations within agricultural reaches
were significantly higher than those found in urban and conservation reaches implying
that even under dry conditions the excess nitrogen applied to agricultural fields was being
transported to the river system through runoff and/or soil flushing. The low flow
conditions during the dry season inhibited the transfer of nitrogen downstream causing it
to accumulate where it was deposited in the stream. This study suggests that agricultural
reaches were not limited by nitrate because although the nitrate concentrations were
relatively high within these reaches, the DOC concentrations remained low. The results
from this study suggest that the adjacent land use may influence the in-steam processing
and nutrient dynamics of the river during the dry season if there is a transport mechanism
that connects the hillslopes to the stream system.
Regional characteristics of the watershed were more important to the overall
nutrient loads during the monsoon season. Nutrient loads were variable at the reach scale
and changed dramatically at the transition zone between the upper and middle regions
even though chloride concentrations showed that these two regions were hydrologically
connected. The unit area load of DOC increased with discharge along the upper region
and then remained steady along the middle region suggesting that either DOC was being
consumed, altered, or immobilized as it traveled downstream or that there was
considerably less DOC to be flushed from this region. In addition, the unit area load of
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DON noticeably increased where the landscape transitioned from a grassland habitat to a
desertscrub-mesquite habitat and the NO3 load increased near agricultural settings
demonstrating the influence of landcover on nutrient availability. These findings suggest
that shifts in surface-groundwater exchange rates, soil properties, regional vegetation, or
land use may change the composition and concentration of DOM in the catchment, thus
altering nutrient availability and modifying the functioning of the stream-riparian system.

2.2.4

Management Implications in a Changing Environment

Several important management implications have been identified by this research.
First, hydrology drives the system and seasonal variations in hydrologic flowpaths
dramatically impact the nutrient availability in the river. During the dry season, the
stream was fundamentally three unique and hydrologically distinct systems with very
limited nutrient exchange. In contrast, monsoon precipitation connected the previously
isolated systems not only during the flood event but also during baseflow between floods.
Second, both local and regional landcovers affect nutrient availability in the stream
depending on the season. Stream chemistry was influenced by the adjacent land use
during the dry season and by more regional landscape characteristics such as soil
properties, regional vegetation, and land use during the monsoon season. For these
reasons, water managers should consider local influences during the dry season and
regional characteristics during the monsoon season.
The population in the upper San Pedro Basin is expected to increase which will
only place increasing demands on groundwater for municipal and private reserves.
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Groundwater depletion is associated with water table declines, stream dewatering, and
the disappearance of riparian vegetation (Stromberg, et al., 1996; Snyder and Williams,
2000). Since groundwater supplies 100% of the baseflow for the majority of the year it
can only be reasoned that excess pumping will have detrimental effects and may result in
a more fragmented and disconnected system. If the system becomes more fragmented the
distance that water and solutes can travel will be reduced and the length of river over
which nutrients can be processed will decrease. This may cause very localized,
concentrated loading where nutrients (and pollutants) enter the stream-riparian system
and could reduce the ability of the riparian zone to act as a buffer against pollution.
One proposed solution to a declining water table is to divert flood flow into
detention basins for the purpose of recharging the regional aquifer, however this plan
does not consider the importance of the nutrient loads carried with the floodwaters and
delivered to the riparian corridor. This study has demonstrated that during the monsoon
season the amount of surface water (overland flow and interflow) contributing to stream
flow varies between reaches, but surface water consistently delivers 95-99.5% of the instream nutrient load during this time period. A 10% diversion of surface water evenly
distributed throughout the catchment would result in approximately a 10% reduction in
nutrient load being delivered to the riparian corridor and a 5-9% reduction in monsoon
discharge. Because different land uses contribute relatively more or less nutrients per
unit area, retention basins can be located to maximize or minimize the change in nutrient
loading to the stream. For example, in the intact riparian corridor (i.e. SPRNCA)
nitrogen that was delivered to the stream was cycled, processed, and rapidly removed.
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The surface water load along this region fluctuated from positive to negative values in
relatively short distances indicating that the intact riparian corridor is a nitrogen-limited
system. Marler, et al. (2001) found that both native (Fremont Cottonwood and Goodding
Willow) and exotic (Saltcedar) riparian species respond positively to nutrient enrichment
under conditions of minimal or no water stress with cottonwood and willow seedlings
outperforming the exotic saltcedar seedlings when NO3-N concentrations were below
3.85 mg r\ A retention basin in this region would decrease the amount of nitrogen and
water being delivered to the stream with unknown consequences to the growth and
competitive success of native riparian species. Conversely, agricultural reaches with
discontinuous riparian habitat showed an increase in nitrate load as water traveled
downstream signifying that the system along these reaches is not nitrogen-limited.
Recharge structures located in agricultural landscapes will result in relatively less nitrate
being delivered to the stream but may not have detrimental impacts because the system is
not nitrogen-limited in these regions.
Another proposed solution to a declining water table is the retirement of
agricultural fields. If this land is converted to ranchette style housing developments as is
occurring in many areas of Arizona, this study indicates that an urban landscape could
result in a 130-145% increase in nitrate-N loading during the monsoon season. The
retirement of agriculture will also reduce water demands and potentially increase surface
discharge in the San Pedro River. An increase in nitrate-N load due to urbanization
coupled with an increase in discharge may produce no net change in surface water nitrate
concentrations. Conversely, if agricultural lands were retired and converted to intact
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riparian corridors similar to SPRNCA, one would expect the amount of nitrogen to
decrease. Based on my results, this type of conversion will reduce the nitrate-N load by
V3 to V2 during the monsoon season. A decrease in nitrate-N load coupled with an
increase in discharge may noticeably lower surface water nitrate concentrations.
Similarly, if agricultural lands were converted to managed rangeland nitrogen loading
would decrease provided the mesquite invasion is controlled.
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Abstract; The purpose of this study is to examine the effects of land use and regional
hydrology on the surface water quality of the upper San Pedro River, AZ, USA during
low flow conditions. Six synoptic sampling events were performed along the upper San
Pedro River before, during, and after the 2002 monsoon season. Water samples were
analyzed for conservative chemical tracers, nutrients, and organic matter to determine the
effects of reach characteristics on water chemistry. During pre- and post-monsoon
baseflow periods conservative tracers indicated limited solute transport between the
upper, middle, and downstream regions with protected reaches having significantly
higher DOC concentrations and agricultural reaches having significantly higher dissolved
organic and inorganic nitrogen levels. In addition, sources of organic matter were more
autochthonous during the dry season. In contrast, solute concentrations during the
monsoon season indicated the entire 95-kilometer stretch was hydrologically linked.
DOM and inorganic nitrogen concentrations increased throughout the upper San Pedro
River as terrestrially derived solutes were flushed into the stream by monsoon
precipitation. However, nutrient loads were variable between reaches suggesting that
hydrologic exchange rates, land cover, and soil characteristics were important influences
at the reach scale. This research indicates that variations in land cover and hydrologic
flowpaths affect surface water quality and alter the net nutrient processing within the
stream.

Key Words: semi-arid, stream chemistry, synoptic sampling, land use, spatial
variability, mixing model, nutrient loading
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Introduction

Headwater and smaller, low-flow streams rely on adjacent systems to supply and
deliver nutrients, in particular carbon and nitrogen, to the stream system. In semi-arid
climates, however, the stream-riparian system is often hydrologically disconnected from
the adjacent hillslopes and uplands for most of the year. Rivers and streams in these
regions depend upon intense, episodic rainfall events and local floods to connect these
isolated systems. Research has acknowledged the importance of floodwater in the
delivery and exchange of nutrients and energy between streams and the neighboring
landscape (e.g. Holmes, et al., 1998; Tockner, et al., 1999; Butturini and Sabater, 2000),
but improving our understanding about the chemical and biological processes that occur
both spatially and temporally at the scale of the river in semi-arid and arid regions is
critical for effective water resource management.
Desert streams in the southwestern U.S. are characterized by extremes in both the
magnitude and variance of discharge. Precipitation during the monsoon season occurs in
short, very intense, and highly localized bursts that result in flash flooding.

Rapid

changes in hydrologic flowpaths control the exchange of nutrients, solutes, and sediments
by transporting these materials downstream and depositing them within the active
channel. Recent studies have shown the importance of nutrient flushing in monsoon(e.g. Jones, et al., 1996; Butturini and Sabater, 2000; Haas, 2003; Huth, 2003) and
snowmelt-dominated (e.g. Boyer, et al., 1997; Boyer, et al., 2000; Carey, 2003) basins,
with the majority of the nutrient mass flux occurring during monsoonal flood events or
spring snowmelt. The combination of extreme hydrology and rapid redistribution of
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nutrients has been used to study the effect of disturbance (i.e. flash flooding) on stream
processes, but these same characteristics also offer a unique opportunity to study the
influence of low-flow conditions on the nutrient dynamics of lotic systems.
In addition to hydrology, biological and chemical transformations also affect the
production, distribution, and transport of nutrients (Boyer, et al., 2000). Flowing water
often carries the transformed products away from their place of origin, however during
low flow conditions limited hydrologic connectivity between the upland regions, riparian
zone, and stream channel could allow potentially large, mobile nutrient pools to
accumulate within the system (Homberger et al. 1994; Parks and Baker, 1997; Huth
2003). Various processes, such as surface water-groundwater exchange rates, residence
times of the water in the catchment, and biotic activity can control whether a reach acts as
a source or a sink for a particular nutrient (Boyer, et al., 1997; Brunke and Gonser, 1997;
Dahm, et al., 1998; Dent et al., 2001). Algal uptake, bacterial respiration, adsorption, and
upwelling groundwater can all cause nutrient concentrations to fluctuate, therefore spatial
variation in nutrient concentrations can be used to infer the biogeochemical
transformations, physical mechanisms, or hydrological interactions that are occurring as
water travels down gradient.
Nutrient and solute concentrations in many steam ecosystems are related to the
characteristics of the watershed (Heiny and Tate, 1992; Aiken and Cotsaris, 1995; Boyer,
et al., 2000; Snyder and Williams, 2000; Findlay et al., 2001; Aryal, et al., 2003). Arid
and semi-arid regions throughout the world are experiencing substantial population
growth and consequently urban expansion, which ultimately alters the characteristics of
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the watershed (Butturini and Sabater, 1996; Stromberg, et al., 1996; Parks and Baker,
1997; Steiner, et al., 2000; Westerhoff and Anning, 2000). One of the most obvious
changes is the conversion of the natural landscape to agricultural or residential land uses
(Findlay, et al., 2001), which can cause excess nutrient loading and sedimentation (Allan,
et. al, 1997). Agricultural and urban development in semi-arid regions also leads to
groundwater depletion and stream dewatering causing shallow water tables to drop,
perennial streams to run dry, and riparian vegetation to disappear (Stromberg, et al.,
1996; Snyder and Williams, 2000). The upper San Pedro River corridor supports a
healthy and diverse riparian habitat, but localized pumping and regional groundwater
declines threaten this unique area (Stromberg, et al., 1996). Protection can be
accomplished through the coordination of science, planning, community involvement,
and effective management practices. Determining how stream characteristics and
changing land use influence nutrient variability is essential to understanding the
functional aspects and metabolism of the San Pedro River and other semi-arid streams.
The purpose of this study is to examine the effects of land use and regional
hydrology on the water quality of the upper San Pedro River during low flow conditions.
We hypothesized that the local, near-stream environment would have a larger impact on
surface water nutrient concentrations during the dry season because of decreased
discharge, longer residence times, and limited hydrologic connectivity. Conversely, we
hypothesized that regional characteristics such as land cover and soil texture would have
more of an impact on surface water chemistry during the monsoon season because of the
hydrologic connectivity associated with an increase in discharge and because of the
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overland flow related to intense monsoon activity. Specific research questions include: i)
how does the spatial variation in surface water nutrient concentrations during baseflow
change over time, ii) are the increases and decreases in surface water nutrient
concentrations correlated to watershed characteristics, and iii) do reaches behave
similarly in terms of net nutrient processing (i.e. source or sink)?

Site Description

The San Pedro River is located in northeastern Sonora, Mexico and southeastern
Arizona, USA {Figure 1). It flows northward approximately 225 kilometers from its
headwaters in Cananea, Mexico to its confluence with the Gila River in central Arizona.
This study was conducted in the upper San Pedro Basin, from the international boundary
with Mexico to about 95 kilometers north near Benson, Arizona. This section of the river
was chosen because it contains a variety of hydrologic conditions and land cover
characteristics. The river in this region is mostly perennial in the upper reaches and
mostly ephemeral in the lower reaches with the approximate transition zone located near
the abandoned settlement of Fairbank along Highway 82. The landscape along this
stretch also transitions from semi-desert grassland to desert scrub and has an assortment
of land uses including agricultural, urban, and federally-protected habitat {Table 1).
The basin is characterized as a semi-arid, high-desert valley with temperatures
ranging from a maximum above 38 °C during the summer months to a minimum that is
below freezing during winter. Precipitation in the basin ranges from 22.5 to 62.5
centimeters per year, depending on the elevation (ADWR, 1991; Bahre, 1991).
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Precipitation patterns are bimodal with summer and winter rains interrupted by spring
and fall dry seasons. Summer precipitation (July-September) occurs in short, high
intensity, local monsoon storms that can deliver up to 70% of the annual precipitation
within the basin. In contrast, winter precipitation peaks in December and January and
delivers steady, regionally extensive rainfall events (Bahre, 1991).
The basin is bordered by mountain ranges and divided by a narrow riparian
corridor (Figure 1). The mountain ranges vary in elevation from 1500 meters to 3000
meters with their drainage focused into the San Pedro River valley (Putman, et al., 1988;
Huckleberry, 1996). The valley and portions of its tributaries consist mainly of Holocene
alluvium surrounded by basin fill (terrace deposits).
The San Pedro River is perennial in many southern reaches and becomes
increasingly intermittent as it flows northward towards Benson (Figure 1). The majority
of tributary streams are ephemeral except for the Babocomari River, which is perennial
near Sierra Vista, Arizona. Baseflow is supplied by the surface discharge of groundwater
that flows from the regional aquifer and varies spatially due to regional geology and
temporally due to anthropogenic and vegetative demands during different seasons (Pool
and Goes, 1999).
Streamflow and shallow groundwater support a narrow and diverse riparian
corridor. Regional phreatophytes found within this corridor include the Fremont
Cottonwood (Populus fremontii) and Goodding willow (Salix gooddingii). Mesquite trees
(Prosposis velutina) also grow along higher terraces on either side of the river.
Vegetation in the upland regions varies due to elevation and consists of Chihuahuan
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desert scrub, semi-desert grassland, oak savannah, and ponderosa pine forests {Figure 2).
The basin supports a wide diversity of wildlife that includes more than 100 species of
breeding birds, 250 species of migratory birds, 83 species of mammals, 65 species of
reptiles and amphibians, 180 species of butterflies, and several federally-listed
endangered species (Pool and Goes, 1999; Goode and Maddock, 2000; Jimerfield, 2003).
The biological diversity of the upper San Pedro riparian area led to its designation by the
United States Congress as the San Pedro Riparian National Conservation Area
(SPRNCA) in 1988. SPRNCA is currently protected and managed by the Bureau of
Land Management (Pool and Goes, 1999; Goode and Maddock, 2000).

Methods
Site Selection
Sampling sites were chosen based on landscape characteristics that might
influence stream chemistry. Six characteristics were chosen as possible influences,
which included reach hydrology (i.e. gaining or losing reach), stream discharge, substrate
type, riparian vegetation, upland vegetation, and land use. A groundwater model
developed by Goode and Maddock (2000) was used to determine the reach hydrology.
The spatial data was acquired using the San Pedro River Basin Spatial Data Archive and
the San Pedro River Geo-Data Browser and Assessment Tools. The U.S. Department of
Agriculture-Agricultural Research Service and the U.S. Environmental Protection
Agency developed these archives to provide researchers and land use planners with data
on the physical and social characteristics of the San Pedro River basin
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(www.epa.gov/nerlesdl/land-sci/san-pedro.htni. Kepner, et al., 2003). Stream discharge
was obtained from three United States Geological Survey (USGS) stream gages located
along the upper San Pedro River that include Palominas, Charleston, and Tombstone.
Seventeen distinctive reaches were identified from the Mexican border to the city
of Benson. Unique sampling sites were established by comparing the six landscape
characteristics described above. Any time that one or more of the characteristics
changed along the length of the upper San Pedro River, a new sampling reach was
established. Individual sampling points were located at the downstream end of each
reach. A handheld global positioning system (GPS) was used to verify the coordinates of
each site {Table 2).
A GIS-based hydrologic modeling tool known as AGWA (Automated Geospatial
Watershed Assessment) was used to delineate the upper San Pedro watershed into
seventeen sub-watersheds by integrating the outlet point locations into a regional digital
elevation model (cf. Figure 19 in Lemon, Thesis, 2004). See Hernandez et al. (2000) for
a more detailed description of AGWA. Once the watershed was delineated, the total land
area in each sub-catchment and the total potential contributing source area were
calculated based on a 30 x 30 m cell size.

Water Samvle Collection and Analysis
Surface water samples were collected at the seventeen locations described above
between June 11*^ and October 19^*, 2002, encompassing the pre-monsoon season
baseflow, the elevated discharge associated with the monsoon season, and the return to
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baseflow conditions after the monsoon season ended. Samples during the pre- and postmonsoon season were collected only if flowing water was present to diminish the
influence of ponding or stagnancy. Samples during the monsoon were collected only
during periods of elevated baseflow between summer floods to eliminate the effect of
floodwater on stream chemistry. We collected twenty-five water samples prior to the
monsoon season between June 27 and July 22. Two complete synoptic samplings (n=17)
of surface water were performed during the 2002 monsoon season on July 29-Aug 1
(immediately after the first major flood) and on Aug 12-14 (after continued flood
activity). We collected three more series of samples after the monsoon season ended; 13
samples were collected between August 31 and September 1, eleven samples between
September 20 and 21, and nine samples between October 18 and 19.
Raw water samples were collected in a 1-liter amber glass bottle and filtered
through a pre-combusted (500 °C, 4 hours) Whatman GF/F (0.7 )U,m) glass microfiber
filter using a hand operated vacuum pump attached to a 500 mL Nalgene filter holder and
receiver. The sample was transferred to a pre-combusted, 250 mL amber glass bottle and
was placed on ice until return to the lab. During the monsoon season, it was necessary to
pre-filter the sample through a Whatman GF/D (2.7 |Lim) glass microfiber filter prior to
filtering the sample through the Whatman GF/F filter. Upon return to the lab, water
samples were kept refrigerated between 4 °C and 8 °C until the time of analysis.
Water samples were analyzed for dissolved organic carbon (DOC) and total
dissolved nitrogen (TDN) using the high temperature combustion oxidation (HTCO)
method (Cauwet, 1999) on a Shimadzu TOC-5050(A) Total Organic Carbon Analyzer
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and an Antek 9000 Total Nitrogen Analyzer, respectively. All samples were run with
multiple standards and blanks (Milli-Q deionized water) interspersed within the sample
run. Water samples taken during the monsoon season (August 12-14, 2002) were also
analyzed for

on a Finnigan Delta S mass spectrometer using the CO2 equilibration

method (Craig, 1957; Coplen, 1995).
The source of dissolved organic matter (DOM) was analyzed using a modification
of the method described by McKnight et al. (2001) using filtered, whole water samples.
Analysis was performed using a Hitachi-F-3010 fluorescence spectrophotometer by
subjecting the water samples to an excitation wavelength of 370rim and recording the
emission intensities at 450rim and 500rim. Each sample was run in triplicate yielding a
Fluorescence Index (FI) value calculated from the average ratio of the emission
intensities at 450rim and 500rim. Suwannee River fulvic acid was used to calibrate the
instrument.
Nitrate and chloride were analyzed using a Dionex Ion Chromatograph with an
EG-40 eluent generator and CD-25 conductivity detector. Sodium nitrate and sodium
chloride were used, respectively, as anion standards for these analyses. Both standards
and blanks (Milli-Q deionized water) were interspersed within the sample run. Nitrate
concentrations were used to calculate the dissolved inorganic nitrogen (DIN).
Ammonium remains at or below detection limits (0.005 mg 1"^) in the San Pedro River

and similar desert streams of the region and was not measured (Fisher et al., 1982;
Grimm and Fisher, 1986; Holmes et al., 1996; Holmes et al., 1998; Huth, personal
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communication). Dissolved organic nitrogen (DON) was calculated by subtracting DIN
from TDN.

Mixing Models
During the dry season, spatial patterns in stream chemistry data suggested regions
of high groundwater input indicating the potential for discrete, disconnected flow regimes
in each region. Chloride concentrations were used as an indicator of hydrologic
connectivity during low flow and the following mixing model was applied to quantify the
hydrologic connectivity between different regions of the stream during the non-monsoon:

Qup = Q s X -

(C3-C,J

where Qs is the discharge at the downstream site, Cs is the chloride concentration in the
stream at the downstream site, Cgw is the average groundwater chloride concentration,
and Cup is the chloride concentration in the stream at the upstream site. Kilometer 29.6
was used as the upstream location and kilometer 33.2 was used as the downstream
location. The proportion of upstream water contributing to discharge at the downstream
site was calculated using an average groundwater chloride concentration of 7.5 mg l '
(Pool and Coes, 1999).
During elevated monsoon baseflow,

was used to separate between

groundwater, surface water (i.e. overland flow and bank drainage) and precipitation
inputs using the following equation:
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where %GW is the proportion of groundwater contributing to discharge, Q is discharge,
and the subscripts s, gw, and p represent stream water, groundwater, and summer
precipitation, respectively. Groundwater

and precipitation

were used as the

two end-members in the mixing model. Pool and Goes (1999) provided an average
groundwater

value of -7.9 %o and Huth (2003) calculated an average summer

precipitation

value of -5.0 %o based on measurements made in the San Pedro Basin.

The surface water contribution to stream discharge (i.e. overland flow and bank drainage)
was calculated by subtracting the %GW from 1, or 100%.

Nutrient Load Calculations
Nutrient loads were calculated for the August 12-14 synoptic sampling event
because the water samples collected during this time period were the only samples that
were analyzed for 5*^0. The total nutrient load at each sample site was calculated by
multiplying the nutrient concentration at the sampling point by the predicted discharge at
that location. The elevated monsoon baseflow at each of our sample sites was
extrapolated from a linear regression analysis of the recorded discharge at the three
USGS gaging stations versus the distance of each stream gage along the river corridor
'J

(R =0.81). Discharge could only be determined from the Mexican border (km 0.7) to
Fairbank (km 60.8) since the downstream region after the Tombstone stream gage was
ungauged.
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The nutrient load (Kg/day) due to groundwater discharge was calculated using the
following equation:
LOAD,. =[X]^.X%GW,XQ,
where [ X ]gw is the average groundwater concentration of DOC, DON, or NO3-N; %GWi
is the percent groundwater contributing to discharge at the sampling location (calculated
from the 5'^0 mixing model described in the previous section); and Qi is the surface
discharge at the sample site (calculated from the regression analysis). Average
groundwater concentrations of 0.50 mg 1"^ and 0.03 mg 1"' were used for DOC and NO3N, respectively (Pool and Coes 1999, Huth 2003). The average groundwater DON
concentration used in the load calculations was 0.01 mg 1'^ and was determined by
dividing the average DOC concentration in groundwater by the average C : N ratio (50:1)
along the study region.
The nutrient load due to surface water (i.e. overland flow and interflow) was
determined using the following equation:
LOAD^w — LOAD7 - LOADgw
where the subscripts sw, T, and gw refer to surface water, total load, and groundwater,
respectively. The nutrient load due to surface water was then normalized to determine:
1. the relative, incremental nutrient contributions along each reach, and
2. the nutrient load per unit area of the watershed at each sampling point.
Incremental surface water inputs per kilometer were calculated using the following
equation:

52

Reach Load (kg km May

=

(LOAD^ -LOAD„p)
Adistance (km)

where the subscripts dn and up refer to downstream and upstream, respectively, and
Adistance is the river distance between the upstream and downstream sampling points.
The nutrient load per unit area was computed using the following:

Unit Area Load(kgkm"^day ') =

where the subscript

LOAD
Total Drainage Area

refers to surface water. Incremental surface inputs as well as unit

area loads were determined for DOC, DON, NO3-N, and total nitrogen.

Results
Non-Monsoon
Flow Regime
Three USGS stream gages provided discharge information at different points
along the upper San Pedro River. The mean daily discharge during this time period for
each USGS stream gage is given in Table 3. The yearly average is taken from 72 years
of data at the Palominas gage, 98 years of data at the Charleston gage, and 35 years of
data at the Tombstone gage. The seasonal mean discharges were calculated only during
the study period from June 27-October 19, 2002. Intense summer rains skew the yearly
mean discharge {Figure 3), however precipitation during the 2001-2002 hydrologic year
was drier than normal in Cochise County, AZ and rainfall during the 2002 monsoon
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season was below average in the San Pedro Basin creating unusually low flows during
the dry season (http://waterdata.usgs.gov/az/nwis: www.nws.noaa.gov).
Three distinct hydrological regions were identified based on their chloride
concentrations during the dry season (Figure 4). These three regions were defined as
follows:
Upper Region = reach kilometer 0 [Mexico] to 29.6
Middle Region = reach km 33.2 [Lewis Springs] to 60.8 [Fairbank]
Lower Region = reach km 68.8 [Contention] to 96.5 [Benson]
Chloride concentrations during the dry season averaged 8.3 mg r' (SD=2.0) near the
Mexican border (km 0.7) and increased over the next 30 kilometers reaching a maximum
of 15.4 mg

at kilometer 29.6. Chloride concentrations exhibited little variability from

Lewis Springs (km 33.2) to Fairbank (km 60.8) with concentration values not
significantly different from groundwater values (mean=7.3 mg r\ SD=1.0). Application
of the simple mixing model described above indicated that upstream waters (km 29.6)
only contributed 0-4% of the total discharge at Lewis Springs (km 33.2). The remaining
96-100% of the discharge at Lewis Springs was comprised of upwelling groundwater
{Figure 5A). Chloride concentrations increased through the lower region reaching a
maximum of 12.0 mg 1"^ by kilometer 85.3 (mean=10.8 mg r\ SD=1.59). The middle
region had significantly lower chloride concentrations than either the upper (p<0.001,
n=24) or lower (p<0.01, n=9) regions {Figure 4). Concentrations in the upper and lower
regions were not significantly different (p>0.05) demonstrating that there were no
significant groundwater inputs along either of these stretches.

54

Water Chemistry
Hydrolosical Differences
DOC concentrations during the dry season were significantly higher (p<0.01,
n=20) in the upper region (mean=1.78 mgC r\ SD=0.86) compared to the middle
(mean=1.23 mgC r\ SD=0.45) and lower (mean=1.19 mgC r\ SD=0.62) regions
{Figures 6A, 7A). In addition, gaining reaches within the upper region had significantly
lower (p<0.001, n=12) DOC concentrations (mean=1.22 mgC r\ SD=0.60) than losing
reaches (mean=2.51 mgC r\ SD=0.72) in the same region. DOC concentrations in the
middle and lower regions were not statistically different from each other (p>0.05).
There were no significant differences in the source of organic matter, as
represented by FI values along the upper San Pedro during the non-monsoon season
sampling events {Figure 8A). FI values during both the pre- and post-monsoon season
were indicative of a more aquatic source (i.e. algae and microorganisms) of organic
matter (mean=1.65, SD=0.05).
The upper region (mean=0.11 mg r\ SD=0.10) had significantly higher (p<0.05,
n=21) DON concentrations than the middle region (mean=0.06 mg r\ SD=0.04),
primarily due to the higher concentrations found at Palominas (mean=0.13 mg r\
SD=0.08) and Hereford (mean=0.15 mg r\ SD=0.17) {Figure 9A). There were no
significant differences in DON concentrations between the middle and lower regions or
between the upper and lower regions.
The average NO3-N concentration during the dry season was 0.09 mg 1"'
(SD=0.17). Chloride and NO3 concentrations were inversely related (R^=0.65, p<0.001)
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with high chloride concentrations during the dry season corresponding to NO3-N
concentrations near the detection limit. There were a few sampling locations (i.e.
Hereford~km 16.6 and Apache Powder~km 85.3) that had relatively high NO3-N
concentrations during the dry season, however these differences were attenuated during
the monsoon season. Differences in NO3-N concentrations between the three
hydrologically-defined regions were not statistically significant (p>0.05) during the dry
season.

Land Use Differences
Dry season nutrient concentrations were statistically significant between reaches
with different land uses. DOC concentrations during the dry season were significantly
higher in SPRNCA than either the agricultural (p<0.05, n=14) or urban (p<0.01, n=14)
areas {Figure 6B), whereas DOC concentrations in agricultural and urban areas were
similar (p>0.05).
Agricultural reaches (mean=0.19 mg r\ SD=0.22) had significantly higher
(p<0.05) DON concentrations during the dry season than either the conservation (n=14,
mean=0.08 mg r\ SD=0.04) or urban reaches (n=17, mean=0.06 mg r\ SD=0.03)
{Figure 9B). DON concentrations during the non-monsoon (p>0.05) were similar
between the conservation and urban reaches. Agricultural reaches also had significantly
higher NO3-N concentrations during the dry season than either the conservation (p<0.01,
n=16) or urban reaches (p<0.05, n=16), and urban reaches had significantly higher NO3N concentrations than reaches within SPRNCA (p<0.01, n=16) {Figure 10).
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Monsoon
Discharge
Discharge increased with the monsoon season, which began in late July and
continued through mid-August and had two major series of storms, one from 7/2529/2002 and the other from 8/02-12/2002. The mean daily discharges for these storm
sequences were 7.98 m^ s"^ and 4.23 m^ s"^ at the Palominas stream gage (km 7.7); 2.07
m^ s'^ and 1.67 m^ s"^ at the Charleston gage (km 44.7); and 4.06 m^ s"' and 2.80 m^ s"' at
the Tombstone gage (km 64.0), respectively. The highest daily mean discharge for all
three gages occurred on 8/06/2002 (Figure 3). Average monsoonal baseflow at these
stream gages was 1-2 orders of magnitude higher than baseflow during the non-monsoon.

Water Chemistry
Chloride concentrations exhibited little variability during the monsoon season
averaging 5.2 mg 1'^ near the Mexican border and exhibiting little variability throughout
the entire 95-kilometer stretch (mean=4.2 mg r\ SD=1.1) (Figure 5B).
DOC concentrations along the entire 95-km stretch were significantly higher
(p<0.001, n= 33) during the monsoon season (mean=3.35 mgC r\ SD=0.67) than during
the dry season (mean=1.38 mgC r\ SD=0.69). After the first major storm (7/298/01/2002), DOC concentrations along the entire study region were higher and more
variable (mean=3.70 mgC r\ SD=0.73) than later in the season (mean= 3.01 mgC 1"',
SD=0.39) (Figure 7E). However, DOC concentrations during the monsoon were not
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significantly different between the three hydrologic regions or among varying land uses
(p>0.05).
FI values during the monsoon season indicated a shift to a more terrestrial source
of organic matter (i.e. plants and soil) during the monsoon season. The lowest FI values
occurred after the first major of flood event of the monsoon season (7/29-8/01/2002)
averaging 1.50 (SD=0.04), but FI values gradually increased as the monsoon season
progressed and averaged 1.59 (SD=0.02) later in the season (8/12-14/2002) (Figure 7B).
A regression analysis of seasonal FI values and seasonal DOC concentrations showed a
strong linear correlation (R^=0.78). There were no statistical differences in FI between
the upper, middle, and lower regions during the monsoon season (p>0.05).
There was a 1- to 4-fold increase in DON concentrations along the entire 95-km
stretch following the first major flood of the season (mean=0.20 mg r\ SD=0.08). As the
monsoon season progressed, DON concentrations decreased and were less variable,
averaging 0.07 mg 1"^ (SD=0.05) by mid-August. The DON concentrations after the first
major flood (7/29-8/01/2002) were significantly higher (p<0.001, n=17) than
concentrations from later in the season (8/12-14/2002). However, mean DON
concentrations were not significantly different (p>0.05) between the dry season
(mean=0.09 mg l ', SD=0.10) and the monsoon season (mean=0.14 mg 1"', SD=0.10).
NO3-N concentrations increased one to two orders of magnitude along the entire
95-km stretch during the monsoon season (Figure 11). NO3-N concentrations were
relatively high and extremely variable (mean=4.97 mg r\ SD=3.18) near Benson (km
96.5). Concentrations near Benson increased from 2.72 mg 1"^ after the first major flood
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to 7.22 mg

by the end of the monsoon season. Nevertheless, differences between

regions and land uses were not statistically significant during the monsoon (p>0.05).

Mixing model results and load calculations
Results of the two-component

mixing model showed that the relative

fraction of surface water and interflow during August 12-14, 2002 varied as the water
flowed downstream. Surface water contributions ranged from 48% at Boquillas (km
55.5) to 96% at Escalante Springs (km 80.8), but the mixing model does not account for
evaporation losses. The average surface water contribution for the upper, middle, and
lower regions was 79% (SD=4), 57% (SD=4), and 83% (SD=10), respectively.
The DOC load was calculated to be approximately 5.82 gC km"^ day"' near the
Mexican border (km 0.7) and increased over the next 30 kilometers reaching a maximum
of 35.0 gC km"^day"^ at kilometer 29.6. DOC load exhibited Httle variability from Lewis
Springs (km 33.2) to Fairbank (km 60.8) averaging 32.0 gC km'^day"' (SD=2.9)
(Figure 12A).
The DON load was calculated to be approximately 0.16 gN km"^ day"' near the
Mexican border (km 0.7) and increased over the next 30 kilometers reaching a maximum
of 1.21 gN km'^day"' at kilometer 29.6. DON load decreased over the following 15
kilometers going from 0.83 gN km'^day'^ at Lewis Springs (km 33.2) to 0.05 gN km'^day"
' at Charleston (km 44.7). DON load increased to 0.51 gN km'^ day"' at Boquillas (km
55.5) and remained relatively elevated reaching 0.73 gN km"^ day"' by Fairbank (km
60.8) (Figure 12B).
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1
The NO3-N load was calculated to be approximately 0.85 gN km" day" near the
Mexican border (km 0.7) and increased over the next 30 kilometers reaching a value of
5.42 gN km'^ day"^ at kilometer 29.6. The unit area load continued to increase over the
2
1
following 15 kilometers reaching a maximum load of 7.08 gN km" day" at Charleston
(km 44.7). The NO3-N unit area load decreased to 4.14 gN km"^ day"^ at Boquillas (km
55.5) and exhibited little variability over the next 5 kilometers to Fairbank (mean=4.32
gN km"May"\ SD=0.49) {Figure 12Q.
The nutrient contribution of each reach was calculated by subtracting the
upstream load from the downstream load and dividing this value by the river distance
between the two points and was expressed as mass per river kilometer per day. The reach
contribution of DOC near the Mexican border was 0.21 kgC km'May"^ and increased over
the next 30 kilometers. The reach contribution of DOC decreased dramatically (-2.05
kgC km"May"^) at Lewis Springs (km 33.2) and then increased near Greyhawk Ranch (km
40.7) exhibiting little variability over the next 15 kilometers (mean=1.02 kgC km"'day"\
SD=0.10). The patterns observed from the Mexican border (km 0.7) to Boquillas Ranch
(km 55.5) are consistent with the observed variations in DOC concentrations along this
sector. A large input of DOC occurred between kilometer 55.5 (Boquillas Ranch) and
kilometer 58.9 averaging 5.90 kgC km"^ day'^ along this particular reach {Figure 13A).
The reach contribution of DON near the Mexican border was 0.005 gN km"' day"'
and increased over the next 30 kilometers. The DON contribution decreased dramatically
(-0.25 gN km"' day"') at Lewis Springs (km 33.2) and remained negative over the next 10
kilometers. A DON input occurred between kilometers 44.7 and 55.5 averaging 0.14 gN
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km"' day"' along this corridor, but the incremental DON load decreased again near
kilometer 58.9 averaging -0.10 gN km"' day"' throughout this reach (Figure 13B). The
pattems in nutrient contributions within each reach are consistent with the observed
variations in DON concentrations along this sector.
The reach contribution of NO3-N near the Mexican border was 0.03 gN km"' day"'
and increased over the next 15 kilometers reaching 0.67 gN km"' day"' by Hereford
(kml6.6). The NO3-N contributions gradually decreased over the following 16
kilometers achieving near zero inputs at Lewis Springs (km33.2). This increase and
decrease in nutrient contributions is consistent with the observed variations in NO3-N
concentrations along this 33-km segment. A NO3-N input occurred between Lewis
Springs and Greyhawk Ranch (km 40.7) averaging 0.78 gN km"' day"' along this
particular reach, but the reach contribution decreased near Charleston (km 44.7) and then
became negative over the remaining 14 kilometers averaging -0.46 gN km"' day"'
(SD=0.47) (Figure 13Q.

Discussion
Non-Monsoon
Discharse and Flow Resime
Baseflow during the non-monsoon season was supplied by the surface discharge
of groundwater. (Pool and Goes, 1999) Variability of regional chloride concentrations
during both pre- and post-monsoon baseflow periods indicated limited solute transport
between the upper, middle, and lower regions of the upper San Pedro River. Application
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of a chloride mixing model demonstrated the hydrological disconnect between the upper
and middle regions with only 0-4% of the discharge at Lewis Springs (km 33.2) being
attributed to waters flowing from upstream and the majority of discharge at this site being
comprised of upwelling groundwater. The lack of flowing surface water between the
middle and lower regions emphasized the limited capability of surface water to transport
nutrients between these two regions. The upper and lower regions of the river showed a
strong evapoconcentration trend along their entire extent demonstrating that evaporation
and transpiration losses exceeded groundwater inputs along these regions. In contrast,
the relatively stable chloride concentrations along the middle region were not
significantly different from groundwater values indicating an extensive groundwater
input throughout this section of river. This is consistent with data from Pool and Goes
(1999) and Goode and Maddock (2000) that show a region of relatively impermeable
crystalline rock which forces groundwater to discharge into the stream channel along this
reach.

Water Chemistry
Nutrient concentrations along the upper San Pedro River varied as a function of
the hydrological conditions and near stream land uses within each region. DOG
concentrations during the dry season were relatively low throughout the upper San Pedro
River, but were consistent with other findings (i.e. 1-4 mgC 1"^) for baseflow conditions
in desert streams (Jones, et al. 1996; Parks and Baker, 1997; Westerhoff and Anning,
2000). The upper region, from the border to km 29.6, exhibited the greatest variation of
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DOC concentrations because there appeared to be an unidentified source of DOC
entering the stream at Palominas (km 4.7). DOC concentrations at this location were up
to 8 times greater than other reaches in the region during this time period. The increase
in DOC coincided with lower FI values suggesting a terrestrial source of organic matter
at this site. The lowest FI values were observed before the monsoon season, after an
unusually dry winter and spring, when the bank soils should have been dry. However,
the land adjacent to the river at this location is used for irrigated agricultural. It is
possible that runoff from these fields entered the stream or that the soils near the stream
were flushed with irrigated water, both of which would result in a more terrestrial source
of organic matter in the stream at this location. This site also had a relatively low C/N
ratio of 15:1, which corresponds with low C/N ratios found in humus, fresh garden
debris, and compost, suggesting that the adjacent agricultural fields could be contributing
to the lower FI values. The irrigated fields would also supply more DOC to the site by
providing a transport mechanism to the stream resulting in higher concentrations of DOC
along this reach. In addition, the low flow conditions prior to the monsoon season and
the intermittent nature of the river along this region would inhibit the transfer of DOC
downstream causing DOC to accumulate where it was deposited.
Dry season carbon sources were mostly autochthonous with an average premonsoon FI value of 1.65 {Figure 8A). This autochthonous source material was most
likely due to lower flow and higher algal productivity as discussed by McKnight et al.
(2001). Autotrophic assimilation of nitrate is favored by the summer conditions found in
the desert southwest. Water temperatures are high, solar radiation is abundant, and
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discharge is low. Grimm and Fisher (1986) verified that nitrate is the limiting nutrient in
semi-arid streams of the desert southwest, USA. Further studies have shown that
available nitrate is quickly assimilated by growing algae as water travels downstream
(e.g. Grimm, 1987; Grimm, 1992; Mullholland and Rosemond, 1992; Valett, et al.,
1994), which would produce more algal biomass and a higher FI ratio as the nitrate is
depleted. Agricultural reaches skewed the average nitrate concentration during this time
period, but, in general, concentrations were at or below the detection limit, consistent
with the concept of algal uptake (cf. Fig. 25A in Lemon, Thesis, 2004). Two weeks after
the monsoon season ended, FT resembled pre-season values indicating that the San Pedro
River has the potential to recover quickly from rapid changes in flow regime that
decimate local algal populations and that alter lateral hydrologic exchanges between the
uplands and the stream.
Near-stream land use appears to be an important control on nutrient availability
during the dry season especially when comparing undisturbed conservation areas (i.e.
SPRNCA) to disturbed tracts of land. The results indicated that conservation reaches had
significantly higher DOC concentrations during the dry season than either agricultural or
urban reaches. The sections that were classified as SPRNCA reaches were more
intermittent in nature, alternating between gaining (upwelling) and losing (downwelling)
regions. The higher DOC concentrations in SPRNCA may be due to the spatial
intermittency of these reaches, with upwelling groundwater supplying the stream with
nitrate and stimulating primary productivity whereas downwelling zones would be
removing water and evaporation would concentrate the DOC in the stream. Upwelling
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groundwater generally has higher nitrate concentrations than the surface water because of
nitrogen transformations such as mineralization and nitrification that occur in the
hyporheic zone (Grimm, 1992; Valett et al. 1994; Holmes et al. 1998; Dent and Grimm
1999; Dent et al. 2001). The gaining reaches in SPRNCA (km 0.7 and km 29.6) may
have had higher DOC concentrations because of higher in-stream algal production
supported by the nitrate-rich upwelling zones (Valett et al. 1994; Holmes et al. 1998;
Dent and Grimm 1999; Dent et al. 2001). Nitrate concentrations were at or below the
detection limit along these reaches supporting the hypothesis of algal uptake masking the
nitrate-rich upwellings (Grimm, 1992; Dent et al., 2001). The losing reaches within
SPRNCA (kms 26.2, 58.9, 60.8, 65.5, and 68.8) also could contribute to higher DOC
concentrations through the reduction of water within the channel, which would tend to
concentrate the streamwater DOC.
The lower DOC concentrations observed in the urban reaches might also be a
result of the reach hydrology. Four out of the five reaches (Lewis Springs, Greyhawk,
Charleston, and Boquillas) that were classified as "urban" had a consistent supply of
water during every sampling trip causing the stream channel to stay wetted and the river
to continue flowing. The urban reaches were in an area of known upwelling, between
kilometers 33.2 and 55.5, with a mean discharge at the Charleston stream gage (km 44.7)
of 0.08 m^ s"' during the non-monsoon season. For comparison, the Palominas stream
gage (km 7.7) had average non-monsoon discharge of 0.02 m^ s"^ and the Tombstone
stream gage (km 64.0) was highly skewed by minor flood events during the dry season
(mean Q=0.08 m^ s"') with only 12% of the days having any measurable discharge. The
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increase in water volume along the urban reaches may have caused a net dilution of the
DOC in these areas (Fisher and Likens, 1973; Kaplan et al, 1980; Jones, et al., 1996). As
discussed above, nitrate is known to be limiting at environmental concentrations as high
as 0.055 mg 1"^ (Grimm and Fisher, 1986), and nitrate concentrations within urban
reaches averaged 0.06 mg 1"' suggesting that the nitrogen that was being supplied by
upwelling groundwater in these reaches may not have been enough to stimulate primary
productivity. The excess water associated with the upwelling may have diluted DOC
concentrations (Fisher and Likens, 1973; Kaplan et al, 1980; Jones, et al., 1996) making
it appear that urban reaches were less productive than conservation reaches.
The results also indicated that agricultural reaches had significantly higher
inorganic nitrogen concentrations during the dry season than either urban or conservation
reaches, but DOC concentrations remained relatively low in these reaches indicating that
primary productivity was not limited by nitrate in agricultural reaches. As water flows
downstream, the uptake of N and P occurs stoichiometrically as a function of the net
primary productivity within the reach, which causes N and P concentrations to decrease
unless there are additional inputs of these elements (Grimm, 1992; Valett et al. 1994;
Holmes et al. 1998; Dent et al. 2001). Both Hereford (km 16.6) and Apache Powder (km
85.3) supplied excess nitrogen to the stream but DOC concentrations did not increase
suggesting that productivity was limited by some other nutrient. When the primary
limiting nutrient is supplied (i.e. through agricultural runoff), a secondary nutrient can be
rapidly depleted and become limiting (Grimm and Fisher, 1986). It was assumed that the
excess nitrogen within agricultural reaches temporarily stimulated productivity and
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rapidly depleted the available phosphorus causing phosphorus to be reduced to limiting
levels.
Alternatively, the lower DOC concentrations observed in the agricultural and
urban reaches might be a result of the vegetational differences in these reaches exposing
the stream to more sunlight. Agricultural and urban landscapes generally reduce or
eliminate natural vegetation, such as riparian habitats, exposing the stream system to
more direct solar radiation. Light is the factor that fundamentally determines the rate of
primary production, but exposure to intense solar radiation can cause photoinhibition
(Haeder, et al., 1998; Hubble and Harper, 2001; Koehler, et al., 2001; Hiriart, et al.
2002). Findlay, et al. (2001) found that differences in riparian vegetation could indirectly
affect DOC by altering exposure to ultraviolet radiation and Hiriart, et al. (2002) noticed
that the efficiency of photoinhibition was greater for N-deficient communities. In
addition, land use changes could affect the quantity and quality of DOC being delivered
to the stream (Amon and Benner, 1996; Findlay, et al., 2001). DOM is an important
light-absorbing component of natural waters and consists of a variety of photoreactive
compounds (Amon and Benner, 1996). Changes in the fluorescence and optical
properties of DOC in natural waters caused by land use transformations may stimulate
photodegradation and photomineralization processes or may increase the bioavailability
of carbon (Findlay, et al., 2001), all of which would result in lower concentrations of
streamwater DOC. In the desert southwest, solar radiation is intense and any changes in
vegetation along the stream could cause excess exposure to ultraviolet radiation. It is
possible that any excess radiation could have resulted in lower DOC concentrations
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through photoinhibition, photodegradation, or photomineralization. Regardless of the
dominating process, water is the major transport mechanism and Hmited surface
connectivity and fragmentation during the dry season allowed DOC to accumulate where
it entered the stream-riparian system and to decrease away from input regions.

Monsoon
Discharee and Flow Regime
In contrast to the dry season, stream flow during the monsoon season was a
combination of overland flow, throughflow, and groundwater flow. Chloride
concentrations during the monsoon were below the average groundwater concentration,
indicative of a mixture between groundwater and precipitation. Less variable and
diminished chloride concentrations during the monsoon season indicated much greater
hydrologic connectivity along the entire 95-kilometer stretch than was evident during the
dry season. As the monsoon season ended, hydrologic and biogeochemical connectivity
along the 95-km stretch was broken and solute concentrations began to reflect more
localized sources, similar to the pattern observed in pre-monsoon baseflow. These data
suggest that the increase in discharge associated with monsoon season precipitation
connects previously isolated stream reaches not only during the flood event, but also
during baseflow between floods.

Water Chemistry
FI data revealed a strong dependency on seasonal flow conditions, with values
indicating more autochthonous sources during the lower-flow, dry season and more
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allochthonous sources during the higher-flow, monsoon season. After the first major
flood event (7/29-8/01/2002) FI values were lower than later in the season (8/12-14/2002)
suggesting that a higher percentage of allochthonous organic matter was delivered to the
stream during early flood events. In addition, both organic and inorganic solute
concentrations were significantly higher and more variable after the first flood than later
in the season. This is similar to the flush response seen in snowmelt-dominated
catchments (Homberger et al., 1994; Boyer et al., 1997; Boyer et al., 2000; Carey, 2003).
The flushing of DOM from the soil into the stream has also been observed and
documented during monsoon precipitation events in the Southwest (Parks and Baker,
1997; Westerhoff and Anning, 2000; Haas, 2003; Huth, 2003). In the San Pedro basin,
the hillslopes and stream-riparian corridor are isolated and disconnected during the dry
season causing a potentially large accumulation of organic matter and solutes within the
catchment. When monsoon precipitation occurs the water is flushed through the soil and
transports these solutes to the stream connecting the upland region to the stream-riparian
corridor. Huth (2003) found that drier antecedent soil conditions allowed for more
organic matter to accumulate in the soils and that early season floods were responsible for
the initial mixing of solutes from the upland areas. Solute concentrations earlier in the
monsoon season were much more variable and relatively higher than concentrations later
in the season, consistent with the first flush hypothesis. As the season progressed, fewer
and fewer solutes were available to be flushed for the first time and the solute
concentrations in the stream became less variable signifying a well mixed system by the
middle of August.
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Nutrient Loads and Transport
Surface water nutrient loads were plotted against discharge for each unique study
reach to assess the availability and transport of nutrients as they flowed downstream from
August 12'*^ to the 14"^, 2002 {Figures 12 & 13). Throughout the upper region, the DOC
load gradually increased with discharge indicating that DOC was being flushed
throughout this entire reach. Unit area loads exhibited little variability throughout the
middle region even though one would expect load to increase with increasing discharge.
This trend implies that either there was no DOC to be flushed along this region, that some
of the expected carbon load was being consumed, altered, or immobilized as it traveled
downstream, or that discharge did not follow a linear trend between gaging stations.
Incremental loads were used to determine relative change in nutrients within each
reach as the water traveled downstream. Incremental loads of DOC showed the same
trend along the upper section of the river, gradually increasing as discharge increased.
However, near Lewis Springs (km 33.2), at the transition between the upper and middle
regions, the incremental load became negative, indicating that this reach was a sink for
organic carbon. The incremental load increased after Lewis Springs and remained
positive until Fairbank (km 60.8). There are two possible explanations that could account
for the patterns observed in DOC load dynamics, 1. bank drainage or 2. sub-catchment
characteristics, such as vegetation and groundwater-surface water interactions. Research
has shown that soil water inputs due to hydrological flushing can significantly influence
the quantity and/or quality of streamwater DOC, thus bank drainage and soil leaching
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could supply a continuous source of DOC to the stream (Fiebig et al., 1990; Boyer, 1998;
Findlay et al., 2001; Huth, 2003). However, bank flushing is dependent on the
hydrologic conductivity of the soil (Freeze and Cherry, 1979). Although soil textures
were not determined for this study, field observations suggest a shift in soil texture near
Lewis Springs. The riverbanks at this location had a clay-like texture unlike banks at
upstream locations. If the stream banks at Lewis Springs had a larger percentage of clay
(i.e. a lower hydrologic conductivity) than upstream regions then one might expect
adsorption and immobilization of DOC within these banks, thus causing a net loss of
streamwater DOC along this reach.
On the other hand, research has shown that shifts in land use and vegetation can
significantly alter the quantity of DOC being delivered to the stream as well as the
availability of dissolved carbon for biotic uptake (Dahm, 1984; Butturini and Sabater,
1996; Findlay, et al., 2001; McGlynn, et al., 2003). The transition between the upper and
middle regions has both a shift in land use (from more agriculture to more urban) and a
shift in vegetation (from more grassland/woodland to more desertscrub). Futhermore, the
dramatic increase in DOC load near km 58.9 could be attributed to the lack of riparian
vegetation along this reach. Butturini and Sabater (1996) noticed a decrease in nutrient
retention and an increase in DOC export associated with the absence of riparian
vegetation.
Both the unit area load and the incremental loads of DON were relatively small
for the first 16 kilometers and increased dramatically where the landscape transitioned
from a grassland habitat to a desertscrub-mesquite habitat. This large input of DON
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along the transition zone seems reasonable since mesquite trees are nitrogen-fixers and
would supply the nearby soils and landscape with more nitrogen than grassland areas. In
addition, Schlesinger, et al. (1999) found that DON was rapidly mineralized after soil
wetting in desert grasslands, so grasslands would not provide a large input of DON to the
stream at the end of the monsoon season when the soils are presumed to be thoroughly
wetted. DON load decreased along the middle region demonstrating the importance of
upstream to downstream interchanges on the cycling of nutrients. As the DON was
transported downstream it was most likely mineralized and nitrified (Cirmo and
McDonnell, 1997; Schlesinger, 1997), resulting in the depletion of organic nitrogen and a
net increase in nitrate-N, which is consistent with the findings in this research (Figure
12).

The unit area load of NO3-N increased with discharge for roughly 40 kilometers
but eventually decreased along the latter half of the middle region. The initial input of
nitrate-N could have been supplied by three sources: 1. the mineralization of organic
nitrogen in-stream as discussed above, 2. the flushing of nitrate-rich bank soils, and/or 3.
the transport of non-point source pollution from agricultural and urban areas. However,
the nitrate load increased near Hereford (km 16.6) before the grassland-mesquite
transition zone where the DON load was relatively low, so mineralization and
nitrification of DON is not likely the source of NO3-N at this site. The most likely source
of nitrate at this location is a combination of bank flushing and agricultural discharge
from the fields adjacent to the river. The nitrate load remained elevated until Boquillas
Ranch (km 55.5) demonstrating that nitrate is capable of traveling over long distances.
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once mobilized. Near Boquillas, the nitrate load decreased signifying the transformation
or consumption of nitrate along this reach.
The incremental nitrate loads confirmed two major surface water inputs near
Hereford (km 16.6) and Greyhawk Ranch (km 40.7). The Hereford input was more than
likely related to surface runoff and/or soil flushing of agricultural lands because there are
agricultural fields located along the entire length of this reach. As that initial pulse of
nitrate moved through the system it was slowly consumed or chemically transformed.
For limiting nutrients such as nitrate, biological uptake will cause declines in downstream
concentrations and consequently reductions in nutrient loads (Dent and Grimm, 1999).
The incremental load decreased from Hereford (km 16.6) to Lewis Springs (km 33.2)
supporting the notion of biological uptake. Another large input of nitrate occurred near
Greyhawk Ranch and might be dependent on the hydrologic exchange between the
surface and subsurface waters within the stream channel. The average groundwater
contribution in the upper region was around 21% whereas the groundwater contribution
near Greyhawk Ranch was roughly 45% indicating a larger source of up welling water at
this location. Many studies have shown that upwelling water is enriched in nitrogen and
phosphorus (e. g. Triska, et al., 1989; Valett, et al., 1994; Jones, et al., 1995; Tockner, et
al., 1999). In addition, Jones, et al. (1995) demonstrated that the structure and
functioning of surface water communities was influenced by subsurface water that
entered the stream system. Dent, et al. (2001) also found that upwelling zones were
related to increases in streamwater nutrient concentrations at the reach, channel, and
channel sub-unit scales. The higher incremental nitrate load at Greyhawk Ranch (km
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40.7) could be attributed to the upwelling of nitrate-rich groundwater along this reach.
Another explanation could be associated with a change in bank soil texture, which would
allow more nitrate-rich soil water to be flushed, or drained, from the banks along this
reach. In either case, nitrate entered the stream near Greyhawk Ranch and was consumed
as it traveled downstream leading to a nitrogen-limited system.

Conclusions

Seasonal Controls on Hydrology and Water Quality
Synoptic sampling during a 4-month period quantified several significant differences
between the one-month monsoon season and the dry season. Baseflow during the nonmonsoon season was supplied only by the surface discharge of groundwater from the
regional aquifer. Downstream trends in chloride concentrations during the dry season
indicated repeating patterns of strong evapoconcentration gradients followed by new
groundwater inputs, which signified three distinct hydrologic regions of similar length
along the extent of the river. The river was functioning like three different systems
during the dry season with very limited water and solute transport between the upper,
middle, and lower sections. The low flow and disconnected nature of the river during the
dry season inhibited the transport of nutrients downstream causing potentially large,
mobile nutrient pools to accumulate where they entered the stream-riparian system.
In contrast to the dry season, flow during the monsoon season was a combination
of overland flow, subsurface flow, and groundwater flow with surface water
contributions ranging from 48% to 96%. The contribution of surface water and interflow
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had significant impUcations for water quality either diluting or concentrating nutrient
levels with varying proportions of surface and groundwater. Low variability in chloride
concentrations during this time period indicated that the entire 95-km stretch was
hydrologically linked. Nutrient concentrations increased throughout the region as
terrestrially derived solutes were flushed into the stream by monsoon precipitation. In
addition, nutrient loads were variable across reaches and regions even though the system
was hydrologically linked at this time implying that hydrologic exchange rates between
the riparian, parafluvial, hyporheic, and stream systems may enhance biogeochemical
processes or physical mechanisms, thus altering the concentration and composition of
nutrients in the stream. As the monsoon season ended, hydrologic and biogeochemical
connectivity was broken and solute concentrations began to reflect more localized
sources, similar to the pattern observed in pre-monsoon baseflow demonstrating the
potential of the San Pedro River to adjust to rapid changes in flow regime and alternating
sources of organic matter.
The highest and most variable nutrient concentrations were observed at the
beginning of the monsoon season signifying that the first floods were responsible for the
initial mixing of solutes. Fluorescence ratios indicated a pulse of terrestrially derived
organic matter in surface water suggesting that dry antecedent conditions allowed organic
matter and solutes to accumulate in the regional landscape that subsequently were flushed
to the stream during this time. The shift in organic matter concentrations and
characteristics may supply energy sources to support a diverse community of organisms
(Holmes, et al., 1998; Westerhoff and Anning, 2000). However, as the monsoon season
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progressed, fewer and fewer solutes were available to be flushed and solute
concentrations in the stream became less variable. After two weeks of monsoon activity
solute concentrations indicated a well-mixed system.

Landscape Effects on Water Quality
Land use adjacent to the stream was an important indicator of the overall water
quality during the non-monsoon season whereas regional characteristics of the watershed
were more important to the overall nutrient loads during the monsoon season. DOC
concentrations were relatively low during the dry season but were consistent with other
findings for baseflow conditions in desert streams (Jones, et al., 1996; Parks and Baker,
1997; Westerhoff and Anning, 2000). The DOC concentrations along conservation
reaches were significantly higher than those found in urban and agricultural reaches,
however the differences between the urban and conservation reaches may have been a
product of the hydrological flowpaths in the stream channel as opposed to any direct
influence from urban centers in the San Pedro Basin. In this study, the urban reaches
were located in an area of known upwelling whereas the areas in SPRNCA alternated
between gaining and losing reaches. Westerhoff and Anning (2000) studied the influence
of urbanization on several river systems in Arizona and found that perennial sites had
lower DOC concentrations than intermittent sites, consistent with the findings in this
paper. They also found that urban infrastructure probably supports processes that
increase DOC levels. Most likely, the influence of Sierra Vista, Fort Huachuca, and
Benson was not apparent in the surface water chemistry of the San Pedro River because
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there was no transport mechanism between the urban centers and the stream during the
dry season.
Both organic and inorganic nitrogen concentrations within agricultural reaches
were significantly higher than those found in urban and conservation reaches implying
that even under dry conditions the excess nitrogen applied to agricultural fields was being
transported to the river system through runoff and/or soil flushing. The low flow
conditions during the dry season inhibited the transfer of nitrogen downstream causing it
to accumulate where it was deposited in the stream. This study suggests that agricultural
reaches were not limited by nitrate because although the nitrate concentrations were
relatively high within these reaches, the DOC concentrations remained low. The results
from this study suggest that the adjacent land use may influence the in-steam processing
and nutrient dynamics of the river during the dry season if there is a transport mechanism
that connects the hillslopes to the stream system.
Regional characteristics of the watershed were more important to the overall
nutrient loads during the monsoon season. Nutrient loads were variable at the reach scale
and changed dramatically at the transition zone between the upper and middle regions
even though chloride concentrations and 5^^0 mixing calculations showed that these two
regions were hydrologically connected. The unit area load of DOC increased with
discharge along the upper region and then remained steady along the middle region
suggesting that either DOC was being consumed, altered, or immobilized as it traveled
downstream, that there was considerably less DOC to be flushed from this region, or that
discharge was non-linear between gaging stations. The unit area load of DON noticeably
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increased where the landscape transitioned from a grassland habitat to a desertscrubmesquite habitat and the NO3 load increased near agricultural settings demonstrating the
influence of landcover on nutrient availability. These findings suggest that shifts in
surface-groundwater exchange rates, soil properties, regional vegetation, or land use may
change the composition and concentration of DOM in the catchment, thus altering
nutrient availability and modifying the functioning of the stream-riparian system.

Management Implications in a Changing Environment
Several important management implications have been identified by this research.
First, hydrology drives the system and seasonal variations in hydrologic flowpaths
dramatically impact the nutrient availability in the river. During the dry season, the
stream was fundamentally three unique and hydrologically distinct systems with very
limited nutrient exchange. In contrast, monsoon precipitation connected the previously
isolated systems not only during the flood event but also during baseflow between floods.
Second, both local and regional landcovers affect nutrient availability in the stream
depending on the season. Stream chemistry was influenced by the adjacent land use
during the dry season and by more regional landscape characteristics such as soil
properties, regional vegetation, and land use during the monsoon season. For these
reasons, water managers should consider local influences during the dry season and
regional characteristics during the monsoon season.
The population in the upper San Pedro Basin is expected to increase which will
only place increasing demands on groundwater for municipal and private reserves. Since
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groundwater supplies 100% of the baseflow for the majority of the year it can only be
reasoned that excess pumping will have detrimental effects and may result in a more
fragmented and disconnected system. If the system becomes more fragmented the
distance that water and solutes can travel will be reduced and the length of river over
which nutrients can be processed will decrease. This may cause very localized,
concentrated loading where nutrients (and pollutants) enter the stream-riparian system
and could reduce the ability of the riparian zone to act as a buffer against pollution.
One proposed solution to a declining water table is to divert flood flow into
detention basins for the purpose of recharging the regional aquifer, however this plan
does not consider the importance of the nutrient loads carried with the floodwaters and
delivered to the riparian corridor. This study has demonstrated that during the monsoon
season the amount of surface water (overland flow and interflow) contributing to stream
flow varies between reaches, but surface water consistently delivers 95-99.5% of the instream nutrient load during this time period. A 10% diversion of surface water evenly
distributed throughout the catchment would result in approximately a 10% reduction in
nutrient load being delivered to the riparian corridor and a 5-9% reduction in monsoon
discharge. Because different land uses contribute relatively more or less nutrients per
unit area, retention basins can be located to maximize or minimize the change in nutrient
loading to the stream. For example, in the intact riparian corridor (i.e. SPRNCA)
nitrogen that was delivered to the stream was cycled, processed, and rapidly removed.
The surface water load along this region fluctuated from positive to negative values in
relatively short distances indicating that the intact riparian corridor is a nitrogen-limited
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system. Marler, et al. (2001) found that both native (Fremont Cottonwood and Goodding
Willow) and exotic (Saltcedar) riparian species respond positively to nutrient enrichment
under conditions of minimal or no water stress with cottonwood and willow seedlings
outperforming the exotic saltcedar seedlings when NO3-N concentrations were below
3.85 mg

A retention basin in this region would decrease the amount of nitrogen and

water being delivered to the stream with unknown consequences to the growth and
competitive success of native riparian species. Conversely, agricultural reaches with
discontinuous riparian habitat showed an increase in nitrate load as water traveled
downstream signifying that the system along these reaches is not nitrogen-limited.
Recharge structures located in agricultural landscapes will result in relatively less nitrate
being delivered to the stream but may not have detrimental impacts because the system is
not nitrogen-limited in these regions.
Another proposed solution to a declining water table is the retirement of
agricultural fields. If this land is converted to ranchette style housing developments as is
occurring in many areas of Arizona, this study indicates that an urban landscape could
result in a 130-145% increase in nitrate-N loading during the monsoon season. The
retirement of agriculture will also reduce water demands and potentially increase surface
discharge in the San Pedro River. An increase in nitrate-N load due to urbanization
coupled with an increase in discharge may produce no net change in surface water nitrate
concentrations. Conversely, if agricultural lands were retired and converted to intact
riparian corridors similar to SPRNCA, one would expect the amount of nitrogen to
decrease. Based on my results, this type of conversion will reduce the nitrate-N load by
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Vs to V2 during the monsoon season. A decrease in nitrate-N load coupled with an
increase in discharge may noticeably lower surface water nitrate concentrations.
Similarly, if agricultural lands were converted to managed rangeland nitrogen loading
would decrease provided the mesquite invasion is controlled.
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Table 1:

Cumulative land cover throughout the study basin.
The San Pedro Riparian National Conservation Area (SPRNCA) is highlighted because it is not an official North
American Land Cover (nalc97) since it is composed of many different land covers. SPRNCA was not used to
calculate the total percent coverage.

Subcatchment Area (Km^)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

1788
1855
2314
2492
2638
2749
3049
3156
3329
3369
4334
4493
4556
4946
5000
5185
5598

Forest

Oak
Woodland

Mesquite
Woodland

1%
1%
1%
1%
2%

27%
26%
22%
21%
20%

11%
12%
15%
15%
15%

55%
54%
50%
49%
47%

3%
3%
7%
9%
10%

1%
1%
1%
1%
1%

2%
2%
2%
2%
2%
2%
2%
2%
1%
1%
1%
1%

20%
19%
18%
17%
17%
18%
17%
17%
16%
16%
16%
15%

15%
15%
15%
15%
15%
14%
14%
14%
14%
14%
14%
13%

46%
44%
43%
42%
42%
42%
42%
42%
41%
41%
41%
40%

10%
15%
16%
17%
18%
18%
19%
19%
22%
22%
22%
24%

1%
1%
1%
1%
1%
1%
1%
1%
1%
1%
1%
1%

Grassland Desertscrub Riparian

Agriculture Urban

1^4 V,:;,
6%
/

8%
S'i's

1%
1%
1%
1%
1%
1%
1%
1%
1%
1%
1%
1%
1%
1%
1%
1%
1%

<1%
<1%
1%
2%
2%
3%
2%
3%
3%
3%
3%
3%
3%
3%
3%
3%
3%

lei

TE
1

2

3
4
5
6
7

8
9

10
11
12
13
14
15
16
17

UTM coordinates for each of the sampling locations.
Coordinates are in UTM Zone 12 (WGS84/NAD83).

River
Distance
Site Name
UTM-Easting UTM-Northing
0.7
Mexico
581618
3467823
4.7
Palominas
583406
3470165
16.6
Hereford
584766
3478489
26.2
17
582898
3485390
29.6
16
582603
3487561
33.2
Lewis Springs
581720
3491101
40.7
Greyhawk
579965
3497184
Charleston
44.7
578336
3499278
55.5
577239
Boquillas
3506475
58.9
576651
3509131
12
60.8
Fairbank
576263
3510347
65.5
Contention
575472
3514886
68.8
9
574006
3516756
76.1
St David
574281
3522415
80.8
Escalante Spring
574638
3525411
85.3
Apache Powder
572559
3529041
96.5

Benson

568129

3536783
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Table 3:

Mean Stream Discharge along the upper San Pedro River, AZ.

Yearly averages were calculated using the USGS database for each stream gage. Seasonal
components are derived only during the study period (June 27, 2002 to October 19, 2002). Both
standard deviation and standard error are given.

DISCHARGE (m^/s)
mean
upper San Pedro River
Yearly Average
Dry Season
Monsoon Season

Std. Dev. Std. Error

0.06
1.78

1.00
0.19
3.12

0.03
0.01
0.30

Yearly Average
Dry Season
Monsoon Season

0.87
0.02
2.45

1.19
0.10
4.38

0.06
0.01
0.73

Yearly Average
Dry Season
Monsoon Season

1.56
0.08
0.89

1.72
0.08
1.20

0.09
0.01
0.14

Yearly Average
Dry Season
Monsoon Season

1.44
0.08
1.45

1.26
0.31
2.22

0.06
0.03
0.37

0.28

Palominas

Charleston

Tombstone
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Figure i: Digital Elevation Map ^£M)
of the Upper San Pedro Basin
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Figures: Norlli American Land Cover
in the Upper San Pedro Watershed (1997)
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Figure 3; Mean Daily Discharge along the upper San Pedro River, AZ
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A. Mean daily discharge: San Pedro River at Palominas, AZ from October 2001
through October 2002.
X's are the mean monthly discharge using data from 1930-2002. Dashed line represents the
yearly mean discharge from 1930-2002.
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B. Mean daily discharge: San Pedro River at Charleston, AZ from October 2001
through October 2002.
X's are the mean monthly discharge using data from 1904-2002. Dashed line represents the
yearly mean discharge from 1904-2002.
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Figure 3 - CONTINUED
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C. Mean daily discharge; San Pedro River near Tombstone, AZ from October 2001
through October 2002.
X's are the mean monthly discharge using data from 1967-2002. Dashed line represents the
yearly mean discharge from 1967-2002.
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Groundwater

• Upper Region • Middle Region • Lower Region

Figure 4: Mean Chloride concentrations for different regions during the dry season.

Columns represent the geometric mean Chloride concentration in each region during the dry season.
Error bars are given as the standard error of the mean for each region. The middle region had a
significantly lower chloride than either the upper region (p<0.001, n=24) or the downstream region
(p<0.01, n=9). Chloride concentrations in the upper and downstream reaches were not significantly
different (p>0.05, n=9).
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Figure 5: Chloride concentrations along the upper San Pedro River, 2002
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A. Non-monsoon season Chloride concentrations.
Diamonds are samples taken before the monsoon season from 6/29-7/22/2002; Squares are samples taken
after the monsoon season from 8/31-9/01/2002; Triangles are samples from 9/20-21/2002; Crosses are
samples from 10/18-19/2002. The bar represents the average groundwater chloride concentration in the
San Pedro Basin (8 ±1 mg/L, Pool and Coes, 1999). The dashed horizontal line represents the
precipitation weighted mean chloride concentration (0.13 mg/L, http://nadp.sws.uiuc.edu). Dashed
vertical lines represent the divisions between the upper, middle, and lower regions.
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B. Monsoon season Chloride concentrations.
Diamonds are from samples taken after the first major flood on 7/29-8/01/2002; Squares are samples taken
near the end of the monsoon season on 8/12-14/2002. The bar represents the average groundwater
chloride concentration in the San Pedro Basin (Pool and Coes, 1999). The dashed horizontal line
represents the precipitation weighted mean chloride concentration (http://nadp.sws.uiuc.edu). Dashed
vertical lines represent the divisions between the upper, middle, and lower regions.
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Figure 6: Mean DOC concentrations during the dry season
Columns are the geometric mean of each land use type.
Error bars are given as the standard error of the mean.
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• Middle Region

• Lower Region

A. Mean regional DOC concentrations during the dry season.
The upper region had a significantly higher average DOC than the middle region (p<0.01, n=20).
Mean DOC concentrations of the middle and downstream reaches are not significantly different
(p>0.05, n=8).
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B. Mean DOC concentrations for different land uses during the dry season.
The mean DOC concentration of the San Pedro Riparian National Conservation Area (SPRNCA)
is significantly higher than either the agricultural (p<0.05, n=14) or urban lands (p<0.01, n=14).
However, agricultural and urban DOC concentrations are not statistically different from one
another (p>0.05, n=15).

97

Figure 7: Spatial and temporal variations in DOC concentrations.
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A. Sources of organic matter during the non-monsoon season.
Diamonds are samples taken before the monsoon season from 6/29-7/22/2002; Squares are samples
taken after the monsoon season from 8/31-9/01/2002; Triangles are samples from 9/20-21/2002;
Crosses are samples from 10/18-19/2002. Dashed vertical lines represent the divisions between the
upper, middle, and lower regions.
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B. Sources of organic matter during the monsoon season.
Diamonds are from samples taken after the first major flood on 7/29-8/01/2002; Squares are
samples taken near the end of the monsoon season on 8/12-14/2002. Dashed vertical lines
represent the divisions between the upper, middle, and lower regions.
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Figure 8; Spatial and temporal variations in fulvic acid sources along the upper San
Pedro River, 2002.
A Fluorescence Index near 1.8 indicates an aquatic source of organic matter (i.e. algae);
1.4 indicates a terrestrial source of organic matter (i.e. soil and leaf litter).
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A. Sources of organic matter during the non-monsoon season.
Diamonds are samples taken before the monsoon season from 6/29-7/22/2002; Squares are samples
taken after the monsoon season from 8/31-9/01/2002; Triangles are samples from 9/20-21/2002;
Crosses are samples from 10/18-19/2002. Dashed vertical lines represent the divisions between the
upper, middle, and lower regions.
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B. Sources of organic matter during the monsoon season.
Diamonds are from samples taken after the first major flood on 7/29-8/01/2002; Squares are samples
taken near the end of the monsoon season on 8/12-14/2002. Dashed vertical lines represent the
divisions between the upper, middle, and lower regions.
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Figure 9: Average DON concentrations during the dry season.
Concentrations are the geometric mean concentration during the dry season.
Error bars are given as the standard error of the mean.
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A. Average regional DON concentrations during the dry season.
Differences between the upper and middle region were significant (p < 0.05, n=21). DON
concentrations were not significantly different (p > 0.05, n=9) between the middle and
downstream regions or between the upper and downstream regions.
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B. Mean DON concentrations for different land uses during the dry season.
The mean agricultural DON concentration was significantly higher than either SPRNCA (p<0.05,
n=14) or urban areas (p<0.05, n=17). DON was not statistically different between conservation
and urban areas (p>0.05, n=14).
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Figure 10: NO3-N concentrations for various land uses during the dry season.
Columns are the geometric mean of each land use type.
Error bars represent the standard error of the mean for each land use.

SPRNCA had significantly lower N03-N concentrations than either agricultural (p<0.01, n=16)
or urban areas (p<0.01, n=16). In addition, agricultural areas had significantly higher NO3-N
concentrations than urban areas (p<0.05, n=16).
N03-N concentrations that were below the detection limit (1 jilg 1'^) were set to 0.0005 mg I'' for
the statistical analysis.
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Figure 11: Mean seasonal nitrate-nitrogen concentrations.
Columns are the geometric mean of the non-monsoon and monsoon seasons.
Error bars are given as the standard error of the mean for each season.

N03-N concentrations during the monsoon are significantly higher than the nonmonsoon nitrate concentrations (p<0.001, n=33).
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Figure 12: Unit Area Nutrient Loads from Surface Water (August 12-14, 2002).
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Figure 13: Surface Water Nutrient Loads per Reach (August 12-14, 2002).
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Table 4:

Reach Characteristics for each sampling location.

The upper San Pedro was divided into subcatchments based on these six, near-stream features.
Vegetation: SDG=Semi-desert Grassland, CDS= Chihuahuan Desert Scrub
Substrate: TS4=White House-Bernadino-Hathaway, TS14=Nickel-Latene-Cave, TS3=Tubac-SonoitaGrabe, TS2=Torrifluvents
Land Use: SPRNCA^San Pedro Riparian National Conservation Area, AGR=agriculture,
lJRBAN=urbanization

River Km

Site

Reach

Riparian Vegetation Substrate

Land Use

0.7

Mexico

gaining

no

SDG

TS4

SPRNCA

4.7

Palominas

losing

no

SDG

TS4

AGR

16.6

Hereford

gaining

yes

SDG/CDS

TS14

AGR

26.2

17

losing

yes

CDS/SDG

TS14

SPRNCA

29.6

16

gaining

yes

CDS

TS14

SPRNCA

33.2

Lewis Spring

gaining

yes

CDS/SDG

TS14/TS3

URBAN

40.7

Greyhawk

gaining

yes

CDS

TS14

URBAN

44.7

Charleston

gaining

yes

CDS

TS14

URBAN

55.5

Boquillas

losing

yes

CDS

TS14

URBAN

58.9

12

losing

no

CDS

TS14

SPRNCA

60.8

Fairbank

losing

no

CDS

TS14/TS2

SPRNCA

65.5

Contention

losing

no

CDS

TS2

SPRNCA

68.8

9

losing

no

CDS

TS2

SPRNCA

76.1

St David

losing

no

CDS

TS2

AGR

80.8

Esoalante Spring

gaining

no

CDS

TS2/TS14

AGR

85.3

Apache Powder

losing

yes

CDS

TS2/TS14

AGR

96.5

Benson

losing

yes

CDS

TS2

URBAN
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Table 5:

Square area and total contributing source area (CSA) of each subcatchment in the study basin.

Sub-catchment
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

sub-shed TOTAL
Sampling Site area(l<m ) area(km ) US area l\/lexico
Mexican Border
1788
1788
175
1613
Palominas
67
1855
39
28
Hereford
2314
324
135
459
17
178
178
2492
16
146
2638
146
Lewis Springs
111
2749
111
Greyhawl< Ranch
300
3049
300
Cliarleston
3156
107
107
Boquillas Ranch
173
3329
173
12
40
3369
40
Fairbank
965
4334
965
Contention
160
4493
160
9
63
63
4556
St. David
390
4946
390
Escalante Springs
53
5000
53
Apache Nitrogen
185
5185
185
Benson
413
5598
413
TOTALCkm'^)
5598
3822
1776
68%
32%

Table 6:

Percent land cover in each sub-basin.
The San Pedro Riparian National Conservation Area (SPRNCA) is highlighted because it is not an official North
American Land Cover (nalc97) since it is composed of many different land covers. SPRNCA was not used to
calculate the total percent coverage in each subcatchment.

Subcatchment

Area (Km®)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

1788
67
459
178
146
111
300
107
173
40
965
160
63
390
53
185
413

Oak
Forest Woodland
1%
<1%
1%
6%
12%
13%
-

27%
19%
4%
5%
12%
27%
1%
1%

1%
-

-

1%

20%
3%

-

-

-

3%

-

-

-

13%
3%

Mesquite
Woodland
11%
25%
27%
19%
16%
14%
15%
12%
15%
13%
11%
19%
14%
13%
2%
7%
12%

Grassland Desertscrub Riparian
55%
24%
38%
24%
19%
15%
27%
22%
27%
26%
44%
34%
23%
31%
39%
33%
33%

3%
26%
22%
33%
27%
19%
56%
45%
47%
55%
19%
42%
53%
49%
44%
37%
45%

1%
1%
1%
2%
1%
1%
1%
1%
3%
5%
<1%
1%
4%
2%
5%
3%
2%

Agriculture Urban

,

1%
5%
2%
1%
1%
2%
<1%
-

<1%
-

<1%
-

<1%
10%
5%
5%

<1%
<1%
4%
9%
13%
9%
1%
17%
7%
<1%
4%
<1%
6%
1%
<1%
-

1%

Table 7:

Cumulative percent cover of natural vegetation.

Madrean Evergreen Petran Montane

Plains & Great

Semidesert

Riparian

Conifer Forest

Basin Grassland

Grassland

Vegetation

48%
45%
22%
19%
20%
21%
17%
16%
14%
14%
20%
20%
19%
18%
18%
18%

2%
2%
1%
2%
2%
3%
2%
2%
2%
2%
1%
1%
1%
1%
1%
1%

45%
38%
17%
13%
11%
9%
7%
7%
6%
6%
11%
11%
10%
9%
9%
8%

5%
14%
44%
42%
41%
41%
39%
39%
40%
39%
35%
35%
34%
34%
34%
35%

0%
0%
<1%

17%

1%

8%

38%

1%

SUB-

Chihuahuan

catchment

Desertscrub

Woodland

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

0%
0%
15%
24%
25%
25%
34%
36%
37%
39%
32%
33%
34%
37%
37%
37%

17

37%

1%
1%
1%
1%
1%
1%
1%
1%
1%
1%
1%
1%
1%

Table 8:

Cumulative land ownership in the upper San Pedro Research Basin.
BLM= Bureau of Land Management; FS= Forest Service; NPS= National Park Service;
DOD= Department of Defense; PVT= Private; STATE= State Trust Land; OTHER= other.

Subcatchment
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Area (Km^)
175
214
538
716
862
973
1273
1380
1553
1593
2558
2717
2780
3170
3224
3409
3822

%BLM
1%
4%
7%
12%
13%
13%
14%
15%
16%
17%
13%
13%
13%
12%
12%
12%
10%

%FS
71%
62%
26%
22%
21%
19%
15%
13%
12%
12%
14%
14%
13%
14%
14%
15%
15%

%NPS
10%
9%
4%
2%
2%
2%
1%
1%
1%
1%
1%
1%
1%
1%
1%
<1%
<1%

%DOD
-

-

-

-

<1%
5%
4%
4%
9%
9%
13%
12%
12%
10%
10%
9%
8%

%PVT
16%
23%
51%
48%
49%
46%
43%
42%
39%
38%
38%
37%
37%
34%
34%
35%
36%

%STATE
2%
3%
13%
14%
14%
14%
22%
23%
22%
22%
21%
23%
24%
28%
28%
28%
30%

%OTHER
<1%
<1%
<1%
<1%
<1%
<1%
<1%
<1%
<1%
<1%
<1%
<1%
<1%
<1%
<1%
<1%
<1%

Table 9:

Percent land ownership in each subcatchment throughout the study region.
BLM= Bureau of Land Management; FS= Forest Service; NPS= National Park Service;
DOD= Department of Defense; PVT= Private; STATE= State Trust Land; OTHER= other.

Subcatchment Area (Km^)
175
1
39
2
324
3
4
178
5
146
6
111
300
7
8
107
9
173
10
40
11
965
160
12
13
63
390
14
15
53
16
185
17
413

%BLM
1%
14%
8%
29%
18%
15%
18%
17%
27%
64%
6%
15%
13%
7%
8%
2%
1%

%FS
71%
30%
2%
10%
16%
7%

%NPS
10%
<1%

%DOD

-

-

-

-

-

-

-

-

-

-

-

-

-

-

19%

19%
6%

-

-

-

-

<1%
40%
-

10%
49%

-

-

-

-

-

22%

-

-

-

-

-

29%
12%

-

-

-

-

%PVT
16%
55%
71%
40%
55%
19%
34%
37%
15%
5%
38%
12%
32%
17%
52%
41%
45%

%STATE
2%
2%
19%
21%
11%
18%
48%
36%
9%
31%
19%
66%
55%
54%
40%
28%
42%

%OTHER
<1%
-

<1%
-

-

-

-

-

-

-

-

-

-

-

-

-

-

Ill
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Figure 14: Seasonal nitrate-nitrogen (NO3-N) concentrations as a function of hydrology
Diamonds represent the non-monsoon; Open diamonds represent possible point sources ofNO^-N
(Hereford and Apache Powder); Squares represent the monsoon season.

The exponential curve has an

value of 0.75, p<0.001 (excluding the "point sources").
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DOC vs. Fluorescence Index
1.8

aquatic

^ •Ei

terrestrial
1.4
2

3

DOC (mgC/L)

Figure 15; Concentration of dissolved organic carbon (DOC) compared to sources of
organic matter during different seasons.

Diamonds represent the non-monsoon; Squares represent the monsoon season.
The linear correlation between the Fluorescence Index and DOC concentrations demonstrates a strong
relationship (B? = 0.78).
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Figure i6: Natural Vegetation of
the Upper San Pedro Watershed
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Figure 17: Soils of the Upper San Pedro Watershed
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Figure i8: Land Ownserahip in
the Upper San Pedro Watersiied
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Figure 19: Subwatersheds along
the Upper San Pedro River
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Figure 20: Seasonal mean DOC concentrations for the upper San Pedro River, 2002.

Average DOC concentration during the non-monsoon was 1.38 mgC/L, whereas the
monsoon had an average of 3.35 mgC/L. Error bars are given as the standard error
of the mean for each season. The seasonal mean values are significantly different
(p< 0.001).
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Figure 21:

I Monsoon

Mean Fluorescence Index during the non-monsoon and monsoon seasons.

Columns represent the mean fluorescence index for each season and error bars are the
standard error of the mean for each season. The difference between the seasonal mean
values is statistically significant (p< 0.001).
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Figure 22: Seasonal sources of organic matter determined by the hydrological conditions
of the reach.

A Fluorescence Index near 1.8 indicates an aquatic source of organic matter (i.e. algae), and
1.4 indicates a terrestrial source (i.e. soil and leaf litter).

Monsoon values are shown as diamonds—after the first major flood of the season, fluorescence values are
between 1.42-1.51 (dark gray circle). Later in the season, fluorescence values range from 1.54-1.62 (light
gray circle).
Non-monsoon season values—stars represent the upper reach; triangles represent the middle reach; circles
represent the downstream reach.
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Figure 23: DON concentrations, upper San Pedro River, 2002
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A. Non-monsoon season DON concentrations.
Diamonds are samples taken before the monsoon season from 6/29-7/22/2002; Squares are
samples taken after the monsoon season from 8/31-9/01/2002; Triangles are samples from 9/2021/2002; Crosses are samples from 10/18-19/2002. Dashed vertical lines represent the
divisions between the upper, middle, and lower regions.
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B. Monsoon season DON concentrations.
Diamonds are from samples taken after the first major flood on 7/29-8/01/2002; Squares are
samples taken near the end of the monsoon season on 8/12-14/2002. Dashed vertical lines
represent the divisions between the upper, middle, and lower regions.
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Figure 24: Seasonal dissolved organic nitrogen (DON) concentrations as a function of
hydrology

Diamonds represent the non-monsoon; Squares represent the monsoon season.
Potential point sources of nitrogen are identified. Chloride concentrations below 7 mg/L indicate
a mixture of groundwater with precipitation and runoff. Chloride concentrations above 9 mg/L
indicate evapotranspiration of the water. As water is lost through evaporation or transpiration,
chloride concentrates in the stream.
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Figure 25: Nitrate-nitrogen (NO3-N) concentrations, upper San Pedro River, 2002
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A. Non-monsoon season Nitrate-N concentrations.
Diamonds are samples taken before the monsoon season from 6/29-7/22/2002; Squares are
samples taken after the monsoon season from 8/31-9/01/2002; Triangles are samples from 9/2021/2002; Crosses are samples from 10/18-19/2002. Dashed vertical lines represent the
divisions between the upper, middle, and lower regions.
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B. Monsoon season Nitrate-N concentrations.
Diamonds are from samples taken after the first major flood on 7/29-8/01/2002; Squares are
samples taken near the end of the monsoon season on 8/12-14/2002. Dashed vertical lines
represent the divisions between the upper, middle, and lower regions.
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Figure 26: Bromide concentrations along the upper San Pedro River, 2002
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A. Non-monsoon season bromide concentrations.
Diamonds are samples taken before the monsoon season from 6/29-7/22/2002; Squares are
samples taken after the monsoon season from 8/31-9/01/2002; Triangles are samples from 9/2021/2002; Crosses are samples from 10/18-19/2002. Dashed vertical lines represent the divisions
between the upper, middle, and lower regions.
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B. Monsoon season bromide concentrations.
Diamonds are from samples taken after the first major flood on 7/29-8/01/2002; Squares are
samples taken near the end of the monsoon season on 8/12-14/2002. Dashed vertical lines
represent the divisions between the upper, middle, and lower regions.

125

Chloride vs. Bromide
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Figure 27: Seasonal Chloride-Bromide Regression Curves.
Squares represent samples collected during the non-monsoon season. Dark squares are from the summer
(R^=0.86) and light squares are from the fall (R^=0.85). X's represent samples collected during the
monsoon season (R^=0.89).
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Figure 28: Sulfate concentrations along the upper San Pedro River, 2002
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A. Non-monsoon season sulfate concentrations.
Diamonds are samples taken before the monsoon season from 6/29-7/22/2002; Squares are
samples taken after the monsoon season from 8/31-9/01/2002; Triangles are samples from 9/2021/2002; Crosses are samples from 10/18-19/2002. Dashed vertical lines represent the divisions
between the upper, middle, and lower regions.
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B. Monsoon season sulfate concentrations.
Diamonds are from samples taken after the first major flood on 7/29-8/01/2002; Squares are
samples taken near the end of the monsoon season on 8/12-14/2002. Dashed vertical lines
represent the divisions between the upper, middle, and lower regions.
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Discharge: 8/12-14/2002
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Figure 29: Discharge regression analysis from three USGS stream gages.

Average daily discharge at three USGS stream gages during the monsoon season. The solid line
represents the linear regression curve (y = 0.29x + 1.53, R^= 0.81). Dashed vertical lines
represent the divisions between the upper, middle, and lower regions.

Diamonds represent the Palominas stream gage; Squares represent the Charleston stream gage;
and Triangles represent the Tombstone stream gage.
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August 12-14, 2002
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Figure 30: Percent surface water and interflow in monsoonal stream flow

A simple 6'®0 mixing model was used to calculate the percent surface water and interflow in
elevated monsoon baseflow during August 12-14, 2002. Dashed vertical lines represent the
divisions between the upper, middle, and lower regions.

