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These proceedings are an outcome of a symposium and workshop held June 2-5, 1998 in Albuquerque, NM. Hosted
by the USDA Forest Service, Rocky Mountain Research Station and the U.S. Fish and Wildlife Service’s Bosque
Improvement Group, in collaboration with numerous partners from a variety of sectors, the symposium was designed
to report on current research and development activities in the Middle Rio Grande Basin. The purpose of the meeting
was to share information and develop ideas for sustaining and conserving Middle Rio Grande Basin ecosystems,
especially those from Cochiti Dam to Elephant Butte Reservoir. Experts were invited to contribute oral presentations,
posters, and papers that addressed five Basin themes. Theme one’s session was designed to identify methods and
opportunities to enhance communication and collaboration among researchers, managers, and communities. A
second theme explored ideas and approaches for conserving water and riparian resources in relation to human needs
and population growth. Theme three discussed how watershed processes form linkages and influence management
of upland and river resources. A fourth session identified methods and strategies for restoring and monitoring basin
ecosystems and discussed project successes and failures. Theme five reported on status of endangered and sensitive
species, biological diversity, and opportunites for restoring and managing habitats to recover species. Management
and understanding of the Middle Rio Grande Basin’s natural resources and ecosystems require communication and
cooperation of partners across cultural, landowner, and organizational boundaries. To produce a shared understanding
of the current state and desired future state of the Middle Rio Grande Basin and to outline the steps needed to move
toward the desired future, a facilitated workshop was held the last day of the conference. The results of this workshop
are reported in the concluding section of this proceedings. The technical coordinators of the symposium and
proceedings wish to acknowledge all the partners who have contributed to the research, restoration, technology
development, educational outreach, and special events and activities designed to improve human and ecosystem
conditions in the Basin. We hope this volume captures at least some of the excitement, ideas, and productivity
generated by Basin projects over the past several years.
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Rio Grande Ecosystems: Proceedings

Introduction

Deborah M. Finch
Jeffrey C. Whitney

These proceedings are an outcome of a symposium and
workshop of the same title held June 2-5, 1998, in Albuquer-
que, New Mexico. Hosted by the USDA Forest Service,
Rocky Mountain Research Station and the U.S. Fish and
Wildlife Service’s Bosque Improvement Group, in collabora-
tion with partners from a variety of public and private
sectors, the symposium was designed to report on current
research, development, and educational activities in the
Middle Rio Grande Basin. Participants shared information
and developed ideas for sustaining and conserving Middle
Rio Grande Basin ecosystems, especially those from Cochiti
Dam to Elephant Butte Reservoir.

In 1994, the Rocky Mountain Research Station in Albu-
querque developed and implemented a 5-year research pro-
gram to evaluate ecological conditions of Middle Rio Grande
Basin ecosystems. This Forest Service Research program
addressed four problem areas: (1) ecology and restoration of
upland basin ecosystems, (2) watershed analysis and stream
quality, (3) riparian habitats and species, and (4) human
history and culture. More than 25 cooperating organizations
have been participating in this program, either by conduct-
ing research through contracts and agreements, by match-
ing funds and sponsoring new research, or by cooperating
through various land use agreements. Simultaneously, the
U.S. Fish and Wildlife Service developed a program of
research, monitoring, management, and education focusing
on improving ecological conditions and communications
along the Middle Rio Grande. This program, implemented
through the Bosque Improvement Group, was also initiated
as a 5-year effort. Combined, both programs have sponsored
over $1 million per year of Rio Grande Basin activities from
1994 to 1998. This includes cost-share and matching dollars
contributed by collaborating organizations such as Bureau
of Reclamation, U.S. Geological Survey, Army Corps of
Engineers, State of New Mexico, City of Albuquerque, Na-
tional Forests, National Wildlife Refuges, University of New
Mexico, and several other universities, private institutions,
environmental organizations, and public agencies.

Specially designated funds allocated to these two pro-
grams have been used to develop partnerships, conduct
research, and expand knowledge for managing the Rio
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Grande and its associated natural resources and ecosys-
tems. After prioritizing, sponsoring, and conducting projects
for the past 5 years, we have convened this symposium to
report relevant results, describe progress, and document
outcomes of joint ventures. The research results, technology,
and partnerships described in these proceedings attest to
the many achievements and products these programs have
helped to generate in the Basin. Viewed by some as the “river
of life,” the Rio Grande’s past, present, and future are
captured in this volume. Success stories are worth telling
and worth reading about.

We invited experts to contribute oral presentations, post-
ers, and papers that addressed five Basin themes. Theme
One’s session was designed to identify methods and oppor-
tunities to enhance communication and collaboration among
researchers, managers, cultural groups, and communities.
Historical overviews from different cultural perspectives
were presented that helped to lay the groundwork and
direction for communication about current environmental
conditions, conflicts, and options. Theme Two participants
explored ideas and approaches for conserving water and
riparian resources in relation to human needs and popula-
tion growth. Theme Three focussed on how watershed pro-
cesses form linkages and influence management of upland
and river resources. Theme Four participants identified
methods and strategies for restoring and monitoring basin
ecosystems and discussed project successes and failures.
Theme Five was a report on the status of endangered and
sensitive species, biological diversity, and opportunities for
restoring and managing habitats to recover species. The
written papers that resulted from the symposium are grouped
along similar lines.

An evening poster session and social was held at the
Albuquerque Aquarium. Symposium participants, accom-
panied by friends and family members, viewed scientific
posters, chatted with presenters, toured exhibits of sea life,
and exchanged ideas and information with strolling col-
leagues. Poster papers were assigned to theme categories
using an ad-hoc basis.

Management and understanding of the Middle Rio Grande
Basin’s natural resources and ecosystems require communi-
cation and cooperation of partners across cultural, land-
owner, and organizational boundaries. To produce a shared
understanding of the current state and desired future state
of the Middle Rio Grande Basin and to outline the steps
needed to move toward the desired future, a facilitated
workshop was held the last day of the conference. The
workshop was designed to enable participants to plan some
joint actions for improving environmental conditions in the
Rio Grande watershed and river corridor and at the same
time learn a new way to increase their success rate in



achieving goals when working together. Participants were
first asked to find areas of “common ground” regarding their
desired future of the Rio Grande Basin. Then they were
asked to examine their views of the current status of the
Basin so as to be able to determine what the appropriate
actions would be. During these exercises we saw a positive
release of “structural tension,” a phenomenon defined by
Workshop Facilitator, Dr. Barbara Coe of Daystar Associ-
ates, as energy that generates action toward the goal. The
written results of this workshop are reported in the conclud-
ing section of this proceedings. Additional outcomes in-
cluded: (1) increased understanding of the similarities and
differences in participants’ desires for the future of the Rio
Grande, (2) increased understanding of the current state of

the Rio Grande Basin, (3) preliminary action plans for
elements of the desired future, and (4) increased knowledge
of a new way to achieve goals collaboratively.

In conclusion, the technical coordinators of the sympo-
sium and proceedings wish to acknowledge all the partners
who have contributed to the research, restoration, technol-
ogy development, educational outreach, and special activi-
ties designed to better human and ecosystem conditions in
the Basin. A comprehensive list of those organizations that
helped to make this symposium successful is included in the
beginning of the proceedings. We hope this volume captures
at least some of the excitement, ideas, and productivity
generated by Basin projects over the past 5 years.

USDA Forest Service Proceedings RMRS-P-7. 1999
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Rio Grande Basin and the Modern World:
Understanding Scale and Context

Joseph A. Tainter

Abstract—Environmental problems are social issues, embedded in
economic and political contexts at the local, regional, national, and
global levels. Placing environmental issues on the scale from local
to global clarifies conflicts between the level at which problems
originate and the level at which they must be addressed. Local
issues today often originate in sources distant in time and space,
increasing the difficulty of discerning and addressing them. Con-
flicts in environmental management can be approached by under-
standing their broader context and the appropriate level at which to
manage them.

Scaling and Social Context

Environmental problems are really social issues. Environ-
mental matters do not exist on an independent plane in the
biophysical world. Ecosystems, being systems, adjust auto-
matically to what we call disturbances, and cannot care
about such matters as species composition, ground cover, or
water flow. An environmental phenomenon becomes a prob-
lem only because people perceiveit tobe. Variationin human
perception gives rise to environmental concerns, the re-
search by which we comprehend them, and the confronta-
tions or negotiations by which we resolve them.

To understand that environmental problems are really
social issues is also to understand that they have scalability
that is characteristically fractal. As we consider environ-
mental issues ranging from local to national to global, we
find that the problems fundamentally retain the same form,
the same parts, and the same relations among parts. Al-
ways, for example, there is conflict between immediate
human livelihood and long-term environmental resiliency.
The fact that the problematical relationship between hu-
manity and the environment tends to repeat the same
patterns and issues helps us to develop a context to under-
stand both what we experience in the Rio Grande Basin
today and the broader processes in which we participate. A
perspective that is comparative and historical helps to
clarify both the situation of the Rio Grande Basin and the
meaning of the ecosystem approach to management. The
discussion is far-ranging, and is meant to illustrate the
diversity of the knowledge that we need to understand any
region today.
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The era since World War IThas been particularly transfor-
mative in many places, of which it is useful to relate one
example. Until World War II communities in this area were
relatively isolated and closed. Within a community everyone
knew everyone else, the information pool was homogeneous,
and decision-making was primarily consensual. There were
few differences among people, either technical, social, or
economic. The system of land use had been in operation for
avery long time. People knew the area intimately, and their
subsistence practices were suitable to the environment and
sustainable over the long term.

Roads were introduced in the period just after the war,
leading to increased contact between villages and with
the outside world. This brought new influences and informa-
tion about the world at large, and new opportunities and
ways of doing things. Within villages both the pool of infor-
mation and community organization began to differentiate.
Villages lost some autonomy as they came to be embedded in
larger systems at the regional and national levels. As urban
ways of living penetrated the countryside, people began to
acquire manufactured goods and cash became increasingly
important.

The last 50 years have seen much emigration from the
villages, as people have moved to the outside world to find
work. Social and economic differentiation accelerated, so
that no longer could everyone know everything about every-
one else. Personal and group interests began to conflict.
Subsistence practices changed also. Transformations in
cattle grazing meant that fire stopped being used to keep
upland pastures clear of competing vegetation. Thisled toan
overgrowth of undesirable woody plants and to erosion.

The natural environment, and how it is used, have been
central to the people’s cultural heritage. Yet forests in the
region are now controlled by the government, and there is
frequent conflict between forestry officials and local resi-
dents. Organizations external to the area now promote
projects to develop the local economy. The great beauty of the
area is to be marketed by far-off urban residents to other
urban residents. These outsiders bring an ethos in which
heritage is to be preserved rather than lived. Forests are to
be maintained largely for urban values. The architectural
style is to be preserved even though local people can no
longer afford it, and no longer have free access to raw
materials in the forests.

As local self-sufficiency declined, the region has become
more and more dependent on the commercial economy and
the government. Today many people, particularly older
ones, are supported by government payments. Being embed-
ded in larger systems means that the transformation from
autonomy and self-sufficiency to dependency and environ-
mental deterioration is probably irreversible in the near
future (Green and others 1998, van der Leeuw and others
n.d.).



This is a description of changes, not within the Rio Grande
Basin (though it could almost be), but in the region of Epirus
in the northwest of Greece. We recognize the account and
respond to it because, with a few changes in minor details, it
could easily describe what has happened in the Basin over
the past 50 years. How is it that two distant and unrelated
places could exhibit such strikingly parallel developments?

The answer lies in understanding the scalability of eco-
nomic and environmental change. The description of Epirus
sounds not only like the Rio Grande Basin, but also like
many other places that have been transformed in recent
decades. These places tend to change along parallel courses
because they have become embedded in a global economic
system in which participation is rarely optional. To a degree
that is generally not understood this system guides the
development of localities that were previously unconnected.
Places like the Rio Grande Basin or Epirus, once largely
autonomous and self-sufficient, may never again control
their own destinies.

Social Memory, Hierarchy, and
Heterarchy

Epirus exemplifies the problem of scaling in environmen-
tal management. The problem concerns the levels at which
environmental problems arise, and the levels at which we
consider and devise solutions to them. Often these levels
existin blissful ignorance of each other. Take climate change
as an example. The Intergovernmental Panel on Climate
Change (IPCC) periodically issues reports synthesizing sci-
entific information on this topic. Its most recent report in
1995 was in three volumes, one of which concerned the social
and economic dimensions of climate change (Bruce, Lee, and
Haites 1995). It is a remarkable compilation, which ad-
dresses such pressing matters as adaptation and responses,
equity, decision-making frameworks, and economic consid-
erations. Yet within its learned chapters one looks fruit-
lessly for discussions of scaling, or for sensitivity to the
matter, or even, at the very least, for awareness of it.

Scaling in this case concerns the level at which humans
respond to environmental change, or attempt to manage it.
As befits an organization chartered by the United Nations,
IPCC considers adaptation and responses primarily at the
level of nations, and within nations, at the level of cities.
Discussions of equity, for example, usually turn on relations
of developed nations to those in transition. Adaptation is
discussed in terms of responses that nations might under-
take, such as steps to protect coastlines and low-lying areas.
Certainly these matters are important, but they are not the
considerations of most people who will be affected by cli-
matic or other environmental change. The major part of
humanity’s adaptation will come at the local level, at a
community or regional scale, among people who do not
participate in international deliberations and who know
nothing of such concepts asinternational orintergenerational
equity, opportunity costs, return on investment, or net
present value.

Environmental responses at the local or regional level,
including the Rio Grande Basin, reflect the accumulated
knowledge of people who have occupied a territory for
generations, and who have learned through long experience

how to respond to change (McIntosh, Tainter, and McIntosh
n.d.). Environmental responses at this level are based on
knowledge of which national governments, and interna-
tional organizations such as IPCC, are typically unaware.
Carole Crumley, for example, has studied traditional farm-
ing and gardening practices in the Burgundian region of
France (Crumley n.d.). Millennia of experience with local
conditions have given these people knowledge to farm
sustainably. Yet as the French government accedes to inter-
national demands for open markets, local production sys-
tems are being destroyed. The result for the French govern-
ment is tractor parades of angry farmers through Paris. In
Burgundy the consequences are more serious: to compete in
international markets these farmers must expand their
scale of production. Hedgerows are being destroyed to allow
for larger fields, and centuries-old conservation practices
are being abandoned. Closer to home, similar problems
generated by the North American Free Trade Agreement
have damaged subsistence farmers in southern Mexico, and
contributed to the grievances fueling the rebellion in Chiapas.
Meanwhile, in the Rio Grande Basin, we seem increasingly
to worry about farmland preservation less as a fundamental
aspect of our lives, and more as a quaint curiosity, part of our
conception of a picturesque landscape.

In aworld that has become globally interconnected we will
increasingly experience conflict between action at the local
level and actions at higher levels. Environmental action at
the local level, among people who have occupied a region for
much time, is initiated on the basis of what has been termed
social memory (McIntosh, Tainter, and McIntosh n.d.). So-
cial memory is the mechanism by which local-level societies
retain, transmit, and modify knowledge of the environment,
its past changes, and successful responses to those changes.
Social memory is encoded in the very things that form the
basis of life in small communities: cosmology, myths, rituals,
stories, and drama. Social memory is active in all communi-
ties, even those that are part of nations with scientific
traditions. The Burgundians studied by Carole Crumley
(n.d.), for example, encode knowledge of environmental
variation in sayings and aphorisms that guide how they
prepare and tend vegetable gardens. Gardening in turn
serves as a repository of knowledge and experience about
broader environmental variation. On the other side of the
world, China possess perhaps the oldest continuous tradi-
tion of social memory (Hsu n.d.). Proverbs predict how one
state of weather leads to another, while pragmatic observa-
tions on the environment are encoded in poems and songs.
These traditions have been transmitted for centuries. The
people of the Rio Grande Basin have had a similarly rich
tradition of environmental knowledge, extending over a
centuryin the case of Anglo-Americans, for several centuries
among Hispanos, Apaches, and Navajos, and even longer
among Puebloans.

A physical remnant of this tradition can be found south of
Tijeras Canyon, along an old state highway that runs paral-
lel to but largely hidden from the current road. It was a
narrow, curving road, meant to be driven at slow speeds.
Amidst rock art of the 14th century there is a sign from
earlier this century, hand painted on a limestone cliff. It
advertises, in a characteristically New Mexican combina-
tion of Spanish and English, that “Curandera cures all.”
Whoever this curandera was, she carried a long tradition

USDA Forest Service Proceedings RMRS-P-7. 1999



about the medicinal use of local plants. It is an example of
what we call social memory. Her tradition still exists, though
many New Mexicans, newly arrived and working for some
modern institution, will be unaware of it. It is a tradition
that can no longer galvanize social action to the extent that
it once did.

Responses to environmental challenges can be catego-
rized by the channels through which they are initiated. In
broad terms these channels can be termed hierarchical and
heterarchical. The meaning of hierarchy is widely under-
stood. In a social context it refers to people or institutions
that are ranked relative to each other, and connotes author-
ity and power. Heterarchy, a term coined by Carole Crumley
(1979: 144), means just the opposite: a social condition in
which people or institutions are unranked relative to each
other, or can be situationally ranked in a number of ways. Of
course most societies today incorporate elements of both
hierarchy and heterarchy. The communities of central and
northern New Mexico in the 18th century could be viewed as
a heterarchy, but they were in turn linked hierarchically
through Santa Fe to the government in Mexico City, and
ultimately to the Spanish Crown. The villages of Epirus in
the 1930s similarly formed a local heterarchy, linked weakly
to the national government in Athens.

Hierarchy and heterarchy differ in the speed and scale at
which they respond to challenges, in the rates at which they
change, and in their appropriateness for different situa-
tions. We usually think of hierarchies in an active sense:
passing laws, setting policies, issuing orders, or establishing
budgets. Higher levels do constrain lower levels in this way,
but much of the time they do so in ways that are not
intuitively obvious. Higher levels often constrain those fur-
ther down by not acting, or by acting slowly (Allen and Starr
1982, Allen and Hoekstra 1992, Ahl and Allen 1996). Elites
limit the behavior of subordinates by being unresponsive.
While the lower levels in a social hierarchy go about the
high-frequency business of daily life, the higher levels slowly
issues edicts or grant appeals.

In human societies as in most living systems, information
flows to higherlevels and controls operate downward. Higher
levels respond not to the primary forces felt by lower levels,
but to information about those forces. Information flowing
upward is always filtered, becoming ever more abstract and
disconnected from its source, while at the same time higher
levels are notoriously unresponsive to signals from below.
What hierarchies do respond to is horizontal social signals—
messages from or about other elites. A Russian colleague, for
example, once described to me how Mikhail Gorbachev
behaved in the waning days of the Soviet Union. As the union
crumbled about him, and its citizens and security forces
battled in the streets, the information that mattered to
Gorbachev was not the needs of lower levels but his reputa-
tion in the minds of Western leaders. Along analogous lines,
in August 1996 there was much discussion of establishing a
high-speed rail line between Moscow and St. Petersburg. At
the same time the local rails within St. Petersburg were so
dilapidated that in places they ran over mud. The upper
levels of civil administration in St. Petersburg responded to
horizontal signals from civic elites in Moscow, while re-
sponding callously to local distress.

This may sound like hierarchy is merely a useless para-
site, utterly unsuited to solving local problems. In fact
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hierarchy has distinct advantages that heterarchy can never
match. The advantages of hierarchy are that it can act
quickly, uniformly, and over large areas. Hierarchy conveys
the authority to mobilize communities to act, and to act
expeditiously. Hierarchy can mobilize resources for an effec-
tive response, and can ensure that resources are distributed
equitably. What hierarchy typically cannot do is to respond
quickly and effectively to signals from below about new or
unusual problems. Our own disaster-relief agencies, for
example, have become adept at responding to flooding in the
Mississippi Basin, but take excruciatingly longer to address
a more unusual problem such as a catastrophic snowfall in
southeastern New Mexico. National governments may un-
wittingly undermine traditional production systems, such
as in Burgundy, because they respond to horizontal social
signals, while information from below must always struggle
upstream.

Heterarchy, while not so effective at mobilizing quick,
large-scale responses, is better able to acknowledge and
incorporate varieties of experience. Heterarchical systems
work either by consensus, or by ad hoc consensual leader-
ship. While the process of adjusting to new circumstances in
a heterarchy is unavoidable slow, it derives legitimacy from
consensus. [tisbased onlocal experience and social memory.
Those who have developed a heterarchical consensus are
intrinsically committed to implementing it. Yet heterarchy,
like hierarchy, is by itself incomplete. While heterarchy has
the advantage of incorporating diverse experiences and
ensuring legitimacy of decision-making, it falters where
conditions call for rapid or uniform responses, or where
problems arise from outside a local context. Social memory
is also far from faultless. Fekri Hassan relates a story of an
advisor to the Egyptian government, who insisted that he
had detected a pattern to the Nile floods of seven years of
high water, seven years of low, and six years of intermediate
levels. In fact the advisor had detected no such thing, and
admitted privately that his model was inspired by the
Koran. The inspiration is actually far older than the Koran.
The advisor, probably unknowingly, perpetuated a long
tradition of Egyptian social memory, which has a docu-
mented history of over four thousand years, and which is
reflected in the Biblical tale of seven years of plenty followed
by seven years of famine (Hassan n.d.). Local social memory,
formed through heterarchies, may sometimes be a suitable
guide for action, but it can also be nothing more than fable.

Scale, Context, and Landscape
Change

This meandering discussion has come in a roundabout
fashion to one of the fundamental dilemmas of our time:
whether to confront our problems top-down, through our
national government or even international conventions, or
from the bottom up, based on local experiences. This di-
lemma, as we know, frames much of our national debate, and
in various guises dominates our headlines. The dilemma
becomes poignant as we realize that for the most part there
are no answers or solutions that are unambiguously right or
wrong. Neither hierarchy nor heterarchy is invariably ap-
propriate or misguided. Their usefulness depends on cir-
cumstances. In a world that is interconnected at many



levels—in which the air of Albuquerque can be turned to
haze by fires in southern Mexico, (such as in the third week
in May, 1998), in which warming of equatorial waters
increases profits for Mesilla lettuce farmers while it in-
creases disease in the San Juan Basin—we realize that ever-
closer scrutiny of our problems will likely reveal only finer
and finer shades of gray. This underscores again the central-
ity of scaling and context, and particularly the problems that
inevitably arise when there is a contradiction between the
level at which problems are generated and the level at which
they must be addressed.

My colleague Tim Allen is fond of saying that if fish were
scientists, the last thing they would discover would be water
(for example, Allen, Tainter, and Hoekstran.d.). His point is
that the most difficult matter to comprehend is the context
that constrains us. It is always difficult to understand
something larger than ourselves, and that is what context is
(Allen and Hoekstra 1992). In a global marketplace in which
the fiscal crisis in Asia may influence the level of water use
in microprocessor manufacturing, and ultimately how long
farmers in the Rio Grande Basin will be able to irrigate
alfalfa, trying to understand our context is surely one of the
most important things we can do.

The dilemma we ultimately face is that our context is
increasingly distant, impersonal, unaware of us, and uncar-
ing. In the eighteenth century the Spanish Crown probably
also seemed distant, impersonal, unaware, and uncaring,
but it also had little influence in the day-to-day lives of New
Mexicans. Today New Mexico may be affected by decisions
made on Wall Street, in Tokyo, or in the Persian Gulf, or even
by the actions of angry mobs in Indonesia. The control of our
local affairs is more and more in external hands.

Although the universality with which this is happening is
peculiar to our era, there are precedents for it. It is worth
reviewing one of these precedents briefly, for it allows us to
see the long-term consequences of a locality losing control of
its destiny. In the civilizations of the ancient Mediterranean,
agriculture was the basis of wealth and power. The ideal
landscape was one of peasant farmers producing food for the
cities, sons for the armies, and taxes for the state. This was
the energetic basis of the Greek city-state, and it formed a
landscape in which events and processes were substantially
under local control.

This began to change when Alexander the Great con-
quered the Near East toward the end of the fourth century
B.C.Thelarge Hellenistic kingdoms that formed in the wake
of his conquests hired large armies of Greek mercenary
soldiers. Suddenly Greek peasants had opportunities on an
unprecedented scale to earn gold and silver serving as
soldiers in Syria or Egypt, rather than farming laboriously
for meager subsistence in the poor soil of Greece. The Greek
countryside began increasingly to lose population from the
second century B.C. When the Romans came to Greece they
expropriated so much treasure that for small farmers there
was a liquidity crisis. They could not earn money to pay their
debts and began to lose theirlands to the wealthy. The Greek
landscape of peasant proprietors changed to one of ostenta-
tious villas, owned by oligarchs who used the land less
intensively—for exportable cash crops such as olive oil,
wine, or livestock, and to raise prize horses and cattle. By the
second century A.D. writers described the Greek country-
side as unkempt and underpopulated—a sad reflection of its
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former productivity. Ironically, cities flourished in this era,
as oligarchs put their wealth into building public monu-
ments. The magnificent ancient cities of the Mediterranean
Basin, which we admire so much today, were partly built on
the basis of rural depopulation. Greece has, in some ways,
never recovered from this.

By the third century A.D. the Roman Empire was fighting
forits own survival against Germanic peoples from the north
and the Persians from the east. It financed its wars largely
from taxes on land. It came to require that taxes be paid
whether a plot of land was cultivated or not, and so tried to
force underutilized lands back into production. The Greek
landscape came to be repopulated, but not by a free peas-
antry. Farmers from the fourth century on were legally tied
to their lands, or attached as tenants to great estates. These
obligations were hereditary, a foretaste of the social condi-
tions of the Middle Ages (Alcock 1993, Allen, Tainter, and
Hoekstra n.d.).

The unfortunate story of the Greek landscape is one of
changing context. In the era of city-states the Greek land-
scape developed under local control, responded to local
needs, and supported the local population—much as the
landscape of the Rio Grande Basin did until recently. Devel-
opments far off brought Greek independence to an end. As
political units grew in size and scale, the context for the
Greek landscape shifted first to the entire Near East, then
to the Roman Empire and the Mediterranean Basin, then
beyond the borders of the empire to the pressures exerted
from central Europe and central Asia. Similarly we partici-
pate now in a Rio Grande landscape that came in the 19th
century to be embedded in distant processes at national and
continental scales, and in the 20th century in the interna-
tional arena. We might wonder whether we have any more
power to control our landscape today than the Greeks did
2,000 years ago.

Ecosystem Management:
Understanding Context

As the context for the Greek landscape shifted to ever-
larger arenas, in a process that extended over centuries, the
Greeks lost the ability to understand what was happening to
them. To lack comprehension of one’s context, or the ability
to influence it, makes for a depressing tale. It is also a
common tale. In the first century B.C. (to give a final
historical example) the Romans financed their continuous
foreign and civil wars with very high production of silver
coins. The metal was produced from silver-bearing lead ores,
and the smelting process caused atmospheric lead pollution
that circled at least the entire northern hemisphere and left
asignature in the Greenlandice cap (Hong and others 1994).
It is a remarkable story of context. As Marc Antony and
Cleopatra dallied in the eastern Mediterranean, the silver
coins they minted to pay their armies caused American
Indians in the Rio Grande Basin to breathe air polluted by
levels of lead not seen again until the Industrial Revolution.

The prehistoric New Mexicans of that era could not, of
course, have understood this process, if they were even
aware that something in their air was wrong. They could not
know their context. I relate this story, and that of the Greek
landscape, to show how fortunate we actually are in the
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midst of all our challenges. As we have lost direct connection
with our context we have also gained the ability to under-
stand it, and that is the first step toward influencing it. We
have the capacity, more than the people of any previous era,
to know where we are in long-term historical processes
(Tainter 1988, 1995), in the international economy, and in
global environmental concerns.

We face, as I have sketched, contradictions between the
levels at which problems are generated and at which they
must be addressed. Many of us would no doubt prefer that
local environmental problems be addressed on the basis of
local experience, social memory, and heterarchy, and be
resolved sustainably on the basis of local resources. Yet
challenges arising from such things as atmospheric circula-
tion patterns or international monetary flows bring us to a
world of problem-solving where we depend on hierarchy,
centralized solutions, and external subsidies. In such a
world we will always face conflict between local and central-
ized problem-solving. Our approach to this conflict should
start by taking advantage of the remarkable levels of knowl-
edge that are available about our national and international
context. Resolving problems locally requires equal doses of
knowledge about the Basin itself and about the world at
large. It is unrealistic to expect that our context will ever
know us sufficiently well to avoid the sort of problem that the
French government caused in Burgundy. It is our responsi-
bility to understand our context.

As the processes at work in the world call for broader and
broader realms of knowledge, most of us specialize in nar-
rower and narrower pursuits—this or that species, or water-
shed, or cultural group. Accordingly we fail to see connec-
tions that ultimately we must understand, connections that
form the essence of ecosystem management. How many of us
would recognize that welfare reform, to take one example, is
pertinent to ecosystem management? How many of us real-
ize that for rural areas there is a fundamental contradiction
between welfare reform and environmental conflict? As
judicial decisions deprive rural people of their livelihoods,
more and more will move to cities. Rural traditions of local
knowledge, social memory, and heterarchy will decline,
while the hierarchical, centralized cities will grow larger,
more congested, and more polluted. Environmental protec-
tion in one area may simply shift environmental problems
elsewhere.

To have the capacity to understand our context is mean-
ingful only if we take advantage of it. We are challenged not
only to develop the ability to see connections between dispar-
ate things, but more fundamentally, to change how we think
so that it becomes normal and unremarkable to do so. This
is the only way that the problems of the Rio Grande Basin
will be understood, the best way that conflicts can be re-
solved, and the only way that we can discern the appropri-
ate, ever-shifting balance among local, national, and inter-
national solutions. As the Forest Service and other agencies
have developed the concept of ecosystem management in
recent years, many have wondered what the term means. I
suggest that it should mean precisely these matters of scale,
context, and interconnection. These link the biophysical and
social realms in a bond that we can dissolve artificially in
specialized scientific analyses or in environmental litiga-
tion, but which can never be dissolved in actuality.
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Dynamic Human Landscapes of the Rio del
Oso: Restoration and the Simulation of Past
Ecological Conditions in The Upper Rio

Grande Basin

Richard D. Periman

Abstract—The successful restoration of riparian ecosystems to
sustainable conditions requires that we understand the dynamic
historical relationships between humans and the environment.
Research is needed that measures the continuing effects of past
human activities on contemporary ecosystem structure and func-
tion. An interdisciplinary approach is needed that incorporates
expertise from archaeology, paleoecology, plant ecology, and geol-
ogy. In this paper, I discuss how prehistoric peoples have altered
ecological processes and changed the vegetation and overall physi-
ography of northern New Mexico’s Rio del Oso Valley. In the Rio del
Oso study, we are using paleobotanical, sedimentary, archaeologi-
cal, and historical data sets to reconstruct past vegetational struc-
ture and function, and to identify the cumulative influences of past
human activities on today’s ecosystems. This information is used to
generate three dimensional simulations of environmental condi-
tions through time. These computer reconstructions and analyses of
past landscapes will give land managers a greater range of informa-
tion for use in planning, decision making, and restoration.

Historical Information and
Restoration

The landscapes of the Rio Grande and its tributaries have
been modified, shaped, and domesticated by humans for at
least twelve millennia. Yet the myth of the pristine wilder-
ness prevails among those intent on restoring or preserving
this land in its so-called “pre-settlement conditions” (cf.
Grumbine 1992). Often, “pre-settlement” refers to pre-A.D.
1850, seemingly negating thousands of years of Native
American land use and environmental influence (Quigly
and others 1996). Not only does this lack of ecological
understanding limit our knowledge of past ecosystem dy-
namics, it also restricts the future range of restoration
efforts possible in the Basin.

The National Resource Council defines restoration as the
return of an ecosystem to a close approximation of its
conditions before disturbance (1992). Before the objectives of
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culture, Forest Service, Rocky Mountain Research Station.
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a restoration effort can be established, the ecosystem needs
first to be evaluated. Appropriate reference conditions need
to be established as goals for restoration of various ecosys-
tem components. The interactions between biotic and abiotic
components of the ecosystem must be identified. Addition-
ally, the significant linkages between biotic communities for
reestablishing historic ecosystem structure must be under-
stood. Christensen and others emphasize that ecosystem
management needs clear long-term operational goals and
sound ecological models. Understanding ecological complex-
ity and interconnectedness, recognizing the dynamic char-
acter of ecosystems, and acknowledging humans as ecosys-
tem components is crucial for successful restoration, as well
as sustainability (Christensen and others 1996:669-670).

Evaluation of an ecosystem’s historic structure and func-
tion for the purposes of restoration, as indicated above,
needs to include study of long-term anthropogenic pro-
cesses. However, our understanding of how landscapes
have developed under cumulative human influences re-
mains limited, and assumptions, rather than the systematic
study of past conditions, perpetuate myths about ecosystem
development. For example, degradation by over-grazing and
other extractive processes may appear obvious. However, we
often know little about how a specific ecosystem may have
been manipulated, altered, and maintained by humans
before such degradation took place. What were the dynamic
historical conditions of landscapes we now consider de-
graded? What long-term processes, including human pro-
cesses, contributed to this pre-grazing environment? Al-
though historical documentation from personal journals
and photographs seem to answer these questions, such
sources provide only a glimpse of past landscapes from a
synchronic visual, spatial, and temporal perspective. For
restoration to be successful, a more comprehensive and
diachronic knowledge of past ecosystem dynamics that in-
cludes anthropogenic processes needs to be developed.

Addressing this lack of information, Rocky Mountain
Research Station’s Cultural Heritage Research Work Unitis
developing an interdisciplinary approach for quantifying
anthropogenic influences on ecosystem structure and func-
tion. Our first study areaislocated in northern New Mexico’s
Rio del Oso Valley where a variety of cultures have shaped
and changed the landscape for at least 7,000 years. In this
paper, I first provide a short discussion of how human-
induced environmental change has been identified in vari-
ous areas world-wide. Then I describe the Rio del Oso study
and our use of paleoenvironmental information to construct
visual models of past vegetational landscapes. Finally I offer
a refinement to our conception of restoration.
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Identifying Past Anthropogenic
Ecological Change

Human-induced environmental change has been identi-
fied in environments around the globe. In a review of pollen
and charcoal studies from around the world, Walker and
Singh discuss a broad range of data from Western Europe,
Africa, Asia, Australia, and North and South America. They
suggest that the event most detectable in the pollen and
microcharcoal record is deforestation, and that this was
caused and aided by human-set fires (1993:108). Addition-
ally, increases in microscopic charcoal, changes in fossil
pollen assemblages, and faunal extinctions also indicate
human occupation (Burney 1993 and 1997; Chambers 1993a).
Paleobotanical research in the Peruvian Andes shows that
human-caused deforestation for agricultural purposes took
place at least 4,000 years ago (Chepstow-Lusty and others
1998). Throughout the British Isles as early as 10,000 B.P.
(before present) reduced arboreal pollen, with a correspond-
ing increase in microscopic charcoal and archaeological
evidence, indicates that human activity was responsible for
the transformation of forest into peatlands (Caseldine and
Hatton 1993; Edwards 1988; Simmons 1988). On the island
of New Guinea forest clearing is suggested by changes in
pollen assemblages and significant increases in microscopic
charcoal dating before 30,000 B.P. The human role in this
environmental change is corroborated by the presence of
stone axes and adzes (possibly used for forest clearing), from
archaeological sites that date to the same period. Indeed,
such clearing of vegetation may have begun much earlier in
New Guinea, as suggested by the discovery of ground-stone
axes, complete with grooves for hafting to a handle, dating
to at least 40,000 B.P. (Hope and Golson 1995:821-823).

In the Americas, ethnographical accounts, historical
records, and archaeological information show that people
directly affected ecosystems by manipulating vegetation.
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Figure 1—Rio del Oso study location.
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Landscape patterns in native California were altered by
human activities such as sowing and broadcasting seeds,
transplanting shrubs and small trees, and pruning a variety
of plants to induce greater productivity (Blackburn and
Anderson 1993:19). Fire was used to clear vegetation and
increase the productivity of plants and animals important
for human survival. By 1492 agricultural fields were com-
mon, as were settlements with networks of roads and trails,
all of which had local impacts on soil, microclimate, hydrol-
ogy, and wildlife 1992:370). Subsequently, the introduction of
Old World livestock, intensive agriculture, and industrial
development into existing Native American land-use sys-
tems resulted in a combination of anthropogenic influences
producing hybrid landscapes (Whitmore and Turner
1990:416).

Human actions of one century have a cumulative environ-
mental effect when combined with human actions from
another century. Succeeding occupation and abandonment
causes a landscape’s developmental trajectory to evolve in a
new direction (see Tainter and Tainter 1995:28). Over the
course of generations, repeated and changing levels of hu-
man disturbance become part of the ecological processes in
an ecosystem (Allen and Hoekstra 1992:272). Each new
anthropogenic landscape is built upon an antecedent land-
scape. Such is the case in the Rio Grande Basin of New
Mexico where Puebloan agricultural landscapes were con-
structed upon those created by earlier foragers, and Spanish
colonial landscapes were built upon Puebloan farming
landscapes.

Rio Del Oso Study

The Rio del Oso is an eastern-flowing tributary of the
Rio Chama that drains the northern portion of the Jemez
Mountains of north central New Mexico (fig. 1). Most of the
Rio del Oso watershed is administered by the Santa Fe
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National Forest. I selected the Rio del Oso as my study area
because of its complex richness of recorded archaeological
sites. More than 280 archaeological sites including four
large pueblos have been recorded in the lower portion of the
drainage (Anschuetz 1995). Although the anthropogenic
qualities of the Rio del Oso landscape may not be readily
discernable, this place has been shaped into the landscape
we see today by thousands of years of human activity. The
archaeological data of the Rio del Oso valley covers the
Archaic period (5500 B.C. to A.D. 600), the Coalition period
(1200-1325), the Classic period (1325-1600), and the historic
Hispanic period (beginning ¢.1600).

During the Archaic period hunter-gatherers occupied the
valley and likely affected the Rio del Oso landscape by
burning its vegetation, dispersing seeds, and selectively
harvesting plant and animal species. So far, archaeologists
have found little evidence for human occupation of the valley
between the late Archaic and the Coalition periods. How-
ever, from A.D. 1200 through 1600, the Puebloan groups
greatly altered the valley by creating villages, agricul-
tural features and other systems of land and water use
(Anschuetz 1995).

When historic Hispanic groups moved into the Rio del Oso
they constructed small settlements and farms, built roads
and water ditches, and produced their own unique landscape
patterns in the valley (Wozniak and others 1992). During
the first part of this century the Forest Service assumed
administration of the area, creating yet another pattern of
human-use and environmental change by restricting graz-
ing, building roads and fences, and attempting to restore
vegetation.

Data Sources and Methods

The primary goal of our research is to develop an inte-
grated, interdisciplinary approach to identify and measure
cumulative anthropogenic effects on landscapes. Data in
the Rio del Oso project ranges from historical and ethno-
graphic records to archaeological and paleobotanical data.
The Santa Fe National Forest has provided digital vegeta-
tion data, land type, watershed coverages, and Digital El-
evation Models (DEMs), and has made all archaeological site
records and field maps available. Additionally, I am using
Forest Service administrative records, 1935 aerial photos,
and 1991 color infrared aerial photos to reconstruct the
valley’s environmental history and document vegetational
change for this century.

With these data map layers have been developed includ-
ing vegetation,landform, watershed, and archaeological site
coverages. All four data sets will be used, either individually
or in combination, to develop visual models of the existing
vegetational environment. In this interdisciplinary study,
we are using archaeological, paleobotanical, sedimentary,
geomorphological, and historical data to identify past
human-induced ecological change through time. Our re-
search questions include:

1. What interdisciplinary data sources, research meth-
ods, and analytical approaches can be used to develop
GIS datalayers of past and cumulative human-created
landscapes?

14

2. Using the above methods, can we identify and quantify
the extent of human-induced vegetational change for
specific periods relative to the different technologies
and economies of the cultures that occupied the land
during those times?

3. Using data from the above sources, is it possible to
produce three-dimensional landscape models that ac-
curately illustrate the environmental history of an
area? Which sources of information are the most use-
ful? Do the resulting landscape simulations provide a
useful model for understanding human and environ-
mental interactions?

4. Isit possible to develop a set of methods and techniques
that can be applied to ecosystems different from those
in northern New Mexico?

Fieldwork and Paleobotanical Analysis

Fieldwork began during the summer of 1996 with the
collection of soil samples from an exposed, 5 m stratified
section of alluvial sediments. Pollen, phytoliths, microscopic
charcoal, and radiocarbon samples were extracted from each
stratum. Four prehistoric human hearths, or ash-stain fea-
tures, were uncovered while preparing the vertical surface of
the cutbank for sample collection. During sampling, geolo-
gist Dr. Stephen A. Hall (geologist and research partner,
Department of Geography, University of Texas at Austin)
identified seven distinct paleosols in the profile (Hall per-
sonal communication 1996).

In 1997 pollen, phytoliths, and microscopic charcoal were
extracted from the samples by paleobotanist Dr. Linda Scott
Cummings (paleobotanist and project collaborator, Paleo
Research Inc., Denver, CO). Radiocarbon dates were pro-
duced, ranging from 3515 B.C. to A.D. 1350, for the 24 strata.
The pollen analysis, when matched with the radiocarbon
dates, suggests fluctuations in vegetation and microchar-
coal levels over the past 5,512 years. During her analysis
Dr. Scott Cummings identified corn pollen in three of the
levels dating between 1360 and 1225 B.C., associated with
hearths. Although presently inconclusive, this may be some
of the oldest evidence of corn in the Rio Grande Basin (see
Minnis 1992).

Additionally, surface samples for pollen, phytoliths, and
microscopic charcoal were collected from areas near our
stratified section. The data from those samples are being
used to develop control ratios of pollen frequencies to trees-
and shrubs-per-acre. These ratios will be used with the
three-dimensional GIS to reconstruct the hypothetical tree
and shrub densities of past landscapes.

During reconnaissance of the valley in 1997, other strati-
fied deposits containing buried soils were identified, and
sediment samples were taken from newly discovered
cutbanks as well as from a peat boglocated at the head of the
drainage. New surface samples were also collected from the
Rio del Oso’s riparian habitat. We conducted additional
analysis and developed new methods for analyzing opal
phytoliths during 1998. Dr. Scott Cummings identified an
abundance of phytoliths that appear to be from woody
plants, possibly from tree species. Appropriate phytolith
comparative collections being unavailable in the United
States, she took the phytolith samples to Israel where they
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were compared to tree phytoliths identified by Israeli scien-
tists (Scott Cummings personal communication 1998).

In 1999 we will excavate backhoe trenches at the first
sample location and at three of the localities identified in
1997. Additional samples will be taken from those locations
and the trenches will enable further study of the geomor-
phology of the Rio del Oso Valley. Future research will
include the calculation of areas affected by prehistoric
activities, the identification of zones around archaeological
sites and features representing levels of land use, and the
refinement of interdisciplinary methods for application to
other types of landscapes. We also will continue to establish
indices of surface pollen, phytolith, and microscopic char-
coal, which represent different habitat types in the Rio del
Oso drainage.

Simulation of Past Landscapes

The Rio del Oso landscape simulations are based on
vegetational assemblages reconstructed from paleobotani-
cal, ecological, archaeological, and historical data. Analyses,
of the paleobotanical samples by Dr. Scott Cummings will
identify variations in absolute and relative pollen and
phytolith frequencies, assemblages representing specific
habitats, past fire frequencies, and human-induced vegeta-
tional change through time. The quantities of vegetation
(for example, trees-per-acre) will be derived from the surface
and subsurface data as described above. This information
will be used to produce three-dimensional simulations of
past vegetational landscapes (fig. 2) from a variety of
viewsheds within the Rio del Oso drainage for each strati-
graphic level. The simulations are grouped according to
their radiocarbon dates into corresponding archaeological
periods.

The simulations are created using a visual simulation
system designed by Resource Analysis Systems for natural
resource management. This software, called Visual F/X,
produces three-dimensional landscape perspective scenes
as if seen through a 35mm camera with a 50mm lens. It
allows the user to define up to 14 basic tree forms and control
the crown width, height, and trunk diameter. A DEM
(digital elevation model) is used as the base map and
vegetation density is derived from estimated trees- and
shrubs-per-acre figures. Additionally, we utilize digital veg-
etation, soil, timber, and watershed map data. The paleobo-
tanical data (for example, pollen) are grouped by ecological
or phytogeographic categories to help illustrate how
plant distribution and ecological conditions have changed
through time (Pearsall 1989:286). These data will be used to
help identify temporal and spatial fluctuation of vegeta-
tion type areas, for example, riparian cottonwood-willow
habitat.

Linking Past Vegetational Patterns
to Ecological Processes

Along with compiling paleobotanical data that show eco-
logical change, and represent that change graphically, we
also need to identify reliable indicators of past human-
caused environmental change (see Birks and others 1988).
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How does analysis of pollen and other organic particles
indicate human manipulation and change of the environ-
ment? The answer to this question may depend on the
“sensitivity of an ecosystem to human exploitation and the
degree to which this is reflected in the pollen analytical
signal” (Walker and Singh 1993:104). In order to discern
“natural” paleobotanical change from that caused by human
manipulation, Walker and Singh suggest four criteria:

1. It [the paleobotanical record] should reflect ecological
processes operating atlevels and rates that are unprec-
edented under ‘natural’ conditions but are readily
explicable as resulting from human actions of defined
kinds.

2. The necessary human activities should be within the
technological capacity of prehistoric peoples of the
relevant age and region.

3. There should be some acceptable reason why the
humans might have taken the hypothesized action
(ideally exemplified by the pollen itself, for example,
crop pollen).

4. There should be strong evidence (ideally artifacts
stratified into the pollen-analyzed deposits) for human
occupation at the appropriate time within the pollen
catchment (Walker and Singh 1993:104-105).

When these criteria are applied to the pollen and charcoal
records of Europe, there is striking evidence for an anthro-
pogenic influence resulting in the transformation of western
European forests between 7000 and 6000 B.P. This ecologi-
cal change is attributed to clearing land for agriculture
(Walker and Singh 1993:106-107). Although the Rio del Oso
project includes the study of landscapes created before and
after the introduction and use of agriculture, these criteria
will be used to help determine human-induced environmen-
tal change from that caused by climate change and other
natural occurrences. However, I have added another crite-
rion to help with the identification of anthropogenic change:
Two or more paleobotanical indicators, for example, pollen,
phytoliths, macrobotanical remains, packrat middens, eth-
nographic information, or historical photographs should
correlate when data sets are analyzed and compared.

An essential part of this analysisinvolves bridging the gap
between the paleobotanical record and interpretation of
vegetational landscapes. This interpretation is very impor-
tant for producing the simulations discussed above. Pollen
and phytolith analysis identifies pollen producing plants
inside and outside an ecosystem. The paleobotanical record
accounts for a generalized sample of vegetation from a large
area (Pearsall 1989).

Designating a group of species that represents a specific
vegetation community will help describe the vegetational
variation of specific habitats within the Rio del Oso land-
scape. For example, an assemblage of species may represent
riparian areas while another group may represent species
growing mainly in upland habitats. It should be possible to
estimate vegetation density by comparing representative
species groups to the index surface of samples and then
compare the variation in pollen frequencies for each species
and each habitat assemblage. Such densities would be calcu-
lated as trees and shrubs per acre for spatially discrete
habitats. From this record a specific group of plant species
may be identified within a given range of pollen frequencies
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which would identify human alteration of vegetational pat-
terns. Comparing the fossil habitat assemblages and their
associated species frequencies to an index of current habitat
pollen frequencies gives us an estimate of the expansion and
contraction of individual habitats through time (Berglund
and others 1996; Pearsall 1989).

However, vegetational reconstructions are only the first
step in understanding how the Rio del Oso landscape devel-
oped under human influence. As stated earlier, we also need
to understand ecological processes. The following defini-
tions for ecosystems, ecological landscapes, anthropogenic
landscapes can be used to link landscapes, ecosystems, and
human influences. Using Lindeman’s definition, an ecosys-
tem is “the system composed of physical-chemical-biological
processes active within a space-time unit of any magnitude,
i.e., the biotic community plus its abiotic environment”
(1942:400). An ecological landscape is the spatial matrix in
which organisms, populations, and ecosystems are set
(Allen and Hoekstra 1992:56). Anthropogenic landscapes
are formed within and become integral to ecological spatial
matrices; they include process as well as form. Such land-
scapes are “land shapes,” areas which are made up of a
distinct association of forms both physical and cultural
(Sauer 1925:25-26). Landscape is the way we produce or

(a) Ecological
processes

reconstruct our physical, material world; a kind of human
sculpting of the natural universe (Wilson 1992).

In figure 3, ecosystem processes occurring through time
(a) are represented as cyclical, components, while the three
surfaces represent the landscape spatial matrix (b). Change
in landscape vegetation and geomorphology occurs within
the spatial matrix and is represented on the landscape
surfaces as differing vegetation (¢). Human activities like
burning vegetation or practicing agriculture affect ecosys-
tem processes. Over time these human-induced processes,
or changes in processes, affect plant community composi-
tion, habitat size, as well as carbon, nutrient, water, and
decomposition cycles. Changes in function (ecosystem pro-
cesses) and structure (vegetation patterns and geomorphol-
ogy) result in variations in the placement of landscape
components (see Hobbs 1997). Changes in technologies re-
sultin changes in ecological processes. As new, human land-
use practices change vegetational patterns (for example, the
introduction of agriculture), new anthropogenic landscapes
are created within and are part of the ecosystem and spatial
matrix. Over thousands of years, this complex relationship
between humans and the environment hashad a cumulative
effect on landscape development.

(c) Vegetational
change
through
time

Figure 3—Model of long-term human influences in landscape development. Humans affect land-

scapes at all levels (a, b, and c).
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Restoration

In places like the Rio del Oso Valley human influence is
inextricable from the other components and processes that
created thelandscape we see today. The relationships among
ecological and cultural processes can be important for resto-
ration. An alternative to merely restoring vegetative struc-
ture (replanting etc.) using reference conditions would be to
identify a set of multidimensional reference dynamics (natu-
ral and anthropogenic). These reference dynamics should
include an understanding of the: (1) paleoecological evidence
of natural and human-induced change including change in
biodiversity and abundance of specific species; (2) technolo-
gies and processes responsible for specific environmental
change; and (3) temporal and spatial intensity and extent of
such change to the ecological-spatial matrix. By under-
standing these components, aland management agency has
more options for restoring and sustaining an ecosystem
within a range of ecological, climatic, and sociological
constraints.

Conclusions

Public demand for the restoration of ecosystems degraded
by grazing, logging, and other extractive uses, daily chal-
lenges the ingenuity and resourcefulness of land manage-
ment agencies. The landscapes we manage today have been
modified, shaped, and domesticated by humans for at least
twelve millennia. The concept of ecological restoration in-
volves human intervention in ecological processes. Indeed,
the word “degradation” reflects human values and varies
among cultures (see van der Leeuw 1998). Just as past
cultures played an integral role in creating the landscapes
we see today, restoration involves the manipulation of eco-
logical processes to achieve landscape conditions desired by
society. Current conflicts over public land management is
to some degree based on differing definitions of degradation
and what ecological conditions are considered desirable
(see Raish this volume).

Models of past landscapes like those being produced for
the Rio del Oso can help managers to understand better the
dynamic processes required for restoring ecosystems to
desired conditions. Creating landscape simulations based
on paleobotanical, archaeological, and geological data will
enable decision-makers to view their restoration options
within a range of dynamic processes leading to sustainable
conditions.
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Water Democracies on the Upper Rio Grande,

1598-1998

Joseé A. Rivera

Abstract—The acequia irrigation systems of northcentral New
Mexico and southern Colorado are the oldest, continuously func-
tioning water management institutions in the United States. For a
period of four hundred years, 1598-1998, the acequias have sus-
tained the agropastoral economies of the region while protecting the
watershed resources on which downstream water stakeholders
depend. The acequia customs of sharing and system of self-govern-
ment provide a framework for sustainable resource use into the
twenty-first century in a time of changing and often conflictive
values. Continuance of these traditional institutions, however,
depends on how successfully they adapt to the new realities of the
emerging water markets in the region.

This year marks the cuarto centenario or 400th anniver-
sary of the establishment of the first Spanish colony in El
Reino del Nuevo México, the northern border province of
Nueva Esparia in the New World. On July 11, 1598, Capitdn
General Juan de Onate arrived at present day San Juan
Pueblo and established the first European colony in this
northern Spanish frontier, calling it San Juan de los Cabal-
leros (Simmons 1991). During the early period of Spanish
exploration and expansion, Nuevo México loosely encom-
passed the territory north of Nueva Viscaya (Chihuahua)
with no fixed boundaries west or east (D. Cutter and
Engstrand 1996). From the start, Onate and his party
conducted expeditions in both directions; but they expended
the majority of their efforts at establishing a permanent
colony and seat of government, initially at San Juan on the
eastern banks of the Rio del Norte, as the Rio Grande was
known at the time. Here, according to Onate biographer
Marc Simmons (1991), Oniate planned to build a new munici-
pality he intended to call San Francisco de los Esparioles.
With the help of 1500 laborers from the nearby Indian
Pueblos, construction of a ditch was begun to support this
new town site and eventual capital city of El Reino del Nuevo
Meéxico (Simmons 1991; Hammond and Rey 1953).

For unknown reasons, Onate abandoned his plans for
the building of a Spanish municipality in the vicinity of
San Juan, and instead he moved the colony to the west bank
of the Rio del Norte directly across from the original site
(Simmons 1991). This settlement was called San Gabriel,
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itself built on a partially abandoned Tewa Pueblo. Here,
too, one of the first tasks of the Oniate party was to construct
an irrigation ditch sufficient to support the expansion of
cultivated fields essential for the permanent occupation of
the Spanish colony (Baxter 1997). San Gabriel (now known
as Chamita) remained as the capital of the fledgling province
throughout Ofiate’s term as governor. In 1610 a subsequent
governor, Pedro de Peralta, moved the capital to a more
strategic location at Santa Fe, where once again, the con-
struction of amunicipal irrigation system was a primary and
early public works project. Twoacequia madres (main canals)
were dug to irrigate fields on both sides of the Rio de Santa
Fe, the river that passed through the center of the new and
permanent capital city (Simmons 1972; Twitchell 1925).

The occasion of the cuarto centenario anniversary provides
an opportunity to recognize the cultural, historic, political,
economic and ecological importance of the acequia-based
irrigation systems constructed at San Gabriel, Santa Fe,
and other later sites. Following Spanish laws, the acequia
appropriators long ago evolved customary rules for the
administration and equitable distribution of water resources,
traditions that have continued in force but that differ in
some respects with modern legal systems in the western
states. Though acequias are built systems carved into the
natural landscape, these earthen ditches in a sense mimic
the physics of the natural watercourses in the surrounding
area as much as alter them, relying as they do on the
relatively benign technology of gravity flow. Acequias con-
tribute to the diversity of the landscape by extending the
biotic environment beyond the narrow confines of the river
channels from where they take water for the purposes of
irrigation.

In the semiarid environment of the uplands region, the
external effects of these ditches are largely beneficial, a
characteristic of acequia watercourses that needs to be more
widely recognized by other water stakeholders and the
general public. In most uplands river valleys, the acequia
communities are the first points of diversion of headwaters
streams. Their location in the area of origin upstream makes
them central to the maintenance of pure and clean stream
waters for all categories of uses downstream. Sustainability
ofthese communities, thus, coincides with values that acequia
irrigators hold in common with the multitude of other users
throughout the watershed: healthy forest ecosystems and
benign upstream uses preserve water quality for everyone.
In this sense, the historic stewardship role of acequia com-
munities should be recognized, validated and supported in
modern water planning, state policies and laws.

Acequia agriculture also should be credited for providing
the social organization critical to the goals of Spanish coloni-
zation in the high altitude region which at the time formed
the northern borders of the vast Spanish empire in the New
World. This accomplishment makes the acequias of present
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day northcentral New Mexico and southern Colorado the
oldest, continuously functioning water management insti-
tutions in the United States. For centuries the irrigators
have operated their acequias as water democracies, govern-
ing their own water affairs, electing their officers, and
enforcing their own rules. Functioning as they have under
three sovereigns (Spain, Mexico, and the United States),
these local acequia institutions have thus far survived the
test of time with only minor adjustments in their customary
practices, traditions and system of self-government.

Also, we should recognize that the first water laws of
New Mexico were based on customary usage and local
traditions passed on from generation to generation. These
acequia practices were crystallized into law by the New
Mexico territorial assemblies of 1851 and 1852. In southern
Colorado, the San Luis People’s Ditch holds the oldest water
rights in the entire state, a distinction commemorated by
way of a state monument which marks the location of this
“oldest continuously used ditch in Colorado, with court
decree priority right no. 1.” For centuries the acequias in
both states have carried on a tradition of resource steward-
ship and can be credited with adopting the first environ-
mental laws to protect water quality and to promote water
conservation and public health. The remaining sections of
this paper demonstrate these and many other contributions
ofthe acequia waterworks located on the valley bottomlands
of the Rio Grande watershed and other river systems in the
region. The paper concludes with a discussion of a few
contemporary issues impacting the acequia communities in
atime of changingrealities and the emerging water markets
that challenge the continuance of the historic acequia insti-
tution into the 21st century.

Evolution of Watershed
Communities

Since the establishment of the first Spanish colony at
San Juan de los Caballeros, the upper Rio Grande has
served as a continuous homeland for hispano mexicanos, a
mixed race of people who migrated as colonists from central
Mexico in order to occupy and settle the northern borders of
New Spain. Watersheds have long defined the boundaries of
community in this semiarid environment, not only as hydro-
logic units that support local agropastoral economies, but
also as the basis for social and political organization (Rivera
and Pefia, 1998). Nestled within the canyons and valley
floors, tiny rural villages dot the spectacular and enchanting
landscape. These settlements survive due to the infrastruc-
ture of earthen ditches, native engineering works known
locally as acequias, that divert the precious waters from the
river systems to extend life into every tract and pocket of
arable bottomland. (Rivera 1996; Carlson 1990). In the
uplands physiography of northcentral New Mexico and
southern Colorado, these watercourses of rivers, streams,
creeks and acequias are the single most critical resource
needed for the survival of all forms of life: biotic, animal and
human.

The acequia-based farming methods that are still utilized
extensively in the upper Rio Grande have Roman, Moorish-
Iberian as well as indigenous, Pueblo Indian roots. The
Spanish and Mexican settlers who occupied the river corridors
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of the northern frontier melded the Roman and Moorish-
Iberian customs transplanted from Spain to Mexico with the
irrigation practices they observed at many Pueblo Indian
villages during their expeditions of the late sixteenth cen-
tury (Simmons 1972). As to their own contributions, these
pobladores adapted and expanded irrigation farming
throughout the region, including diversions built on the
mightiest stretches of the Rio Grande, the Rio Chama, the
Rio Pecos, the Mora and Gallinas rivers, and others. Con-
structed of locally available materials, the acequia irriga-
tion works included an earthen presa (dam), the acequia
madre (main canal), and a network of sangrias or lateral
ditches that irrigated the individual parcels of farmland.
Together, the system of rivers, streams and acequias domi-
nated the natural and rural landscape of the region, demar-
cating land uses and defining places of human occupation
and settlement.

Spanish Settlement Policies

The general region designated as El Reino del Nuevo
Meéxico was expansive and its boundaries indeterminate, but
the first Spanish communities were established along the
more confined Rio del Norte corridor north and south of
Santa Fe from Taos to Socorro either on the present day Rio
Grande or some of its tributaries (C. Cutter 1995). These
settlement practices concerning location generally adhered
tothe ordinances set out in the Laws of the Indies and issued
by the Spanish crown to colonial officials as instructions
governing the pacification, development and permanent
occupation of newly discovered lands, the Ordenanzas de
Descubrimiento, Nueva Poblacion de las Indias dadas por
Felipe II en 1573 (Crouch, Garr, and Mundigo 1982). Codi-
fied in 1681, the ordinances in the Laws of the Indies
provided the framework for colonists and provincial gover-
nors to follow when selecting sites for occupation and
development.

An important element in the ordinances was that fact
that Spanish settlement planning through these instruc-
tions was environmentally guided from the outset (Arellano
1997; Carlson 1990). The ordinances, for example, instructed
officials and colonists to establish settlements in sites with
access to plentiful supplies of clean and pure waters for
irrigation and domestic uses. In addition, the lands and the
surrounding environments should be replete with the natu-
ral resources necessary to sustain permanent colonies: for-
ests to supply fuel wood and building materials, abundant
pasture lands for the grazing of livestock, lands with healthy
and fertile soils for the cultivation and harvesting of crops,
and a sky with clean, benign and pure air without impedi-
ments or alterations (Arellano 1997; Crouch, Garr and
Mundigo 1982).

Throughout the period of Spanish settlement, colonial
officials for the most part complied with the necessity of
locating villages in places where reliable water supplies
could support the permanent occupation of the province and
thus secure the northern Spanish borders. As noted by
Carlson (1990), agrarian planning reflected strongly the
environmental realities of the settlement region, where
rough terrain, aridity and high altitude limitations on the
growing seasons necessitated an integrated approach to
colonization. Spanish officials overcame these physical
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barriers, Carlson and others argue, by implementing a wide
array of land grant policies on the Rio Grande watershed and
its short but numerous perennial streams. In the case of
communal land grants, for example, settlers petitioning for
lands were required to specify the physical boundaries of the
desired grant of land. Significantly, the boundaries of the
land grants were not predetermined according to any
formal grid plan, and instead were established according to
the natural contours of the land, resulting in irregular
shapes highly adaptive to local topography, vegetation,
soils, hydrology and mircrobasin climates (MacCameron
1994; Van Ness 1987; Scurlock 1998).

In the next step, the governor would order an inspection of
the boundaries to be conducted by the alcalde mayor of the
jurisdiction. This official had to ascertain that the land in
question was not already settled nor prejudicial to the
welfare of any existing Indian Pueblo or other Spanish land
grants in the vicinity. Part of the investigation on-site also
included an evaluation of the water supply needed for
irrigation and domestic uses, and for the watering of live-
stock (Baxter 1997). Further, the alcalde mayor made sure
that the land, water and other natural resources within the
boundaries of the grant would encourage tilling of the land,
the grazing of cattle and other elements essential for perma-
nent occupation (Keleher 1929). Absent any legal protests
from adjacent Indian Pueblos or other neighboring commu-
nities with potential claims on the existing resources of the
area, the governor would then be free to confirm the grant
and authorize that the alcalde place the settlers in posses-
sion of the designated lands.

As part of the possession activities, each petitioner would
be allocated a solar de casa for a homesite and an accompa-
nying suerte, an irrigable parcel with boundaries laid out in
a spatial arrangement consistent with the topographical
and hydrological character of the watershed. The width of
these individual tracts varied from site to site, dependent on
local physical conditions and an estimation by the alcalde as
to the size and configuration of bottomlands necessary for
successful cultivation (Carlson 1990; Wozniak 1987). This
unique farming landscape integrated each farm unit into
the lay of the land and the watercourses for irrigation. The
tiras, elongated long lots that resulted from partitioning,
provided each land grant family with access to the fertile
bottomlands and river banks, an essential aspect of gravity
flow, communal equity and social organization (Rivera and
Pefia 1998; Carlson 1990). Similarly, all families would have
access to the ejidos or common lands in accordance with the
Spanish laws and local customs of the times. In these open
lands, native pastures and forested areas typically sur-
rounding the land grant community, villagers could freely
graze their livestock, gather wood, harvest native plants and
berries, hunt for wild game, and engage in other collective
use privileges (Tyler 1989).

After the partitioning of the land, the settlers began the
process of forming their community. Though the Spanish
planning precepts for town layout and physical design were
followed loosely—adapted to local conditions and resources—
the upstream boundaries of each village were usually desig-
nated according to the place where the stream source was
diverted and a dam installed. As part of the initial inspec-
tion, when needed, the alcalde would help locate suitable
places where one or more ditch diversions could feasibly be
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built to take water from the river source (Carlson 1990;
Wozniak 1987). Once determined, this saca de agua (the
diversion dam) was the first public works construction
project undertaken in the formation of most communities,
begun even before the building of the local mission or church.

On larger streams, such as the Rio del Norte, the settlers
built wing dams protruding into the river from one of the
banks; these simple structures were usually sufficient to
channel water into ditches during the irrigation season
when natural flows were highest. Streams with intermit-
tent flows, on the other hand, required the construction of
dams across the width of the watercourses in order to
impound portions of the flows and form small reservoirs. The
presas (diversion dams also called atarques) were constructed
of forest timbers, juniper brush, boulders, rock slabs, earth
and other local materials, resulting in structures that often
resembled beaver dams. These building materials were
placed on the streambed in a layered fashion gradually
raising the level of impounded water closer to a ditch
headgate constructed on the banks of the stream. Contain-
ment of the water by the presa would accomplish the rest of
the task, with gravity flow pushing the water into and
through the main irrigation ditch or acequia madre.

To complete theinfrastructure forirrigation, the pobladores
excavated the acequia madre off one or both banks of the
river, thereby extending the irrigable lands adjacent to the
watercourse for several miles downstream. Typically, each
acequia madre was cut perpendicular to the stream source
at the upper end of the community in order to then convey
water downstream, parallel to the river alongside the foot-
hills or natural slope of the terrain, all the while enclosing
the practical limits of irrigable land. Then, at the bottom end
of the community the ditch was made to return to the
original stream source through a desague channel.

Each commons ditch, described in the Spanish of the times
as the “acequia de comin,” was the main force that estab-
lished a distinct place, defined the community boundaries,
and bonded the irrigators obligating them all to the collec-
tive management of the local water system and their village
enterprise as a whole. The idea of a common property ditch
for all irrigators in any new settlement was replicated time
and again in the province and, in fact, was the key to both
the development and economic survival of local communi-
ties. As Tyler (1989, p. 26) vividly describes, the officials who
placed the grantees in legal possession of the community
grants made sure that the settlers acknowledged their
rights and responsibilities to the common welfare “by swear-
ing de mancomin or de mancomunidad,” meaning that they
agreed to “work together for the benefit of the community
and jointly manage their common property.”

Land and Water Petitions

Spanish colonization policy, thus, resulted in the building
of communities alongside the Rio del Norte and its tributar-
ies in both westerly and easterly directions, further and
further from the main stem of the river, eventually dispers-
ing the population into numerous plazas, ranchos, villas,
and other water-based colonies. Access to irrigation water
served as the guiding principle, a continuation of land policy
implemented from the outset since the founding of the early
villas: San Gabriel in ¢.1600, Santa Fe in 1610, Santa Cruz
de la Canada in 1695, and Albuquerque in 1706.
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When Governor Don Diego de Vargas proclaimed Santa
Cruzin 1695 as the nextvilla after Santa Fe, for example, he
did so because of the known fertile soils and plentiful supply
of irrigation water available at the valley area known as La
Canada (Baxter 1997). By 1696, newly arrived families from
Zacatecas and Mexico City could no longer be supported by
the acequias and cultivated fields irrigated by the Rio de
Santa Fe at the capital city. Additional water and land
resources would be needed to accommodate the growing
population of the province. In his 1696 decree allowing a
second group of Spanish-Mexican families to move to the
Santa Cruz land grant, De Vargas assigned to them the use
of the agricultural lands, irrigation ditches and dams, built
at his expense, as well as access to the natural resources
within the La Canada environs. The decree by De Vargas
illustrates the Spanish colonial precepts for town site plan-
ning, common lands use, and the reciprocal interdependence
ofland grants, irrigation, and the formation of community in
the acequia culture that was emerging in the fledgling
province:

Having recognized that in this villa of Santa Fe there is not the
supply of water which is requisite to insure the irrigation of the
cultivated fields, in order to maintain the families domiciled
thereon; and having recognized that this said villa [of Santa Cruz]

has better accommodations ... I assign them to said villa for the
aforesaid reason.

I, the said Governor and Capitan General, have decided to go
personally to the said Villa Nueva de Santa Cruz ... to examine the
lands, whose sections are uncultivated, being naturally fertile,
and being under irrigation as they are, and able to use the water
which the rest have had generally in great abundance, assured by
their ditches, clean and running, which have been established at
my own expense, as I have also repaired and made their dam
secure.

...likewise this will serve them as a patent to be residents belong-
ing and assigned to the said Villa Nueva de Santa Cruz, and as
such will further their use of the said lands, and their right to the
pastures, woods, waters and minerals, as it appears in the [land]
grant made to the said Mexican residents of said Villa Nueva, and
thatthe said order made in their favor will be sufficient title for the
privileges derived from the grant that I, the said Governor and
Capitan General, have assigned to them in the name of his majesty
(De Vargas Decree 1696).

Expansion of settlements to the upper reaches of the
Rio del Norte and to other basins frequently resulted from
petitions by groups of restless colonos (colonist settlers) for
more land and water to support the growing population in
the uplands region. These petitions enabled the pobladores
to respect the carrying capacity of the land and watershed
streams they believed were already fully developed and
appropriated. Repeatedly, groups of settlers took initiative
to branch out in search of new territories just when the local
natural resources, especially irrigation water from the riv-
ers and creeks, began to show signs of stress. By around
1800, there were some 164 community ditches in the prov-
ince, a number that would continue to grow at an even faster
rate during the late colonial and the start of the Mexican
period of land grant concessions (Hutchins 1928). Popula-
tion growth and policies in support of colonization prompted
hispano mexicanos to seek new lands for development well
into the Mexican period. Availability of water was always of
paramount concern. In 1837, for example, a group of vecinos
(citizen residents) from the Valle de Santa Gertrudis (Mora)
petitioned the alcalde at Las Trampas for additional lands a
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few miles to the east, permitting them to take possession of
the Guadalupita Valley on the Rio del Coyote, a tributary of
the Mora River. The petitioners proclaimed that new culti-
vable lands were necessary to sustain themselves and their
families due to the scarcity of water at their current location
in Mora:

We, the citizen colonists, among your Lordship’s proven subjects,
upon finding ourselves very cut back in water supply at this
current place of residence, appeal to your kindness in the name of
God and his divine laws, if you could be magnanimous and grant
us the right to take possession of the Valley of Guadalupita, at the
Coyote River, to cultivate and sustain a settlement there.... [To
sustain] our families and in all reverence to the nation, with
dignity, please accept our stated need with the list [of petitioner
names] attached so that you may know the number of individuals
that we submit for your kindness, and that is why we place this
request to see if you can serve in the name of Justice to decree your
wishes (Petition to Take Possession of Valle de Guadalupita,
1837).

The alcalde of the jurisdiction, Juan Nepumuseno Trujillo,
acknowledged their petition and requested that the colonos
appear before him within a few weeks of that same year,
clearing the way for the eventual approval of the new
settlement at Guadalupita and subsequent river communi-
ties downstream on the Rio del Coyote (Lower Coyote,
Lucero, and El Llano del Coyote, now Rainsville).

Social, Political and Ecological
Values

Besides performing their irrigation function, the acequia
waterworks have served other equally important roles:
social, political and ecological. As a social institution, the
acequia systems have preserved the historic settlements
and local cultures spanning four major periods of political
development: Spanish Colonial (1598-1821), Mexican (1821-
1848), Territorial (1848-1912), and New Mexico Statehood
(1912-Present). Politically, most acequia villages continue
as unincorporated entities. In most places, the irrigators
and their acequia associations serve as the only form of
local governments below the county level. In the New Mexico
portion of the region, these associations have been recog-
nized time and again as political subdivisions of state gov-
ernment, a legal status similar to that of counties, townships
and school districts (Report of the Attorney General of NM,
1963-64). More recently, the federal government has also
recognized the acequia associations as public entities. In the
Water Resources Development Act of 1986, Congress di-
rected the Army Corps of Engineers to help restore and
preserve the acequia engineering works and to enter into
agreements with the acequias themselves as the local spon-
sors of the projects (Public Law 99-662). By 1996 these
cooperation agreements had resulted in fifty-two contracts
with local acequias for the financing of forty-nine ditch
rehabilitation and diversion projects amounting to 14.2
million dollars in federal funds (Annual Report, SEO/ISC,
1996).

General maintenance of the community ditches continues
to be a responsibility of the acequia officers and parciantes
(the irrigators). The annual limpia (cleaning) of the acequia
not only marks the beginning of the agricultural season in
early spring, it is also an occasion for the vecino irrigators to
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address local issues, reconfirming the traditions and values
that undergird the social and political life of the community.
During this ritual event, the ditch officers and irrigators,
informally or in small groups, may address a broad range of
topics such as the condition of the presa in the river, any
repairs that might soon be needed, the amount of projected
water flows based on the winter snowpack at the sierra
headwaters, and other items of importance to the ditch or to
the community as a whole. By the end of the ditch cleaning
process, the irrigators have dutifully renewed their attach-
ment to the land base of their own particular locality,
assuring the continuance of place for yet another cycle of
irrigation.

Recently, bioregional studies have documented that these
earthen waterworks serve ecological and other purposes
that should also be recognized by the public. Acequias, for
example, extend the riparian zone, preserve farmland and
rural open space, increase local biodiversity and protect the
hydraulic integrity of the watershed. According to research
conducted by Devon Pena and his colleagues, acequia land-
scapesinthe San Luis Valley of Colorado and throughout the
upper Rio Grande double as important biological corridors
and habitat islands for many species of plants and wildlife
(Pena 1997) Conservation biologists, per Pena’s analysis,
might say that the acequia human community becomes the
“keystone” species in the bioregional environment because
numerous other life forms, wild flora and fauna, become
dependent on the expanded habitat made possible by the
ditch watercourses (Penia 1997; Noss 1994).

The beneficial impacts of acequia irrigation methods on
the landscape, hydrology and the local ecology are many. For
example, the earthen acequia watercourse itself helps to
recharge the local acquifer through the natural process of
seepage. Aided by gravity flow, water that continues to flow
through the ditch extends the stream to a new, wider
landscape; meanwhile, the water moves gently through the
ditch and its sangrias, a process that spreads water slowly
through the long-lot fields, helping to retard soil erosion.
Water that percolates down to the aquifer aids in the
cleansing of groundwater. Seepage throughout the ditch
system nourishes the cottonwood bosques as well as native
shrubs such as plum, chokecherries, willows, and other
native plant species which, in turn, provide corridors of
shelter, cover and food sources for wildlife (Pena 1997). Any
unused waters are returned to the stream as sobrantes, or
surplus waters, destined for other beneficial uses downstream.

Putting stream waters to beneficial use through acequia-
based farming can also help to maintain instream flows for
the protection of fish habitats. Both of these uses need not
be viewed as conflictive, one at the expense of the other.
Instead, they can be viewed as relatively compatible in the
sense that they each require a minimum flow or otherwise
sufficient hydraulic head of water in the river, as long as
there is adequate quantity for both uses. Other water use
alternatives, especially water-rights transfers from surface
use to groundwater pumping, deplete hydrologically con-
nected stream flows. This application can result in the
lowering of the flows to levels potentially adverse to fish
and other wildlife dependent on river systems that are wet
year round. Acequia systems, on the other hand, contribute
to the health of the river by flushing silt and taking surface
water in the season when it is available, as opposed to
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groundwater pumping, which most often creates deficits of
water quantity by depleting the aquifers well into future
years.

Stewardship and Environmental Ethics

The Spanish institutional framework for arid-lands irri-
gation has survived essentially intact into the modern era of
agropastoral farming on the upper Rio Grande. Unlike the
fate of the community ditches in San Antonio, Texas, where
the once indispensable network of mission acequias has
been destroyed or reduced to tourism sites as remnants of
the past, the acequias of northcentral New Mexico and
southern Colorado continue to function in the traditional
manner. Around the globe, the traditional and political
rights of land-based peoples are increasingly threatened by
demands placed on the limited resource base critical to the
survival of local cultures. But there is growing evidence
that countries in both the Third World and the West are
giving serious attention to alternative models of develop-
ment that emphasize community-based conservation and
the utilization of the many reservoirs of indigenous and
traditional knowledge. In the field of development adminis-
tration, for example, planners and other officials now pro-
pose that cultural diversity itself is a global resource that
should be preserved alongside the need to maintain and
protect biodiversity (Kleymeyer 1996; Berkes and Taghi
1989; Redclift and Sage 1994). Customary rights and local
traditions need not be regarded as impediments to rational
water management; instead, modern legal systems should
be redefined to co-exist with customary practices and thus
achieve optimum resource utilization.(S. Clark 1990).

After four hundred years of successful adaptation, the
acequias of the upper Rio Grande are model institutions
worthy of further research. A good starting point is to
consider the conservation ethics and environmental values
that acequia irrigators inherited and transplanted from
Old World irrigation systems. In his study of medieval
Valencia, Spain, Glick (1970) found that the basic irrigation
unit in the society was the comuna, a unit he defined as a
group or community of irrigators all irrigating from a single
main canal. These comunas were instruments for self-
government in the water affairs of local society; and by way
of ordinances, they provided for the maintenance of the
canal, authorizing the local cequier (official similar to the
ditch boss or mayordomo in New Mexico and Colorado) to
impose fines in cases where water was being wasted or
polluted through unauthorized uses (Glick 1970).

Water quality protection and conservation were likewise
taken seriously in the acequias de comun that flourished
centuries later in the upper Rio Grande, carrying forward
the water ethic evident in the irrigation societies of medieval
Spain. In his review of customary practices transplanted
from Spain to New Mexico, Malcolm Ebright (1994) noted
that the environmentalist ethic was woven directly into the
very fabric of custom and public law in the Spanish and
Mexican land grant communities. A 1705 decree by Gover-
nor Francisco Cuervo y Valdez, Ebright points out, man-
dated that villagers of Santa Fe should not drive their
livestock onto a marshy wetland and public commons known
as the cienega; anyone who violated this order would face a
jail sentence. These orders were repeated by subsequent
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governors such as in 1717 when the village pigs and other
loose animals were rounded up to prevent damage to the
planted fields and the grass meadows found at the cienega
commons (Ebright 1994).

Guided initially by Spanish and Mexican water laws, the
early settlers were mindful of conserving the resource base
for themselves and for future generations, especially when
the existing water supply could no longer support additional
community growth. As mentioned earlier, petitions for addi-
tional land grants were submitted to the authorities with
admirable regularity as population densities and the need
for increased agricultural productivity outstripped the car-
rying capacity of the land base. After the new lands were
occupied, irrigation practices were regulated in a manner
designed to conserve the scarce water supply in each farm
village. During the Mexican period, the Provincial Statutes
of 1824-26 authorized local alcaldes to impose a one peso
fine, plus the costs of repairs, on any irrigator who caused the
flooding of roads and fields by not closing off his ditches
when they overflowed (Provincial Statutes 1824-26). The
first comprehensive acequia statutes were adopted in 1851
and 1852 at the start of the territorial period in New Mexico
(Laws of 1851-52). Here again, water conservation was
mandated. Section thirteen of these water laws stipulated
that the mayordomo (ditch boss or superintendent) should
apportion the available waters to each particular irrigator,
but not only according to the amount of cultivated land he
owned; the mayordomo should also take into consideration
“la naturaleza de las semillas, cosechas y de las legumbres
que se cultivan...” (the nature of the seeds, crops and plants
tobe cultivated...). Furthermore, each irrigator was entitled
to retain all native plants of any description growing natu-
rally on the ditch banks bordering and running through his
property (Laws of 1851-52).

Other territorial laws specifically addressed the need to
maintain water purity and quality in local ditches. In some
ditches, mayordomos were authorized to levy fines against
persons who befouled acequia waters by washing dirty
clothes, bathing, or allowing swine to wallow inside the ditch
(Laws of 1868 and 1872, cited in I. Clark 1987). By the turn
of the century, a series of general, anti-pollution water laws
had been enacted (1880, 1897, and 1899) that applied to all
acequias of the territory. These laws prohibited the pollution
of streams, lakes, and ditches by any number of means or the
discarding of objects that would endanger the public health
of the community. The penalties, upon conviction, were
gradually made more severe, up to one hundred dollars and/or
a sixty-day jail sentence in the 1897 laws (cited in I. Clark
1987).

Dividing and Sharing the Waters

Water conservation became a frequent concern in the late
nineteenth century as the number of ditches and irrigators
increased in some of the more densely populated valleys. The
solutions and arrangements for the sharing of available
water were primarily of local design, either by custom or
legal agreements on how to divide the water, practices that
continue to the present either intact or in some modified
form. Some localities divide the water according to fractions
where each ditch is entitled to its prorated amount of water,
such as a one-third share in the case of three acequias
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sharing the water in equal parts out of a common compuerta
or headgate at the stream source. Other arrangements
divide the water based on a scheduled time rotation, as in an
1895 example where ditches located in two Taos precincts
agreed to take water from four streams in their area accord-
ing to a predetermined weekly schedule. One precinct would
be entitled to all the available water flowing in the four
streams for their exclusive use and benefit from Friday of
each week at sunset until the following Sunday at twelve
noon; the second precinct thus, would take the water the rest
of the time, from Sunday at noon until sunset on Friday. Per
the terms of the agreement, this rotation plan would be
repeated through the remainder of the irrigation season,
lasting until the fifteenth of September every year (Agree-
ment to Divide Irrigation Waters 1895).

During periods of drought or low water flows in the river
source, most local acequias strongly value their customary
practices of sharing, setting aside any legal rights based on
prior appropriation. In many watersheds, acequia irriga-
tors prefer the repartimiento system of dividing water ac-
cording to local customs and traditions, where water is
shared by all users, regardless of priority dates. Under these
arrangements of customary usage, irrigators divide water
based on historic practices of sharing and the need to provide
auxilio (emergency mutual aid) during times of shortage or
drought. This time-honored system of reciprocal assistance
runs counter to the prior appropriation doctrine which
forces a system of hierarchy among acequias and users who
share the same stream source. Acequia officials and the
parciantes as a whole are aware of this conflict, but most opt
to ignore the strict system of priority calls on the river and
would rather continue to share the water in the traditional
manner (see Adjudication Hearings 1991).

This obligation to offer auxilio in times of special need and
to share water during conditions of drought continues to be
a deeply held belief of the acequia irrigators, an influence
perhaps from the Moorish traditions evident in Spanish
water law. According to I. Clark (1987), the Islamic law of
thirst granted free access of water for all living things to
satisfy their needs in the aridity of the north African home-
land. “Islam not only subscribed to a belief in the purifying
character of water ... but also the moral obligation of each to
help all others of the community in the time of need” (I. Clark
1987, p. 9). Or in the words of a Taos parciante at the
adjudication hearings on customs and traditions held in
1991 by Special Master Frank Zinn: “When [the flow is] low,
nobody has any. When it’s high, everybody has some. That’s
the way it was too. If there’s a cup of water there, we will
share it” (Adjudication Hearings, Testimony of Esequiel
Trujillo, May 20, 1991).

Repartimiento, water rotation schedules and other de-
vices of sharing water have continued as local practices into
the contemporary period, evidence of the persistent conser-
vation ethos among acequia parciantes. Often, water rota-
tions are established where individual irrigators from a
single ditch are assigned certain days and hours of the week
when it is their turn to take water from the ditch to irrigate
their fields and gardens. Ditch rules provide for stiff penal-
ties should an irrigator take water out of turn. Rules have
also been crafted by the users themselves to protect and
enforce water quality standards in the ditch. Just before
statehood in 1911, for example, the parcionistas (landowner
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irrigators) of the Margarita Ditch in Lincoln County charged
the mayordomo with enforcing the “Reglas de Limpiesa,”
(Rules for Cleanliness). The Margarita Ditch Rules prohib-
ited anyone from discarding junk in the community ditch,
namely, “garras, cajetes, puercos cueros, barriles o otras
porquerillas que sean en prejicio de la saludbridad de los
halbJitantes” (rags, tubs, pig hides, barrels, or other filthy
objects which might endanger citizen health).

Acequias and Contemporary Public
Policy

The goal of Spanish settlement during the colonial period
was to inhabit the vast reaches of the province based on
agropastoral economies, a land use practice resulting not in
the establishment of municipios (municipalities) but in the
dispersal of the population throughout the rural jurisdic-
tions of the region (Tyler 1990; Simmons 1969). Within the
confines of available resources, some physiographic limita-
tions, and many opportunities for creative engineering, the
early pobladores proved adept at implementing the goals of
colonization expressed in royal Spanish ordinances and
subsequent Mexican land grant concessions. With the active
encouragement of government officials who liberally imple-
mented Spanish and Mexican land-distribution policies,
the hispano mexicano settlers established permanent com-
munities throughout the narrow valley bottomlands of
La Provincia del Nuevo México. Acequias have withstood the
test of time and insured the survival of a unique regional
culture into the twenty-first century. These water institu-
tions have operated with a few basic rules based on customs
and traditions managing communal property resources with
minimal government interference or assistance, features
they share with other small-scale irrigation organizations
around the world: the subaks of Bali, the zanjeras of the
Philippines, the sociedades de riego in the Tehuacan Valley
of central Mexico, and the huertas of Valencia, Spain. (Ostrom
1990; Berkes and Taghi 1989; Whiteford and Henao 1980;
Maass and Anderson 1978).

In the upper Rio Grande, the benefits of acequia-based
farming extend well beyond the consumptive needs of the
irrigators themselves. Watershed studies have established
that acequias also help to maintain other important social,
cultural, economic and environmental values that should
be recognized by downstream water stakeholders, policy-
makers and the general public:

1. The acequia culture of the region promotes tourism and
economic development;

2. Protection of the acequia system of agriculture also
protects the health of rivers, forests and the watershed
headwaters in the sierra peaks;

3. Acequias promote a land ethic supportive of respon-
sible stewardship of the watershed ecosystem in a high
altitude, arid lands environment;

4. Acequias double as wildlife habitat and travel corri-
dors, and therefore promote both wildlife and plant
biodiversity; and

5. Acequia associations are democratic institutions that
are dynamic, self-reliant and sustainable forms of local
government (Rivera and Pefnia 1998; Rivera 1996).
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Comparatively, the upper Rio Grande community acequias
of southern Colorado and New Mexico stand apart from the
fate of many other irrigation canals in the western United
States. In Worster’s historical study (1985), most irrigation
systems in the American West have succumbed to the forces
of the new hydrologic society, where water has been reduced
to a simplified, abstracted resource, separated from the
earth in a manipulative relationship with nature:

The modern ditch is lined along its entire length with concrete to
prevent the seepage of water into the soil; consequently, nothing
green can take root along its banks, no trees, no sedges and reeds,
no grassy meadows, no seeds or blossoms dropping lazily into a
side-eddy. Nor can one find here an egret stalking frogs and
salamanders, or a red-winged blackbird swaying on a stem, or a
muskrat burrowing into the mud. Quite simply, the modern canal,
unlike a river, is not an ecosystem (Worster 1985, p. 5).

The earthen acequias of the upper Rio Grande are unique
in the western states. The acequias de comiin continue to
function much as before, as model institutions of water
management in environments where water is not plentiful
and where reciprocal relationships of mutual aid are in-
creasingly necessary if the human, animal and plant com-
munities are to survive in balance and harmony. These
keystone acequia villages perpetuate cultural continuity, a
sense of place, and an indigenous system of participatory
democracy that is worthy of public support as we enter the
twenty-first century and already are confronting the chal-
lenges and opportunities of a pluralistic, diverse society of
competing and often conflictive values.

Fortunately, values and perspectives concerning water
resources policy are changing, especially in the American
West where the era of large scale water development projects,
meant to harvest and channel water destined for urbanizing
regions or to reclaim desert lands for agribusiness welfare,
is rapidly ending. Most river streams are fully appropriated
or committed to the delivery requirements of interstate
compacts and binational treaties. Thus, a new conservation
ethic is taking root, but so are water markets and other
mechanisms to transfer water away from historic or tradi-
tional uses in order to accommodate population growth,
industrial development, recreational uses and other de-
mands. These “higher use” values increasingly threaten the
ability of acequia irrigators to compete on even terms. In
Colorado and New Mexico water rights can be severed from
the land and sold in the marketplace much like other
property commodities. Some of the competing stakeholders
perceive the acequia institution as antiquated and an ob-
stacle to growth and development. To the critics, the acequia
methods are wasteful and too primitive for the needs of a
modern economy based on new industries, corporate agri-
culture, municipal growth and recreational tourism.

The challenge to acequia users is to retain ownership of
their ancestral water rights in the face of mounting pres-
sures to sell or otherwise transfer water rights out of the
community. Not only must they continue to put their water
to beneficial use, to avoid forfeiture, but in most cases they
must also increase production, raise incomes and generate
economic returns sufficient enough to discourage sales and
transfers. Already, some ditch associations experience diffi-
culties when it comes time to clean or repair the ditch
waterworks. Maintenance of the system requires full and
sustained participation from all parciantes, whether they
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farm or not. Acequia officials fear that one water transfer
from within the group of irrigators will lead to others,
creating a domino effect, leaving fewer and fewer parciantes
to maintain the ditch, raise funds for the seasonal repairs,
enforce and administer the rules, and generally keep up with
the chores of organizational maintenance. A collapse of the
acequia institution would be catastrophic to the community
and perhaps the surrounding area (Rivera 1996).

The event of the cuarto centenario provides an opportunity
for all stakeholders and public officials to reflect on the
historic and cultural values intrinsically connected to tradi-
tional water uses in both the Hispanic and Pueblo Indian
communities. In the long run, sustainability of water quan-
tity and quality may depend more on democratic and social
processes than on technological or regulatory fixes. Under-
standing, dialogue and new ways of sharing are imperative.
The four hundred years of acequia customs, traditions and
values have endured and passed the test of time thus far.
The pressures of the water markets in the bioregion have
surfaced new realities creating tensions and conflicts across
the myriad of users and stakeholders, and within the acequia
communities themselves. Survival of the acequia institution
depends on how adeptly the irrigators and their officers
respond to these challenges and chart a course of action into
the 21st century.

References

Adjudication hearings on customs and traditions, transcripts. 1991.
In: State of New Mexico vs. Eduardo Abeyta and Celso Arellano,
and others, United States District Court for the District of
New Mexico, May 20, 21, and June 11, 1991.

Agreement todivideirrigation waters, Acequia Madre del Cerro and
Latir Ditch. 1895. In: Rivera, José A. 1998. Acequia Culture:
Water, land, and Community in the Southwest. University of
New Mexico Press, Albuquerque, pp. 178-180.

Annual report of the New Mexico State Engineer Office/Interstate
Stream Commission. 1996. Santa Fe, NM: Office of the State
Engineer, p. 47.

Arellano,Juan Estevan. 1997. La querencia: La Razabioregionalism.
New Mexico Historical Review 72(1): 31-37.

Baxter, John O. 1997. Dividing New Mexico’s waters, 1700-1912.
University of New Mexico Press, Albuquerque, pp. 1-2, 5-6, 12.

Berkes, Fikret; Farvar, M. Taghi. 1989. Introduction and overview.
In: F. Berkes, ed., Common Property Resources: Ecology and
Community-based Sustainable Development. Belhaven Press,
London, pp. 3-5.

Carlson, Alvar W. 1990. The Spanish American homeland: four
centuries in New Mexico’s Rio Arriba. Johns Hopkins University
Press, Baltimore, pp. 4, 7-11, 23-37, 203-204.

Clark, Ira G. 1987. Water in New Mexico: a history of its manage-
ment and use. University of New Mexico Press, Albuquerque,
pp- 9, 30-31.

Clark, Sanford D. 1990. Tensions between water legislation and
customary rights. Natural Resources Journal 30(3): 503-520.
Crouch, Dora P.; Garr, Daniel J.; Mundigo, Axel 1. 1982. Spanish

city planning in North America. MIT Press, Cambridge, pp. 1-23.

Cutter, Charles R. 1995. The legal culture of northern New Spain,
1700-1810. University of New Mexico Press, Albuquerque, p. 19.

Cutter, Donald; Engstrand, Iris. 1996. Quest for empire: Spanish
settlement in the Southwest. Fulcrum Publishing, Golden, CO,
pp- 7-8, 54.

De Vargas Decree. May 8, 1696. State Archives of New Mexico I,
Translations, Archive No. 817. Santa Fe, NM: State Records
Center and Archives. (For the De Vargas Proclamation, April 19,
1695, see Archive No. 882)

Ebright, Malcolm. 1994. Land grants and lawsuits in northern New
Mexico. University of New Mexico Press, Albuquerque, pp. 88-90.

USDA Forest Service Proceedings RMRS-P-7. 1999

Glick, Thomas F. 1970. Irrigation and society in medieval Valencia.
Harvard University Press, Cambridge, pp. 31, 35-37, 54-55

Hammond, George P.; Rey, Agapito. 1953. Don Juan de Onate,
colonizer of New Mexico, 1595-1628. University of New Mexico
Press, Albuquerque, Vol. 1, pp. 17, 320-23, 346.

Hutchins, Wells A. 1928. The community acequia: its origins and
development. Southwestern Historical Quarterly, 31 (July 1927-
April 1928): 278, 261-284.

Keleher, William A. 1929. Law of the New Mexico land grant.
New Mexico Historical Review 4(4): 352, 350-371.

Kleymeyer, Charles D. 1996. Cultural traditions and community-
based conservation. Grassroots Development: Journal of the
Inter-American Foundation 20(1): 27-35.

Laws of 1851 and 1852. Territorial Assembly of New Mexico. N.M.
Revised Statutes and Laws (Studley 1865).

Maass, Arthur; Anderson, Raymond L. 1978. ...And the desert shall
rejoice: conflict, growth, and justice in arid environments. MIT
Press, Cambridge, pp. 11-45.

MacCameron, Robert. 1994. Environmental change in colonial
New Mexico. Environmental History Review 18(2): 27, 17-39.
Margarita Ditch Rules. 1911. In: José A. Rivera collection, No. MSS
587 BC, Center for Southwest Research, Zimmerman Library,

University of New Mexico, Albuquerque, NM.

Noss, Reed F. 1994. A sustainable forest is a diverse and natural
forest. In: DeVall, Bill, ed. Clearcut: The Tragedy of Industrial
Forestry. Sierra Club Books/Earth Island Press, San Francisco,
p. 37.

Ostrom, Elinor. 1990. Governing the commons: the evolution of
institutions for collective action. Cambridge University Press,
New York, pp. 69-88.

Pefia, Devon. 1997. Cultural landscapes and biodiversity: the
ethnoecology of a watershed commons. In: Cabeza de Baca,
Vincent, ed. Hispanic Life and History. Colorado Historical Soci-
ety, Denver. Also see Devon Penia and Rubén Martinez, co-
principal investigators, Upper Rio Grande Hispano Farms Study,
research project supported by the National Endowment for the
Humanities, Grant No. RO 22707-94, Colorado College, 1994-
1998. The documents and files resulting from this study will be
archived at Colorado College.

Petition to take possession of Valle de Guadalupita. 1837. In:
Rivera, José A., Acequia Culture: Water, Land, and Community
in the Southwest. 1998. University of New Mexico Press, Albu-
querque, pp. 22-24.

Provincial Statutes. 1824-26. Trans. Perrigo, Lynn 1. 1952. New
Mexico Historical Review 27(1): 66-72.

Public Law 99-662. 1986. Water Resources Development Act of
1986, Section 1113, Acequias irrigation systems. Washington,
D.C.: United States Congress

Redclift, Michael; Sage, Colin, eds. 1994. Introduction. Strategies
for Sustainable Development: Local Agendas for the Southern
Hemisphere. John Wiley & Sons, New York, p. 11.

Report of the Attorney General of New Mexico. 1963-64. Santa Fe,
NM: Office of the Attorney General of New Mexico, Vol. 1: 247-252.

Rivera, José A. 1996. Irrigation communities of the upper Rio
Grande bioregion: sustainable resource use in the global context.
Natural Resources Journal 36(4): 743-44, 731-760.

Rivera, José A.; Penia, Devon G. 1998. Historic acequia communi-
ties in the upper Rio Grande: policy for cultural and ecological
protection in arid land environments. Draft manuscript on file at
the Julian Samora Research Insititute, Michigan State Univer-
sity, Lansing, MI.

Scurlock, Dan. 1998. From the rio to the sierra: an environmental
history of the middle Rio Grande basin. USDA General Technical
Report RMRS-GTR-5, pp. 105-119.

Simmons, Marc. 1969. Settlement patterns and village plans in
colonial New Mexico. Journal of the West 8(1): 7-21.

Simmons, Marc. 1972. Spanish irrigation practices in New Mexico.
New Mexico Historical Review 47(2): 135-150.

Simmons, Marc. 1991. The last conquistador: Juan de Onate and
settling of the far southwest. University of Oklahoma Press,
Norman, pp. 109, 114, 117, 148-49, 182.

Twitchell, Ralph Emerson. 1925. Old Santa Fe: the story of New
Mexico’s ancient capital. Santa Fe, New Mexico Publishing Cor-
poration, pp. 20-21.

27



28

Tyler, Daniel. 1989. Ejido lands in New Mexico. In: Ebright,
Malcolm, ed. Spanish and Mexican Land Grants and the Law.
Sunflower University Press, Manhattan, KS, pp. 24-35.

Tyler, Daniel. 1990. The mythical pueblo rights doctrine: water
administration in Hispanic New Mexico. Texas Western Press,
University of Texas, Southwestern Studies Series, No. 91, El
Paso, pp. 12-13.

Van Ness, John R. 1987. Hispanic land grants: ecology and subsis-
tence in the uplands of northern New Mexico and southern
Colorado. In: Briggs, Charles L. & Van Ness, John R, eds. Land,

Water, and Culture: New Perspectives on Hispanic Land Grants.
University of New Mexico Press, Albuquerque, pp. 192-195.
Whiteford, Scott; Henao, Luis E. 1980. Irrigacién descentralizada,
desarrollo y cambio social. In: América Indigena 40(1): 57-72.
Worster, Donald. 1985. Rivers of empire: water, aridity and the
growth of the American West. Pantheon Books, New York, p. 5.
Wozniak, Frank E. 1987. Irrigation in the Rio Grande valley, New
Mexico: a study of the development of irrigation systems before

1945. Santa Fe, NM: New Mexico Historic Preservation Division,
pp. 24-25, 64-65.

USDA Forest Service Proceedings RMRS-P-7. 1999



Resolving Resource Conflict: a Bigger Pie

Jim Winder

Abstract—One of today’s critical questions for ranchers is how to
gain economic benefits from natural resources without damaging
biodiversity. Ranchers today face declining beef prices, escalating
resource prices, and taking on costs once covered outside the
industry. Ranchers join environmentalists and agency personnel in
the struggle to meet evolving needs of the American people.

Changeisinevitable but so is resistance to change. Ranch-
ers, environmentalists and agency personnel are wrapped in
a struggle over the changing management focus on public
lands. Although this debate has many facets, the fundamen-
talslie in the evolving needs of American society. Lands once
valued only for commodity production are now valued by a
well fed public more for recreation and conservation. These
changing needs and values have found their way into the
market place where the real price of beef has declined
precipitously and environmentalists are asking ranchers to
pay the cost of past resource abuse. Paradoxically, the forces
which seem to be destroying ranching on public lands offer
the one legitimate opportunity for ranchers to survive on the
land.

Ecology of Business

Just as plants and animal are subject to the laws of
ecology, humans are subject to the laws of economics. A
living organism must be able to out compete other organisms
for natural resources in order to grow and reproduce. If that
organism uses more energy than it captures, degrades its
ecosystem, or is unable to compete for resources then it is not
sustainable and will disappear over time. Business failures
result from an inefficient process which uses more mon-
etary inputs that it produces, degrades the resource or is at
a competitive disadvantage with other businesses. To re-
main solvent a business must be sustainable in terms of
Nature and in terms of the needs of society.

As the debate over proper uses of public and private
rangelands continues in and out of the courts, only one thing
is certain, economics will have the final word. Those uses of
theland which are sustainable when all costs are considered
will remain viable, however non-sustainable users will be
pushed from the land. Far more ranchers will continue to
leave the land because of economic reasons than because of
the courts.
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Brief History of Ranching

To nineteenth century Americans, this country’s vast
rangelands held no value outside of commodity production.
Domestic livestock grazing, at its core, is only a method to
harvest and refine native vegetation which is indigestible to
human beings. Grass had novaluein and of itself, it was only
when that grass was converted to beef that the value was
realized. And thus the beefindustry took root as a method of
refining the vast natural resources in the American west.

The history of the western beef industry is not unlike that
of many other industries, rapid growth and large profits
which recruit additional producers which in turn lead to
industry maturation. In the case of the beef industry, this
aging process was escalated by a government policy of cheap
food which encouraged further production through invest-
ment in research. On one level the research was successful
as production per cow more than doubled. But on another
level it was disastrous for those ranchers it professed to help,
as production improvements only tended to flood the market
with more tons of beef selling at lower prices. This policy was
good for society and politicians as real food prices declined
but devastating to the rancher as beef prices failed to keep
up with inflation.

In 1960 it took 8 finished steers to buy a new pickup truck,
today it takes 34. This shows us that the real price of beefhas
declined precipitously while the price of inputs has contin-
ued to climb. In real terms, American society values beef
relatively less today than it has in the past. At that same
time, society has begun to place value upon other, non-
commodity, uses of natural resources such as conservation
and recreation.

New Uses of Natural Resources

When my grandfather ranched, the price of a parcel of land
was determined by its productivity in terms of livestock,
timber or mining. In financial terms this meant that the
price was approximately equal to the present value of the
expected net income stream from these enterprises. In my
father’s time the price of land began to reflect a new value,
recreation. A ranch would be valued higher if it had greater
recreational potential, such as deer hunting, even though
commodity production was comparable to other ranches.
Today our society has found a third value for natural re-
sources, that of conservation. Organizations and individuals
purchase ranches with no intent of grazing cattle, instead
they are focused on habitat production. Individuals value a
parcel of land for its health, and are willing to fight for land
that they have never even walked upon. It is the conserva-
tion value of our lands that fuels the entire environmental
movement.

The ranching community which is suffering through the
fall in real beef prices is now faced with escalating resource
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costs due to the competition from non-commodity users. In
other industries faced with maturation, the strategy is
consolidation in order to reap economies of scale. Ranchers
are denied this option because they are unable to pay for
additional land through production centered on only one
land value, when the land price reflects all three values.

Scarcity

Damage to the environment resulting from business activ-
ity is often not paid for by the business but born by society.
Economists call this an external cost. Costs such as riparian
deterioration or species extirpation do not show up on the
financial statements of any company butinstead are thought
toimpoverish society, especially future generations, through
reduced resource productivity and the direct cost of
remediation. The major strategy of the environmental move-
ment is the reversal, or internalization of these external
costs. That is to make the business pay for the true costs of
production, not just labor and materials but the present and
future cost of keeping the land healthy.

At atime when profits in the mature livestock industry are
at a low ebb, ranchers are unable or unwilling to shoulder
additional costs, whether real or perceived. Thus the heart
of the debate for ranchers is economic survival. Proposals to
restore riparian habitat or reintroduce wolves are feared for
their perceived effect of reducing production and increasing
costs. This attitude is one of scarcity, there is only room for
commodity based businesses on theland, anythinginvolving
recreation and especially conservation will deplete commod-
ity production.

An Alternative

Ranching is a capital extensive industry, that is it takes a
lot of capital in the form of land, livestock and equipment to
produce beef. Often arancher hasinvested in excess of $4000
for each animal unit grazed. Traditionally, the net return on
asset (ROA) for ranching has hovered around 2-3 percent in
the best of years. This is very low, considering the risk
involved with a ranching investment and the fact that one
could usually earn a higher return with a risk free govern-
ment bond. When we view the simple equation for return on
assets:

ROA = Net Returns/Total Asset Value

it is apparent that there are only two ways to improve ROA,
increase the productivity of the assets in terms of net returns
or decrease the cost of the assets required for a given level of
production. We have seen the results of the industry’s focus
on increasing beef production with a never ending stream of
innovations. A better way of increasing productivity is not to
produce more of the same old thing but to produce new
products from the same asset base. Since much of the price
of natural resources is related to conservation and recre-
ation, it is rational to base new products upon these values.

Raw values for natural resources are analogous to clouds.
They are real and can be seen but they are impossible to
grasp or to hold. They have no cash value in and of them-
selves but offer the possibility of creating wealth through
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secondary products. Just as the rangeland grasses of the
nineteenth century were worthless to humans until live-
stock converted them into beef, conservation and recreation
values must be refined into products that can be marketed
and consumed. For a rancher to survive and even prosper in
the urbanizing west, the question is how to develop a range
of compatible products which tap into all three natural
resource values, commodity, recreation and conservation.

The answer to this question is two fold. The first require-
ment is for a rancher to evolve into a full resource manager
with an understanding of the structure and function of the
ecosystem. For decades range managers were taught what
was good for cows and grass with little emphasis placed on
other species or ecological processes. A resource manager
should now have a working understanding of the interac-
tions among species since it is this interaction which gives
structure to an ecosystem. Also the manager needs to under-
stand the multitude of processes which comprise the ecosys-
tem function. These processes include recovery following
disturbance and the distribution of water and nutrients
throughout the landscape and the seasons. While the com-
plexity of life on Earth insures that no individual can
understand everything, proper management of natural re-
sources necessitates a manager who knows the land. A
resource manager who is able to keep the land healthy and
sustainably produce goods and services which society val-
ues, will have a long tenure on the land.

Once expertise in resource management is gained, the
next step is to develop the products and trade channels
necessary for delivery to the consumer. Since commodity
and recreation values have been around longer their mar-
kets are more well defined. A large infrastructure exists for
trading commodities and the market is readily accessible to
any producer. A broad and varied market exists for recre-
ational products which usually take the form of an experi-
ence, a fishing trip, but may also include the tools which
make the experience more enjoyable, a new rod. Since
society has only recently begun to place significant value on
the conservation of natural resources, products and market
infrastructure are rare and unproven. Although this situa-
tion makes marketing somewhat more difficult, it rewards
creativity and gives small businesses equal footing with
larger concerns.

Conservation products will initially be marketed to gov-
ernments and conservation organizations. This may take
the form of land sales, grants or conservation easements.
Often conservation may involve a service instead of a hard
product. Many people are interested in the land but few
understand how to manage resources. Opportunities abound
for individuals to provide broad based managerial service.
These managers need to be able to add real value to the
resource by improving wildlife populations as well as the
aesthetics such as riparian habitat. Other products and
services will undoubtedly be produced and refined over time.

In contrast with a rancher who is trying to maximize
production of beef from a finite set of resources, the resource
manager’s goal is to blend production from the three values
in a manner which maximizes profit. To do this one must
look for synergy between products which slash costs. An
example is a recreational enterprise which is based on
traditional ranch activities like branding and gathering
cattle.
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Conclusions

The greatest danger a rancher faces today is that the cow,
once only a tool, has become a way of life, and end in herself.
Ifranching disappears as a viable use of natural resources it
will be because of resistance to change, not an ability to
evolve with the times.

Ranchers face three critical and permanent economic
realities, declining real beef prices, escalating resource
prices driven by conservation and recreation values, and the

USDA Forest Service Proceedings RMRS-P-7. 1999

internalization of costs once externalized by the industry. To
survive, individual ranchers must become economically rel-
evant and use the strong forces of change in their favor.

It is when the rancher evolves into a resource manager
blending commodity, conservation and recreation values
into sustainable products that they will truly understand
needs and desires of other resource users. This common
ground will be the foundation for a new industry that
answers the critical question of how to gain economic ben-
efits from natural resources without damaging biodiversity.
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How Great a Thirst? Assembling a River
Restoration Toolkit

Steve Harris

Abstract—The Rio Grande River’s biologically troubled status is
clearlylinked to present and historic water management. To restore
the river to pre-settlement conditions will take a “tool kit” that
holds authorities, knowledge, and skills needed to correct historical
neglect and abuse. Tools include awareness, planning, partner-
ships, engineering solutions, and a cross-section of public and
private individuals.

In a presentation most of us heard earlier in the week,
Steve Hansen from the Bureau of Reclamation showed us
some data that leads, inescapably, to the conclusion that
there is simply not enough water available to the Middle Rio
Grande to continue to satisfy the kind of demands that are
being placed upon the river. A few moments ago, Paul
Tashjian from the Fish and Wildlife Service told us that the
Rio Grande is in the process of “dying” biologically, a conclu-
sion borne out by the facts:

* The status of small fish species in the aquatic ecosys-
tem—all gone except for the endangered Rio Grande
silvery minnow. Perhaps 23 aquatic species extirpated
from the middle river.

® The decline of the Rio Grande riparian forest, as docu-
mented in the Bosque Biological Management Plan.

¢ The status of neotropical migratory birds—107 species
in decline. In an accumulation of human induced im-
pacts, some of this is no doubt attributable (at least in
part) to a fragmentation of habitat in the Rio Grande
Flyway.

® Thefactthat wintertime streamflows at E1 Paso contain
such concentrations of total dissolved solids that the
city doubts its ability to treat the water to drinking
water standards.

The fate of human occupation, the sustainability of our
communities, economies and cultures is directly linked to
the river, not just as a water resource but also as the big, wet
life support system that gave us birth.

Today, the river’s status can be clearly linked to present
and historic water management practices...the blunt fact
that over the past 86 years, 98 percent of the water produced
by Rio Grande watersheds gets consumed by the time the
river reaches Hudspeth County, Texas. Not only do we
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mercilessly use the river up, the future is likely to get worse.
Consider:

¢ Thatin the present scramble to secure municipal water
supplies, more than 100,000 acre feet of water that
presently escapes as streamflow (~55 kaf of SJ-C water
and ~60 kaf of wastewater from ABQ), may soon be
diverted and consumed.

e That without an expenditure of public monies, the
Middle Rio Grande Conservancy District will continue
to divert 5 or 6 times more water than its crops consume.

In talking about “restoring” the Rio Grande, I want to
make a couple of points as strongly as possible:

First, I do not propose that we can return the river to its
pre-settlement conditions. “Restoration”, as I am using the
term, means restoring a measure of lost biological integrity
and function. Nature had anirrigation and flood control plan
which we must try to rediscover, because unlike our own
plans, it let life exist. I'm embracing the term “restoration”
because the current notions of “preservation” or “protection”
will not ensure that we have a healthy Rio Grande in our
future. That unless we can begin to reverse it, the present
trend toward degradation will continue to its logical and
unfortunate conclusion.

Second, the river needs irrigating. More than any other
combination of factors, simply managing our water to mimic
the way nature does it, is the first order of business, if
restoration is the goal. We can’t zero out the flows (and with
100 kaf of new diversions on Albuquerque’s drawing board,
an utterly dry river bed would appear to become increasingly
likely), we must reconnect the river to its floodplain, provid-
ing periodic overbank flooding and we must shape our
managed hydrographs in conformance with the natural ebb
and flow conditions in which the river’s biota evolved. We
must understand and work in harmony with the river.

Third, the real issue in providing instream flow is not so
much a question of acquiring an additional quantity of water
(though some wet water will have to be dedicated from
existing and planned uses), but more a question of improve-
ments in the timing of flows.

Fourth, there is reason for optimism: the minnow had a
good year in 1997, the whooping cranes have not left us
entirely and all the players seem to be willing to acknowl-
edge a problem. Our history of water management has been
sohaphazard that we can easily save 10 percent over present
uses (and maybe a great deal more) if we can implement an
integrated water conservation program.

Fifth, we cannot afford to fight about this very much. I do
not propose to dismantle agriculture to save the river.
Agriculture is under enough pressure without environmen-
talists sniping at it. Neither would I entertain a proposal to
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desiccate the river to preserve the status quo; it isn’t work-
ing. We must learn to honor all aspects of our heritage:
healthy ecosystems and healthy economies.

The bad news is that the Rio Grande, like the planet’s
biological systems in general is, in the words of the immortal
Merle Haggard “rolling downhill like snowball headed for
hell.” The good news is that we can still avert the crisis. So
we must cling to our hope and not give up, just yet.

My assignment today is to convince you that we have a sort
of “tool kit”, comprised of all the authorities, knowledge and
skills which exist in this region to correct the neglect and
abuse we have heaped upon a once-functioning river. In
order to restore the Rio Grande, we will need them all.

In quenching our various and endless thirsts, we have
become accustomed to putting the river at the end of the line.
We have deluded ourselves into thinking that a river is
nothing more than a supply of water, that the vested needs
of downstream users guarantees that here will be ample
water in and for the river and that our water rights (mere
jottings on paper) equate to water itself. We will have to get
over these delusions.

Itis quite useless to point fingers for the shortsightedness
of the past. Besides, there aren’t enough fingers to complete
thejob. We believed what the engineers of 1890 told us about
rivers and, to a lingering extent, act as if we still believe
them, despite mounting evidence that nature had a terrific
plan for delivering water.

Just as we have all had our roles in trying to conquer the
river, so we can all be a part of its redemption. It is possible
that we will avert the crisis without ever pointing any more
fingers, but solutions will only come if we can deploy each of
the following tools:

Awareness—Since we are aware that we have a critical
problem that affects all of us, we must now make certain
that none of our actions and none of our inactions is serving
to perpetuate the problem. Each of us can and must employ
the tool which is our own awareness...and insist that any
who remain in denial come along with us.

Ithink we’re beginning to see the end game on water in the
Middle Rio Grande. If we wait to accept the great challenge
until the crisis is actually upon us, we will have already lost-
first the river, then the farm and then the house. There won’t
be any Animas River water or Lake Superior water or
iceberg towing projects to bail us out. Another aspect of
awareness is our understanding of how the Middle Rio
Grande water system works, including the effects of our
water manipulations on aquatic habitats. Despite some
heroic work by Steve Hansen, the Bureau and the City, we
still need to know more about the groundwater-surface
water interface, project return flows, evaporation and tran-
spiration from all sources. The Corps, in partnership with a
number of agencies is developing URGWOM which prom-
ises to provide a look at the hydrologic effects of any number
of water management scenarios. This sort of information is
a valuable tool.

And the ability to do “adaptive management”, develop and
undertake practical experiments, monitor results and modify
such efforts is an essential tool, enabling us to avoid that
common pitfall, “paralysis by analysis”.

Planning—Planningis a particularly powerful tool to the
degree that it includes both economic and environmental
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interests. The Fish and Wildlife Service put together an
unprecedentedly diverse team to write the silvery minnow
recovery plan: farmers, water users from upstream and
down, along with the biologists and bureaucrats who cus-
tomarily write recovery plans. In fact this was an experi-
ment. Letting affected economic interests into the species
recovery game had never been tried. A good theory, but I'm
not sure that it worked; I'm not sure that everyone was fully
engaged toward the main goal, which was to recover the
minnow.

Now, we have the Middle Rio Grande Regional Water
Planning effort, with 35 stakeholder representatives at-
tending meetings. So far, it seems that the same sort of
dynamic prevails: the large water users are watching and
waiting and ready to bail out if the outcome doesn’t exactly
suit them. Right now, the regional plan is some distance
from acknowledging all of the complexities.

Additionally, these sorts of plans need to have their
implementation written right into them. Producing a docu-
ment is only half the battle. As Bob Ohmart says: “when all
is said and done, a lot more gets said than gets done”. I sense,
though, that everyone in the Middle Rio Grande is getting
the idea that we really can’t go on like this and that critical
regional planning will eventually find its legs and begin to
walk.

Partnership—It goes by many names: sharing the load,
listening to the other person, fairness, reciprocity, coopera-
tion, collaboration. Those of us who are, or have been,
married know that this can be a hard tool to get sharp.
Everyone has their own interests at heart and nobody can
defend my interests better than me and mine. So part of
partnership is being fierce in the defense of one’s own
interests; the other part is to respect the values of others.
This is where partnership gets tricky. To work together
requires that we have a common experience, interest or
goal, which in this case is the sustainability of our commu-
nities, farms and ecosystems. In varying degrees and pro-
portions we all do value and respect these things.

To answer the river restoration challenge, we must all be
willing to consider viewpoints we are currently uncomfort-
able with. Today’s paradigm for governance is that I can
defeat my adversary’s initiatives as easily as he can defeat
mine. When gridlock ensues, everyone loses. The proper goal
of partnership in the Middle Rio Grande is that no one loses.
We may forego the “thrill of victory”, but we will eliminate
the “agony of defeat.”

Plumbing—I'm going to suggest that engineering projects,
the very tools that got the river into its present state may
also serve to get us out of this mess. For example, there’s
2-300 kaf of what appears to be federally-owned water,
undelivered San Juan-Chama water in storage in Heron
Reservoir. In 1996, it was proven that if the Bureau feels it
hasthe authority to do so, it can pass water through El Vado,
Abiquiu and Cochiti for environmental purposes. Imust also
point out that, once that water is in the river, it’s going
downstream to ring the bell at Elephant Butte and satisfy
our obligation to Texas...unless, of course, it’s intercepted.

We've also got this maze of canals and drains and acequias
and subsurface seeps that is the MRGCD system. This is
75 year old plumbing, the inefficiencies of which are demon-
strated by the fact that the District diverts 5 or 6 acre-feet
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for each acre foot consumed by the crop. Chief Engineer
Shah tells me that much of this excess is necessary to get
enough head to push water through portions of the system,
particularly the highline canals. This raises the possibility
of reducing diversions by reengineering portions of the
District’s delivery system. Thus, the draglines and loaders
and dozers so loathed by environmentalists could be a very
powerful tool for restoring the hydrograph.

In putting forward our own Middle Rio Grande Plan,
yesterday, an Alliance of river protection advocates sug-
gested that we would be willing to lead, or join, an appeal to
Congress for the vey significant funding these sorts of
projects will require.

People—Throughout the upper Rio Grande Basin, com-
munity members are demonstrating that they care very
much about the future of the river. I'm pleased to note that
Alamosa, Colorado and Socorro, New Mexico and El Paso,
Texas each have major projects underway, each aiming to
restore hundreds of acres of river banks and riparian wet-
lands to some semblance of a functioning condition. This
tells me that thousands within the basin are willing to
devote their energies to the river, against long odds. I
wonder how may more would express their loving concern
for the river if we could offer them strong hope of success?

I'm convinced that the majority of the 10 million folks with
whom we share the Rio Grande possess some sense of the
river’s importance to the long term survival of our region.
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I hope I've left you with my own sense that we have a
lot of the tools we need: the incentive (survival), the engi-
neering (water storage), the raw materials (remnant areas
of biodiversity), the knowledge (or the means to acquire
it)—to restore the Rio Grande. If the stakeholders, the City,
the District, their ratepayers, the Bureau, the pueblos, the
OSE/ISC, environmental groups and others, demonstrate
that we can bite the bullet, accept the responsibility, sit
down and tackle this together, then our legislative bodies
will not deny us the financial means.
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Espanola/Canjilon Pilot Study: Economic,
Social, and Cultural Aspects of Public Land
Grazing on the Santa Fe and Carson

National Forests

Carol Raish

Abstract—Many of the livestock grazing permittees on the Carson
and Santa Fe National Forests in northern New Mexico are descen-
dants of Hispanic settlers who have farmed and ranched in the
region for 400 years. Much of the permitted land was formerly
owned or used by local communities under Spanish and Mexican
land grants. Cultural differences and historical issues of landown-
ership and use contribute to disagreements between permittees and
federal land managers. This study will examine current economic,
social, and cultural aspects of livestock ownership by these permit-
tees to help agency managers administer the lands with increased
effectiveness by promoting greater cultural understanding.

Much of the current debate surrounding federal lands
occurs because land managing agencies have failed to em-
phasize and monitor sociocultural values and changing
attitudes toward land use and management. A comprehen-
sive, nationally focused research project titled “Sustaining
Rural Communities: Measuring Social and Cultural Diver-
sity in Land Use” addresses the need to emphasize and
monitor values and attitudes. A section of this project fo-
cuses on traditional livestock raising on public lands in
northern New Mexico. The Espafiola/Canjilon pilot study
tests the northern New Mexico research design and imple-
mentation methods on the Espafiola and Canjilon Ranger
Districts of the Santa Fe and Carson National Forests.

Historical Background

To understand the complex issues surrounding livestock
grazing on federal lands in northern New Mexico, it is
necessary to understand the historical background of land
use and ownership in this area. Many of the small livestock
operations in northern New Mexico are owned by Hispano
families, regional residents since well before the U.S. con-
quest in 1848. (Small ranches are defined here as those with
less than 100 animal units yearlong—AUY. An AUY is the
forage required to support a cow and a calf for 1 year; Fowler
and others 1994: 2.) The Hispano ranching tradition began
with Spanish colonization in 1598 but did not become fully

In: Finch, Deborah M.; Whitney, Jeffrey C.; Kelly, Jeffrey F.; Loftin,
Samuel R. 1999. Rio Grande ecosystems: linking land, water, and people.
Toward a sustainable future for the Middle Rio Grande Basin. 1998 June 2-5;
Albuquerque, NM. Proc. RMRS-P-7. Ogden, UT: U.S. Department of Agri-
culture, Forest Service, Rocky Mountain Research Station.

Carol Raish is Research Social Scientist, Rocky Mountain Research Sta-
tion, U.S. Department of Agriculture, Forest Service, Albuquerque, NM.

USDA Forest Service Proceedings RMRS-P-7. 1999

developed until after the reconquest of 1692 through 1696
(Earls 1985:179-181, Simmons 1979:182, Wozniak 1995).
During the Spanish Colonial (1598-1821) and Mexican (1821-
1848) periods, landownership and use were legalized or
confirmed by land grants from the Spanish Crown or Mexi-
can government.

There were several types of land grants. Community
grants, used by a group of settlers in common (Eastman and
others 1971:4, Harper and others 1943:18-19), are of par-
ticular interest because they are a primary landownership
issue in the region. Within community grants, settlers
received individually owned building sites in the village and
plots of irrigated agricultural land. The irrigated plots, often
averaging only 5-10 acres (Van Ness 1987:172), grew smaller
when divided for inheritance. The villagers used the commu-
nity grazing and timber lands and pastures in common
(Eastman and others 1971:4). Since groups of kinsmen often
tilled their fields cooperatively and herded their animals
together on large tracts of communally owned land, they
were able to survive on the small, scattered agricultural
plots.

Conquest of the region by the United States in the Mexi-
can-American War of 1846 through 1848 changed landown-
ership and patterns of range use. Under the Treaty of
Guadalupe Hidalgo, the United States was supposed to
recognize and respect the property rights of former Mexican
citizens. To obtain valid land titles according to U.S. law,
however, land grantees had to petition for title confirmation.
Although 1281and-grant claims and 19 Indian Pueblo grants
were confirmed in the state, many claims were rejected
(Eastman and others 1971:5, Eastman and Gray 1987:24).
Often, house lands and smallirrigated plots were confirmed,
but the community pasture and woodlands, also part of the
grant and essential to the survival of small farmers and
herders, were not. Lands from unconfirmed claims reverted
to the public domain (Eastman and others 1971:5, Eastman
and Gray 1987:24). In addition, villagers lost significant
amounts of confirmed land because they were unable to pay
property taxes under the American system of monetary tax
payment, which differed substantially from prior systems of
payment based in animals and produce. Unscrupulous land
speculation also occurred, which took advantage of Hispanic
farmers who neither spoke English nor understood the
American legal system (de Buys 1985: 171, 178-179). After
passing through the hands of various owners, a large portion
ofthelost grantlands ended up in federal control. Currently,
in north-central New Mexico, the Forest Service and the
Bureau of Land Management (BLM) manage much of this
land (de Buys 1985:171,178-179, Eastman and others 1971:5).
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Relevance of Research on North
New Mexican Grazing Issues

Many of the former grant lands came into federal control
in degraded condition, often resulting from large-scale tim-
ber harvesting and large, commercial ranching operations
that occurred after the land had been alienated from its
Hispanic owners (Rothman 1989). The methods used to
rehabilitate degraded land were sometimes thought harsh
and poorly explained by local ranchers who graze their
livestock on federal lands under permit (de Buys 1985:248-
249). Since many of the northern grazing permittees are the
descendants of grantees, many resent government restric-
tions and fees to use land they consider to be rightfully
theirs.

Discontent over federal grazing policies, protest over lost
grant lands, and general economic decline in the region led
to violence in the 1960s. Protests by the Alianza Federal de
Mercedes, led by Reies Lopez Tijerina, culminated in the
now-famous raid on the Tierra Amarilla courthouse in 1967.
Two of the main goals of the group’s actions were to bring the
problem of massive land grant loss to world attention and to
address a series of grievances concerning management of
grazing on the national forests (deBuys 1985).

The violence of these protests led to reexamination of
Forest Service policies in northern New Mexico. The Forest
Service produced The People of Northern New Mexico and the
National Forests, commonly known as the Hassell Report
(Hassell 1968). The report recommended 99 measures, 26
related to grazing, to improve the situation of the Hispanic
villagers. Some measures were implemented, additional
money was brought into the region, and some progress was
made. In addition, the Forest Service developed a special
policy for managing the forests of northern New Mexico.

The Southwestern Policy on Managing National Forest
Lands in the Northern Part of New Mexico, or the Northern
New Mexico Policy, stressed the importance of valuing the
Hispanic and Indian cultures of the Southwest (Hurst 1972).
Policy implementation was based on the recommendations
of the Hassell Report (1968). The Forest Service periodically
reviewed implementation of the report recommendations.
After the last review in 1981, the agency decided that a
separate policy statement was no longer needed and that
further implementation would be through regional and
forest mission statements and plans (Hassell 1981).

Problems remain in the area and many of the conditions
highlighted in the Hassell Report (1968) have not improved.
Severe poverty, disappearance of traditional lifeways, and
environmental degradation are still major concerns. Unfor-
tunately, many Forest Service employees are unaware of the
Hassell Report (1968) and the situations that led to its
development. They receive no special trainingin the cultural
traditions and social values of northern New Mexico. Signifi-
cant misunderstandings persist, and the potential for con-
flict still exists. This likelihood is demonstrated by protest
responses to an injunction against logging and fuel-wood
harvesting to protect spotted owl habitat in 1995, hanging of
two Santa Fe environmentalists in effigy at a protest rally in
November of that year (McClellan 1995), and a bomb explo-
sion at the Espafiola Ranger District office in 1996. No one
was injured by the blast, which did minor external damage,
and no one hasbeen arrested. This discussion does not imply
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that Hispanic groups are responsible for the blast but indi-
cates continued unrest in the area. Investigation of the
incident is focused on recent controversies involving the
Forest Service including environmental issues and disputes
over fuel-wood gathering and grazing rights (Korte 1996,
Ragan 1996).

Research Problem and Goals

This research project focuses on contemporary issues
among the forest users of northern New Mexico to provide
information and guidance toland managers. Understanding
the role of small livestock operations in northern New
Mexico communities is crucial to comprehending and resolv-
ing disputes over federal land and resource use. Thus, this
research will examine the economic, social, and cultural
contributions of livestock operations on the Carson and
Santa Fe National Forests to rural Hispanic communities of
the area. Local attitudes toward land management policy
and sustainable resource use will also be examined, as will
attitudes of Forest Service managers toward local issues.
The outcomes of this study will include an inventory of
contemporary community conditions that the Forest Service
should monitor into the future, and development of reliable
monitoring methods in a culturally diverse environment.
These methods can ultimately be used to monitor conditions
on other public lands with diverse user groups.

Elements to be inventoried and monitored include the
following:

a. Economic contribution of domestic stock to family and
community income.

b. Extent that public land use for grazing and other
purposes allows communities to maintain social cohesion
and traditional culture.

c. Local perceptions of public land use and land manage-
ment policy.

d. Federal land managers’ perceptions of local issues.

e. Presence or absence of cultural differences in percep-
tions of sustainability and how to achieve it, and changes in
these perceptions in response to agency programs.

The Espanola/Canjilon pilot study will evaluate and re-
fine the research design and the proposed implementation
methods on a portion of the study area.

Research Setting

The Espanola Ranger District was selected first for the
pilot project because it is a good example of livestock opera-
tions on the Carson and Santa Fe forests. There are 9 active
grazing allotments on the district ranging from ca. 7000
acres to ca. 73,000 acres. Excluding 4 small allotments,
allotments range from ca. 4000 acres to ca. 100,000 acres on
the Santa Fe Forest. All the Espariola allotments have more
than 1 permittee per allotment, ranging from 2 through 16.
Seventy percent of the 77 active allotments on the Santa Fe
have more than 1 permittee, ranging from 2 through 20.
Forty percent of the 71 allotments on the Carson have more
than 1 permittee, ranging from 2 through 25. Multiple-
permitte allotments, small herd sizes per permittee, and
grazing associations of permittees demonstrate the continu-
ing communal range use in northern New Mexico. Of the 17
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listed grazing associations on the Santa Fe, 6 occur on the
Esparfiola District. There are 24 associations on the Carson.

Herd sizes are generally small on the district and on the 2
forests. Of the approximately 55 people with Forest Service
permits on the district, 30 have permitted head numbers
from 1to 25,11 have 26 to 50, and 14 have 51 to 100 (of these,
only 5 have over 70 permitted head). There are no operations
with over 100 permitted head on the district. Espariola
demonstrates the allotment pattern common to the north
New Mexican forests, that of multiple permittees, grazing
associations, and small herd sizes. (Information on range
statistics from the Carson and Santa Fe National Forests
was obtained from range data tables provided by Jerry
Elson, Range and Wildlife Staff on the Santa Fe National
Forest; Sylvia Valdez, Resource Assistant on the Santa Fe
National Forest; Don Case, Range, Wildlife, Fish, Soil,
Air, and Water Staff on the Carson National Forest; and
Lorraine Montoya, Resource Assistant on the Carson Na-
tional Forest.)

After discussions with range staff from both forests and
with representatives oflocal user groups, I decided to broaden
the pilot study by including a district from the Carson
National Forest along with Espafiola. The Canjilon Ranger
District, with ca. 57 permittees, was recommended as a good
example of livestock operations on the Carson (Don Case,
pers. comm. 1997). Canjilon has 12 active grazing allot-
ments ranging from ca. 300 acres to ca. 43,000 acres. Four of
the allotments have more than 1 permittee (ranging from 3
through 25), while 8 have 1 permittee. The district’s 4
grazing associations occur on the allotments with the largest
numbers of permittees. The majority of herd sizes are from
4 to 250, with 7 operations having 100+ head. The largest
herds per permittee occur on the single-permittee allot-
ments. Canjilon provides some contrast with Espafiola,
having more single-permittee allotments with larger herd
sizes, while still having many of the relatively small-sized
livestock operations typical of northern New Mexico.

Espanola/Canjilon Pilot Study

The Espaiola/Canjilon pilot study will develop baseline
data describing economic, social, and cultural contributions
of livestock operations to rural Hispanos in the late 1990s.
This information will be useful for monitoring the role of
livestock operations in the future. Some comparisons to
previously collected information will also be made. Percep-
tions of public land use and land management policy, as well
as federal land managers’ perceptions of local issues, will be
examined in the larger study conducted on the 2 forests.
Future studies will also explore the possibility of cultural
differences in perceptions of sustainable resource use and
how to achieve it.

The pilot study assesses research questions that will guide
the larger study, and the methods and techniques that will
be used to collect information. Results of the pilot study will
be used to evaluate and refine the research questions by
developing new topics and questions, and by deleting inap-
propriate topics. Prior research indicates that livestock
operations contribute economically, socially, and culturally
to the owners’ lives. Pilot study results will be examined to
determine if new contributions should be added or if prior
contributions have shifted in emphasis.
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Contributions of Livestock Operations

Research on small-scale cattle operations in the 1960s and
1970s demonstrated that, although domesticated animals
were important components of household economy, most of
the small operators did not depend on their crops and
animals for all their support. They generally had outside
jobs or were retired. The livestock made many contributions
to the household in addition to purely economic ones. The
animals added to family security by providing meat, and
sometimes milk, and were used as savings for retirement,
hard times, or special expenses (Eastman and Gray
1987:39-50).

The livestock also served important social and cultural
functions. Small-scale producers stressed the importance of
the quality of life that ranching provided them and their
families. They spoke of preserving a working relationship
with the land that could be passed with pride to their
children. Owning animals was a way for them to reaffirm
ancestral ties to lands and heritage. Often, owning animals
allowed the family to stay in the ancestral, rural community,
and to continue part of a traditional lifestyle (Eastman and
Gray 1987:39-50).

The Espariola/Canjilon study will gather information on
these economic, social, and cultural contributions at a time
of demographic change in the region. Following the format
of earlier research (Eastman and others 1971, Eastman and
others 1979, Gray 1974), the study will be organized around
a written questionnaire, supplemented by personal inter-
views. The questions will be grouped to elicit the following
information:

a. Background information on the permittee and his/her
family.

b. Background information on the livestock operation.

c. Contribution of the livestock operation to the household
economy.

d. Contribution of the livestock operation to the cultural,
lifestyle, and land-use values of the family.

e. Contribution of the livestock operation to the family’s
participation in the social network of the community.

f. Other contributions of the livestock operation consid-
ered important by the permittee.

Respondents will have an opportunity to discuss sustain-
able resource use, land loss issues, and operating under a
federal grazing permitin an interview after discussion of the
questionnaire. Information from this study will be compared
toinformation from earlier studies to assess possible changes
in the role of livestock operations between the time periods.
The working hypothesis is that there are no significant
differences between the current contributions of livestock
and those in the earlier studies.

Research Significance

This research will contribute significantly toward under-
standing the role and dynamics of grazing operations on
public lands. The project will also have strong implications
for National Forest land management in northern New
Mexico and in other areas with culturally diverse user
groups. Questions of land use and grazing management are
critical political issues in the region, as is continued federal
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ownership of publiclands. Political leaders and land manag-
ers at the local, regional, and national levels require this
type of information to make informed resource-use decisions
and policies. Land managers from state and federal agencies
require knowledge of the results and difficulties inherent in
implementing grazing and resource-use policies. Other so-
cial scientists and ecologists will also find this work useful,
especially those examining the results of intercultural re-
source conflict and the overall role of human culture as a
critical factor in regional ecology. Most importantly, the
people of northern New Mexico should benefit because the
public and federal agencies will gain a better understanding
of their culture and the role that livestock operations play in
maintaining cultural traditions and livelihood.
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“Southwest Strategy” Update

Steve Kluge

Abstract—The Southwest Strategy is an effort by federal agen-
cies to work with each other, the public, and tribal, state, and local
agencies to maintain and restore the cultural, economic, and envi-
ronmental quality of life in Arizona and New Mexico. This update
explains the strategy and its progress to date.

On December 16, 1997, nine federal agencies in Arizona
and New Mexico committed to working with the public and
each other in a collaborative effort which is now known as
the “Southwest Strategy.” This is a bulletin to share infor-
mation with employees about what has happened since that
date. If your questions are not answered, please see the last
section of this update for contacts.

What is the Southwest Strategy? _

The Southwest Strategy is a commitment by federal agen-
cies involved in natural resources management to work in
collaboration with each other, the public, and tribal, state,
and local governments. The federal agencies participating
in the Southwest Strategy recognize and respect the juris-
dictional authority of the Governors and sovereign nations
of Arizona and New Mexico. The goal of the strategy is to
maintain and restore the cultural, economic, and environ-
mental quality of life in Arizona and New Mexico. The
strategy will address community development and natural
resources conservation and management within the juris-
dictions of the involved federal agencies. It will proceed in a
manner that is scientifically based, legally defensible, and
implementable.

Which Federal Agencies are
Involved?

Many agencies within the Departments of Agriculture,
Defense and the Interior are currently participating in the
Southwest Strategy. Agencies included to date are the Bu-
reau of Land Management, U.S. Geological Survey, Fish and
Wildlife Service, Bureau of Indian Affairs, National Park
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Service, Bureau of Reclamation, Natural Resources Con-
servation Service, Forest Service, Environmental Protec-
tion Agency and the Department of Defense. Other depart-
ments or agencies may join later.

Why Do This?

Management of federal lands has become increasingly
complex inrecent years. Arizona and New Mexico have large
expanses of public and tribal lands intermingled with pri-
vate lands, fast growing metropolitan centers, scarce water
resources, unique cultural resources, diverse and fragile
ecosystems with numerous endangered species, and many
competing demands on public lands and water resources.
Agencies, tribes, and the public need to work better together
in a comprehensive, rather than piecemeal, effort.

How Will This Be Done?

A collaborative problem solving approach will be used to
address natural resources issues. Collaboration is a process
through which parties who see different aspects of a problem
can constructively explore their differences and search for
solutions. Through this approach concerns are heard and
addressed, information is shared, and technical knowledge
sought out.

Collaboration is not an end in and of itself, but is a means
to achieve more consistent and responsive service to the
public. It is also an agreement to continue talking despite
differences and changing circumstances.

Will This Strategy Affect Ongoing
Agency Business?

No and yes. Agency work will continue as collaborative
processes are being developed. The legal and regulatory
responsibilities for each agency will remain the framework
for agency work, as always.

However, this is a new way of doing business. We want to
learn from and build upon existing successes as we deal with
increasingly complex issues in Arizona and New Mexico.

What is Happening?

During the first stage of the strategy, federal agencies
have greatly improved interagency communication and col-
laboration. A number of internal interagency teams are
addressing issues of immediate concern to federal agencies
in the Southwest, such as community development, Endan-
gered Species Act Section 7 streamlining, legal issues, and
communications.
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In the second stage, the public and the federal agencies
will jointly design processes for future collaboration. State,
tribal and local governments, nongovernmental organiza-
tions, the private sector, and interested individuals will be
encouraged to participate. A few contacts have already been
made as interested groups have sought information about
the Southwest Strategy, such as Arizona’s and New Mexico’s
Soil and Water Conservation Districts and the Arizona
Resource Advisory Council.

In the third stage, the participants will use the new
processes to develop a comprehensive strategy to manage
natural resources in a manner that maintains and restores
the cultural, economic and environmental quality of life in
the Southwest.

Two small Southwest Strategy offices are being estab-
lished in Albuquerque and Phoenix. There will be two
individuals working in Albuquerque and one in Phoenix.
These offices will coordinate activities, collect and dissemi-
nate work products, and act as points of contact for both the
public and agency personnel. The Albuquerque Southwest
Strategy Office will be up and running in mid-May and the
Phoenix office sometime later this summer.

How Will Non-Federal Partners
Participate?

In May 1997, initial meetings were held with representa-
tives of organizations, state and local governments, and
individual citizens. Meetings will also be held with tribal
leaders. These meetings seek input on ways to launch future
collaborative efforts that will ultimately define the compre-
hensive strategy for resolving complex natural resource
issues while still recognizing and respecting federal
Governors’, tribal and local authority.

How Are the Federal Agencies
Organized Today to Proceed with
the Southwest Strategy?

The Regional Executive Committee is comprised of South-
west regional agency heads. The Regional Executive Com-
mittee is co-chaired by the U.S. Forest Service’s Regional
Forester and U.S. Fish and Wildlife Service’s Regional
Director. The Department of Defense Environmental Coor-
dinator participates for the Department of Defense. The
Regional Executive Committee meets at least once a month.

The Regional Implementation Team serves as staff to the
Regional Executive Committee. Each participating agency
has arepresentative on the Regional Implementation Team.

The national executives and their staffs provide support,
guidance and oversight to the regional executives and their
staff. The national executive co-leads are the Director of the
Fish and Wildlife Service and the Chief of the USDA-Forest
Service. The national executives and their staff bring a
broad perspective to the issues in the Southwest. The na-
tional executives will also resolve issues elevated by the
Regional Executive Committee.

40

In the first stage of the Strategy, federal work groups were
established with representatives from the field, regional,
and national staffs. The roles of the work groups vary. Some
were designed to help get the strategy started. Others were
charged with developing ways to solve critical, immediate
issues. Immediate issues are those that involve species of
animals or plants or resources or the public at immediate
risk, or those issues that involve litigation.

Some of the groups will only have a short-term life span
while others may be ongoing. The Regional Implementation
Team provides guidance and direction to these groups.

What Work Groups Have Been
Organized to Date?

The Communications/Collaboration Design Work Group
is comprised of two teams. The Communications Team
(COM) develops and releases information about the South-
west Strategy to both federal employees and the public. The
Collaboration Design Team (CDT) will assist agencies, tribes
and the public in developing processes for collaboration.

The Information Resource Management Work Group will
identify ways for participants to share information and
provide information in usable formats.

The Research and Data Collection Work Group will iden-
tify and respond to scientific data gaps and research needs.

The Section 7 Streamlining Work Group is developing
ways to make the Section 7 consultation process under the
Endangered Species Act more efficient.

The Legal Work Group provides technical and legal sup-
port, and coordination of litigation issues.

The Water Resources Work Group will collaborate with
federal, tribal, state and local authorities to design an
interagency process to address Clean Water Act compliance
and the Clean Water Action Plan.

The Community Development Work Groupidentifies ways
to address the economic and social effects on communities
resulting from grazing management changes and other
natural resource decisions.

The Endangered Species Act Work Group will coordinated
the implementation of requirements found in Biological
Opinions, as well asrecovery activities among federal agencies.

How is This Funded?

Funding to develop this strategy is coming from within
existing agency budgets.

How Long Will it Take to Develop
the Southwest Strategy?

Developing collaboration processes with the public is
starting. This will proceed at different paces in different
areas and will take at least several months to evolve. Some
contacts have already been made. The agencies are encour-
aged by the number of individuals and groups who have
asked to participate.
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How do | Obtain Further
Information?

Questions regarding this interagency strategy may be
addressed to the Directors of Public Affairs for the South-
western Region of the Forest Service in Albuquerque, Carolyn
Bye, 505/842-3290, or the U.S. Fish and Wildlife Service in
Albuquerque, Tom Bauer, 505/248-6911.

In addition to these interagency spokespersons, each
agency has designated a contact point within their offices
located within the Southwest. These contact persons will
handle internal and external requests for information:

Department of the Interior

Bureau of Land Management:

Kitty Mulkey (NM) 505/438-7514

Deborah Stevens (AZ) 602/417-9215
Bureau of Indian Affairs:

John Philbin (AZ) 602/379-6798
National Park Service:

Cecilia Matic 505/988-6014
Geological Survey:

Pat Jorgenson 650/329-4011
Bureau of Reclamation:

Vicki Fox (NM) 505/248-5371

Bob Walsh (AZ) 702/293-8421

Fish and Wildlife Service:
Tom Bauer 505/248-6911

Department of Agriculture

Forest Service:

Carolyn A Bye 505/842-3290
Natural Resources Conservation Service:

Gerry Gonzalez (AZ) 602/280-8777

Rebecca de la Torre (NM) 505/761-4404

Department of Defense

Region VI (NM):

Thomas Rennie 214/767-4678
Region IX (AZ)

Cindi Flemming 619/532-2297
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Rio Grande/Rio Bravo Basin Coalition

Sarah Kotchian

In June 1994, one hundred people gathered for the first
Uniting the Basin Conference in El Paso to discuss the state
oftheir basin and to explore ways toimproveits sustainability
for future generations. One of the recommendations of that
conference was the formation of an international non-gov-
ernmental coalition of groups throughout the Basin to share
information and ideas and facilitate local efforts to improve
the river and the quality of life along it for all members of the
ecosystem. In 1995, a steering committee met to begin to
make that recommendation a reality. The non-profit Coali-
tion now has a 15-member board of directors from through-
out the basin, and partners and friends representing a wide
variety of grassroots environmental and business groups.

The response to Coalition initiatives has been tremen-
dous, indicating the need and support for a Basin-wide
network. Within the first three years, the Coalition has
raised money for and donated computers and financial
resources to river groups throughout the Basin, providing
internet access and communication linkages between groups
and sub-Basin areas facing similar issues. The Coalition
also functions as an information clearinghouse, providing a
web page (www.utep.edu/rioweb/) and BasinNet listserve,
and publishing a newsletter called “La Corriente”. It has
founded the enormously successful Dia Del Rio, a celebra-
tion and restoration of the river on the third Saturday of
October each year by communities all up and down the river.
The Dia Del Rio celebration in turn inspired the Gather-
ing of Waters project initiated by artist Basia Irland, an
initiative which collects river water in a vessel and has been
transferring it community to community, uniting upstream
and downstream partners. The Coalition has sponsored
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fundraising trainings in both Mexico and the U.S., to
strengthen the capacity oflocal groups to be effective in river
protection. And it co-sponsored the first River Stewardship
conference with the New Mexico Conferences of Churches
and the U.S. Catholic Bishops this past spring to empower
local communities of faith to become more active on river
sustainability issues. In September, 1998, the Coalition is
hosting the Uniting the Basin Congress in El Paso, Texas.
The Coalition has two staff members, Bess Metcalf, the
Executive Director, and Gabriela Vale, the Mexican Out-
reach Coordinator for supporting Mexican grassroots river
groups.

The Coalition is dedicated to the sustainability of the
ecology, economy, and cultures of the Rio Grande/Rio Bravo
Basin through international cooperation and communica-
tion, education and public awareness, and positive action. It
hasadopted principles thatinclude strengthening grassroots
groups of citizen throughout the river basin, empowerment
of local communities to determine their own issues and find
their own solutions, a commitment to representing the
social, cultural, geographic, and ethnic diversity of the
Basin, and dedication to dialogue, consensus-building, and
the democratic process.

For more information on the Coalition, contact:
Bess Metcalf, Executive Director,

Rio Grande/Rio Bravo Basin Coalition

c¢/o C.E.R.M., P.O. Box 645, Burges Hall Room 315,
El Paso, TX 79908

(915) 747-5720

email: bmetcalf@utep.edu
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River and
Riparian Issues







Watershed/River Channel Linkages: the
Upper Rio Grande Basin and the Middle
Rio Grande Bosque

Jeffrey C. Whitney

Abstract—There continues to be a great deal of interest and
discussion surrounding the demands of water management and
allocation and the relationship to ecological integrity of the Rio
Grande riparian ecosystem. Current river management too often
fails to consider the importance of natural variability of flows.
What is consistently overlooked is the relationship of a stream
course toits forming watershed. The standard practice of managing
for one or more of a few important or imperiled species by defining
how little water can be left in the river is not adequate based upon
new scientific understanding. Adaptive management approaches
can be used to mange for whole river ecosystems concurrent with
providing societal and cultural demands on these natural systems.

The Middle Rio Grande (MRG) riparian forest, or
“bosque”, represents the largest cottonwood gallery
riparian forest in the southwestern United States. This
reach of the Rio Grande extends from Cochiti dam down-
stream 260 km to San Marcial, New Mexico. It constitutes
8 percent of the river’s total length and 34 percent of its
length in New Mew Mexico. The current bosque is a relict of
past management activities and is notably different than
its historic character. The physical and biological charac-
teristics of southwestern riparian systems are complex.
Natural processes in southwestern riparian systems and
the ecological adaptations of vegetation affected by flood in-
duced disturbance are fundamental aspects to be considered.

What is consistently overlooked is the relationship of a
stream course to its forming watershed. Once understood,
this relationship facilitates the ability to recognize the
character and condition of the riparian reach under study
both from a temporal and spatial perspective. The annual
natural variability of flows from a watershed and infrequent
episodic high flows (floods) are important aspects in under-
standing the expected and necessary natural variability of
flows. Flood events reset the condition of these systems. Too
often the casual observer interprets the effects of reforming
floods as “destructive.” While understandable, this conclu-
sion may be hasty and is often incorrect.

A complex set of factors are involved in the development
and maintenance of these landscapes. The variability in
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hydrology and river morphology of these systems precludes
use of random sampling in order to accurately characterize
these dynamic habitats. As a result of man’s activity in most
southwestern watersheds today, the changes to the hydrol-
ogy and the loss of active floodplain combined with changes
in sediment supply and availability in the river system have
all contributed to a loss of biological integrity.

The benefits of inter-annual flooding is a potential re-
source that was effectively used by the original floodplain
system. Development within the floodplain, accompanied
by diking, alterations of the natural hydrograph, and
channelizing, are the results of the perception that flooding
must be controlled.

Gregory and others (1991) describe riparian zones, the
interfaces between terrestrial and aquatic ecosystems, as
a mosaic of land forms, communities, and environments
within the larger landscape. These were perhaps the first
authors to present an ecosystem perspective of riparian
zones that focuses on the ecological linkages between terres-
trial and aquatic ecosystems within the context of fluvial
land forms and the geomorphic processes that create them.
They observed “that geomorphic processes create a mosaic of
stream channels and floodplain within the valley floor.
Geomorphic characteristics and other processes including
stochastic disturbance both upland and fluvial in origin
affect riparian zones, determining the spatial pattern and
successional development of riparian vegetation.”

In general, the factors affecting the development of south-
western riparian habitat are as follows:

1. Creation of a favorable seedbed;

2. Progression of tree stands from nursery bars to
senescent individuals as they continually modify their
own habitat;

3. Light to moderate flooding favors the establishment
and development through deposition of nutrient-rich sedi-
ments and increased soil moisture; and

4. Successful seeding cannot be expected on an annual
basis since it depends upon a “proper sequence of flooding,”
that is, no flooding large enough to be catastrophic until
stands are well developed.

Stromberg (1993) found that flow volume and the related
attributes of water-table recharge and floodplain soil wet-
ting are primary factors regulating riparian vegetation
abundance. For example, many riparian tree species in the
arid southwest are evolutionarily adapted to germinate
after high spring flows, which occur as a result of snowmelt
and run-off from winter rains, whereas others germinate
after high summer flows, which are driven by monsoonal
summer rains (Stromberg and others 1991). Many arid land
streams are water limited on an annual or seasonal basis
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because discharge has such a high degree of temporal flux
(Graf 1982; Poff and Ward 1989). The combination of high
peak flows in conjunction with low mean annual flows may
serve to reduce the vegetation of small streams (Stromberg
and Patten 1990). Flooding plays an important role in
regulating accumulations of woody debris and nutrient
dynamics in southwestern riparian ecosystems. In arid
landscapes where precipitation is limited, moisture made
available through fluvial interactions may play an essen-
tial role in facilitating the release of nutrients contained
within wood and leaf litter on the forest floor (Ellis and
others 1995). Flood flows in some systems play a major part
in ‘shaping’ valley floors and in physically delimiting flood-
plain from adjacent uplands, by variously scouring or depos-
iting alluvial sediment (Gregory and others 1991; Hill and
others 1991). Larger streams thus might be expected to have
a greater extent of sites suitable for establishing riparian
vegetation.

Flood flows of a given magnitude, frequency, and seasonal
timing are also important because of their roles in influenc-
ing species diversity patterns and in creating opportunities
for riparian vegetation recruitment.

Beyond the physical characteristics of watersheds and
their resultant channels, supplies of minerals and detritus
(nutrients) is consideration of the supply and availability of
elements to the stream biota is important. The impact of
short-term events like storms on the elemental dynamics in
streams should be assessed and compared with other con-
trols. These factors are essential for rates of primary produc-
tivity and decomposition in streams. The major controls on
element supply to a stream include watershed geology and
hydrology, soil processes, land-use practices, landscape
vegetation, and atmospheric loading. These watershed- or
landscape-level process define the overall supply of ele-
ments to a stream. (J.L.Meyer and others 1988).

Landscape Scale Ecosystem
Management

The study of spatial and temporal patterns across land-
scapes is central to formulating ecosystem management
principles. The hierarchical structure of ecological systems
allow the characterization of ecosystems and the identi-
fication of patterns and processes at different scales. Ecosys-
tem composition, structure, and function determine diver-
sity patterns across a range of spatial-temporal scales.
Thereisno single correct scale at which to study and manage
ecological patterns, processes, and diversity. The ecological
hierarchy of interest is determined by the purpose of each
project. Hierarchical monitoring schemes must be formu-
lated that consider all scales of ecological organization.
Patterns of natural variability across a range of scales must
be defined if ecosystems are to be sustained at all relevant
scales. Landscapes are heterogeneous mosaics of patches
(Forman and Godron 1986; Urban and others 1987).

Programmatic riparian restoration is further compli-
cated since rainfall and streamflow do not annually coincide
with seed drop from many pioneer riparian tree species.
Many arid land streams are water-limited on an annual
or seasonal basis because discharge has such a high degree
of temporal flux (Graf 1982; Poff and Ward 1989). The
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combination of re-organizing high peak flows in conjunc-
tion with low mean annual flows may serve to reduce the
vegetative cover of (small) streams (Stromberg 1993).

An alternative hypothesis is that geomorphological fea-
tures rather than hydrological features regulate riparian
abundance within a watershed. As stream flow increases, so
too does the magnitude of the low frequency hydrological
events. Flood flows in some systems play a major part in
shaping valley floors and in physically delimiting flood-
plains from adjacent uplands, by variously scouring or
depositing alluvial sediment (Gregory and others 1991; Hill
and others 1991). Larger streams thus might be expected to
have a greater aerial extent of sites suitable for the estab-
lishment of riparian vegetation.

Flood flows of a given magnitude, frequency and seasonal
timing are also important because of their roles in influenc-
ing species diversity patterns and in creating opportunities
for riparian recruitment.

Linkages Between Watershed
Condition and Flows

There is an obvious direct relationship between water-
sheds and the water courses which result. As conditions
within a watershed are altered either by natural biotic (for
example insect mortality to large stands of forested trees)
or abiotic events (such as fire, landslides) or by anthropo-
genic activities, development, road construction, timber
harvesting or livestock grazing as examples, the associated
watercourses adjust to the changes in discharge, seasonal-
ity, or landform. There is little argument that anthropo-
genic activities in riparian systems and their associated
watersheds have a marked negative impact upon these
natural systems. The magnitude and frequency of these
activities as well as the timing of the particular action have
asignificant role in the exhibited resulting effects. To alarge
extent mitigation and management can reduce these nega-
tive impacts to tolerable levels and riparian system func-
tions may remain within the limits of acceptable natural
variation.

A properly functioning riparian stream system (including
the associated watershed) can be referred to as being in
dynamic equilibrium. This can also be thought of as being
within the acceptable limits of natural variation for that
stream system. In all discussions regarding river morphol-
ogy, it is important to recognize the differences within
spatial and temporal scales. To describe a river system as
being in a state of dynamic equilibrium (or energy balance)
does not mean that it is static. To the contrary, this “equilib-
rium results from a collection of processes that are by
definition predicated on change” through time (Crawford
and others 1993). For example, even during periods when
the entire river system is considered to be in a state of
dynamic equilibrium, changes constantly occur in channel
segments or reaches as small as the outside bend of a
meander, or as large as many river kilometers upstream,
and downstream from a tributary inflow (Whitney 1996).
Likewise, this state of dynamic equilibrium, can accommo-
date climatic deviations from the norm distinguished be-
tween natural and human-caused perturbations. The geo-
morphic process triggered in response to a change in
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magnitude or duration of a variable, regardless of the cause,
will be the same (Leopold and others 1964). The river con-
stantly adjusts, always trying to establish a new equilib-
rium between its discharge and sediment load (Bullard and
Wells 1992).

Often times when specialists go to the river to assess what
needs to be done to restore the site, the focus remains on the
condition of the channel and aquatic habitat alone without
consideration of upstream factors responsible for the cur-
rent condition of the reach being addressed.

Beyond that, many have difficulty imagining, let alone
measuring, highly variable conditions over complex large
watersheds. Because the effects of changes within water-
sheds are multifaceted and difficult to predict, planning and
implementation of successful active restoration projects
must include monitoring key watershed processes. Aspects
to be monitored include geomorphic conditions, relative
topographic relief, soils, climate, permeability, vegetative
ground cover, water chemistry, nutrient production, move-
ment and cycling, flow characteristics, sediment delivery
and transport regimes, riparian conditions, and aquatic
organisms.

Natural Variability in River
Flows

Natural river systems can and should be allowed to repair
and maintain themselves (Poff and others 1997). Restoring
riparian ecosystems must involve restoring or at least mim-
icking their natural flow regime. Realistically this will
involve a mix of human-aided and natural recovery methods.
Management of a healthy river is more than creating an
artificial constant low flow or tolerating the occasional
“100-year flood” be it natural or orchestrated by man. There
are five often overlooked components of a river’s flow
regime: magnitude, frequency, duration, timing and rate of
change. Flow modification has cascading effects on the
ecological integrity of rivers. The importance of natural
variability to aquatic and riparian ecosystems demonstrate
that unfettered rivers have multiple benefits for nature and
for human society. Changes to the natural flow regime
constitute one particularly important and underappre-
ciated cause of declining health of rivers. Natural variability
characterizes all ecosystems. Variability in river flow is a
prime example of such natural variability. Each river has a
natural flow regime, which can be altered by a variety of
human actions including dams, diversions and diverse ways
in which hydrologic pathways are altered. Natural variabil-
ity in river flow creates a wide range of habitat types and
ecosystem processes that maintain the natural biological
diversity of aquatic and riparian (stream side) species. A
major consequence of this natural variability is that all
species experience favorable conditions at some time, pre-
venting any one species from dominating.

Alterations of the natural flow regime result in numerous
physical, chemical and biological changes to river ecosys-
tems and may traverse many political boundaries. (Tyus
1990) .

Changes in flow shape and duration can have direct and
indirect effects. Direct effects of flow alterations are cer-
tainly important if migrations are blocked, fish are trapped
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in de-watered sections, or reproduction is disrupted. In-
sidious effects may be far more detrimental, and include
alterations and loss of stream habitat, introduction of com-
peting non-native fishes, degradation of water quality, and
other effects. For example with a reduction in steam flooding
change nutrient cycles and disrupt food webs which have
serious ecosystem consequences.

Examplesinclude not just fish migrations but also recruit-
ment of riparian trees, maintenance of sandbars in river
channels, and sustenance of wetland habitat dependent
upon flood plain inundation. Our understanding of the
linkages between natural flow regime and the ecological
functioning of rivers provides a powerful scientific basis for
river management and restoration.

Water resource developments and operations may affect
stream resources both beneficially and adversely (Tyus
1990). Return flows from irrigation projects maybe warmer,
sediment laden, and contaminated with chemicals, includ-
ing biocides and fertilizers. Conversely return flows into
river channels during droughts can provide some beneficial
effects. Planned flows can mitigate and potentially enhance
natural components of riverine systems.

Instream flows are a public trust, and stream ecosystems
must be protected as irreplaceable resources. Letting a river
do its own thing—come drought or high water—is more
complicated. Most western states have recognized in-stream
flow of some form. This may be by design or by default
depending upon the river system being examined. In fact, all
11 western states have some degree of in stream flow
mechanisms. Despite the lack of an existing instream flow
designation in New Mexico at this time, the State Attorney
General and The Office of the State Engineer in April of 1998
announced that in-stream flow does have value for fish,
wildlife, and ecological purposes. With the caveat that this
would only be possible if an existing water right was em-
ployed for such purposes, it still is a positive move toward a
fuller appreciation for free flowing water in riverine systems
in New Mexico.

Natural Flood Flow Disturbance

The variability of watershed condition, channel morphol-
ogy, flow regimes, differences in flood generated distur-
bances, and the intensity of those perturbations are all
factors which have a direct role in the location, establish-
ment, and relative maturity of a particular stand of riparian
broadleaf trees.

Hypotheses on the coexistence of plant species (Connell
1979), niche differentiation (Grubb 1977), and resource
partitioning (Denslow 1980) in plant communities have
relied heavily on the requirement for some form of distur-
bance during the life cycles of many plant species. In general,
disturbance reduces the dominance of a site by established
individuals and creates openings for colonization and growth
by new individuals. Establishment of woody plants species
associated with riverine systems in the arid southwest are
no exception to these general principles.

Large volume floods are the primary disturbance event
affecting southwestern riparian systems (Stromberg and
others 1991). Typically, these large flood events occur on
approximately a 10 year recurrence frequency (House 1993).
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In uncontrolled systems, estimating flood frequency is com-
plicated because climate affects the magnitude and fre-
quency of storms that cause floods (Webb and Betancourt
1992). The magnitude of these recurring flood events is
dependent upon several features including storm event,
watershed condition (LaFayette and DeBano 1990), soil
saturation including snowmelt potential (House 1993), chan-
nel morphology, and condition and associated riparian veg-
etation cover (Stromberg and others 1991).

Desert streams draining large watersheds provide an
excellent opportunity to test successional concepts in run-
ning waters (Fisher 1986). The importance of hydrology to
arid land riparian vegetation has long been recognized.
Zimmerman (1969) stated that: “Drainage area, geology,
and flow regimen are probably the three most important
controls in the distribution of valley-floor vegetation” in the
arid southwest. Unfortunately, all too often researchers and
field personnel of various land management agencies have
focused too intently upon the FORM of a given riparian area
and not given substantive consideration to the FUNCTION
of the area evaluated (LaFayette and DeBano 1990).

In a generalized sense, little of what we know about lotic
systems has come from work done on southwestern “desert”
streams. Fisher and Minckley (1978) found that the gener-
alized xero-riparian stream is “hydrologically flashy,” re-
sponding rapidly to summer storm events with “wall of
water” flash floods up to 50 cubic meters per second. The
product of this and other general features of desert streams
yields a stream where the main channel is wide, shaped
largely by rare flooding events.

A principle effect of natural disturbance is to alter the
availability of resources for plant growth. Pickett and White
(1985) suggested that there are at least two mechanisms by
which disturbances can temporarily increase the availabil-
ity of light, water, and soil nutrients. The first is simply the
reduction in rates of uptake or use of resources due to the loss
of biomass. The second mechanism is the decomposition
and mineralization of nutrients held in organic matter
(Bormann and Likens 1979). Large scale disturbance as a
result of out-of-bank or scouring flood flows produces a
temporary increase in some of the resources necessary for
the establishment of new stands of canopy species and
understory plants in riparian systems in the arid southwest.
In addition, there is also a net gain of energy into these
systems through the movement of nutrients into the ripar-
ian zone from adjacent uplands (Meyer and others 1988).

There is a positive relationship between disturbance size
orintensity and the availability of resources for plant growth.
In addition to the expected benefits of reduced biomass per
unit area, the degree of reduction in rates of transpiration
and interception of water, and the uptake of nutrients, there
is typically a high degree of nutrient movement associated
with flows of all magnitudes in riparian zones.

Animportant feature of any increase in resource availabil-
ity produced by a disturbance is its transient nature. As
biomass is re-established at a site, the relative availability
of resources for future colonists will, in general, decline.
Flood disturbance produces a distinct and marked transient
pulse of nutrients and organic matter into the riverine
system. This represents a distinctly different pattern to
which plant species can respond than that of an intact
community which has equilibrated with the rate of supply of
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resources (Tilman 1982). In communities where there is
rapid regrowth of vegetation following a disturbance, the
availability of resources for colonization should reach a
peak soon after a disturbance. Consequently, the first plants
that become established after a disturbance should benefit
from greater availability of resources than plants that be-
come established later. Seedlings of many species of woody
plants often establish rapidly. Rapid germination following
a disturbance flow should be particularly critical for species
of woody plants that are intolerant of shade.

Patterns of seed production and dispersal vary widely
among woody plants. One of the most conspicuous patterns
of seed production and dispersal is the copious production of
light, wind dispersed seed in the spring coinciding with
typical spring runoff peaks. This reproductive strategy is
generally correlated with the ability to respond to large
disturbances (Baker 1974). This is the case for many “pio-
neer” tree and shrub species which occupy recently dis-
turbed, scoured, or deposited sediments in and along the
channels of southwestern riparian systems.

There is a high degree of variability among riparian tree
species to distinct geomorphological and hydrological
stream habitats (Asplund 1988). Brady and others (1985)
described the development of riparian gallery forest as
beginning with moist nursery bars located in overflow
channels or abandoned meanders that provide moist areas
for seepwillow (Baccaris glutinosa) to pioneer. As the stand
of seepwillow develops, sediment aggradation occurs provid-
ing a seed bed for cottonwood (Populus fremontii) seeds, or
the expansion of Gooding willow (Salix goodingii) roots.

The high degree of variation in stand structure and com-
position along a given reach in desert riparian systems is an
expression of a number of variables. These include but are
not limited to: flow regime, substrate, elevation, seed source,
timing of seed dispersal, anthropogenic activities. There-
fore, it is important to take the long-term landscape (spatio-
temporal) view of these systems if we are to truly understand
the complex interactions of the factors contributing to the
functioning of the channel and the degree to which vegeta-
tion is expressed. In addition, the associated riparian veg-
etation is found along the periphery of the flood channel. The
broad shallow base flows meander over the sandy alluvium
often is some distance away from the riparian vegetation.
Where sediments are deep, flows of low discharge may occur
only below the sediment surface. In these situations, surface
flow only emerges where associated with underlying shallow
bedrock and percolation occurs where bedrock recedes. This
intermittency is a function of channel morphology and
discharge. This leads to differential expression of the asso-
ciated riparian communities found along the edge of the
channel at bankfull flow. When sufficiently large changes
between erosion and depositional processes occur, the ripar-
ian area may be unable to adjust to change, loses its equilib-
rium, and in extreme cases may be permanently altered and
possibly damaged (LaFayette and DeBano 1990).

These disturbance events remove most of the stream biota
excluding native fishes, and bank vegetation. The magni-
tude of the flow determines the degree of regeneration and
recruitment of the primary flora. Conversely, in the absence
of such flows, the existing stand can become either senescent
or can be overtaken by such species as salt cedar (Tamarix
pentandra). Thus, one view of succession is of a temporal
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nature looking at conditions at intervals reset by flows of
varying magnitude and frequency. In contrast, many au-
thors have attempted to explain these systems using a
Clementsian climax succession paradigm. This concept has
received considerable attention and many current classifica-
tion systems strive to make these riparian habitats fit some
climax succession schedule. However, this has been difficult
to describe adequately and impossible to predict in these
disturbance driven systems. Fisher and Minckley (1978)
concluded that “an ecosystem in which the entire species
pool consists of ‘pioneer’ species is unlikely to exhibit
temporal succession.” The community and how the primary
species are classified thus may make application of a
Clementsian model awkward if not inappropriate. Sam-
pling and extrapolating that data to fit the balance of the
study area is misleading and ineffective in describing a
riparian community overall due to variability of geology,
valley form and substrate. It may well be that the appropri-
ate means to measure these sites is to evaluate the species
richness and the degree of maturity or size class diversity in
the particular stand over time between significant distur-
bance flows.

Biological Integrity

The most influential definition of biological integrity
was proposed by Frey (1975) and further described by Karr
and Dudley 1981. The concept is defined as “the capability of
supporting and maintaining a balanced, integrated, adap-
tive community of organisms having a species composition,
diversity, and functional organization comparable to that
of natural habitat of the region” (Karr 1991).

Angermeier and Karr (1994) identified two important
distinctions between integrity and diversity from this defi-
nition. First, system integrity is reflected in both the biotic
elements and the processes that generate and maintain
those elements, whereas diversity describes only the ele-
ments. Integrity depends on processes occurring over many
spatiotemporal scales, including cellular processes giving
rise to genetic elements and ecosystem processes regulating
the flow of energy and materials. The second distinction
between integrity and diversity is that only integrity is
directly associated with evolutionary context.

When a river is dammed, integrity is reduced, resulting in
population declines which are adapted to the natural hydro-
logical regime. Integrity goals also provide for natural fluc-
tuationin element composition. Loss of a particular element,
a particular species for example, or replacement by a
regionally appropriate one need not indicate a loss of integ-
rity unless the processes associated with the element’s
maintenance become impaired. Biological integrity is thus
generally defined as a system’s ability to generate and
maintain adaptive biotic elements through natural evolu-
tionary processes. Current loss of biological integrity in-
cludes loss of diversity and breakdown in the processes
necessary to generate future diversity.

Ecological Restoration

The goal of ecological restoration is to produce a self-
sustaining system as similar as possible to the native biota.
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Restoration goals must be based on social and political
constraints as well as biological potential. Restoration
methods usually mimicrecovery from natural perturbations
and reflect important organizational processes. Common
approaches for aquatic systems include manipulating water
quality, habitat structure, hydrology, riparian/watershed
vegetation, and (less frequently) animal populations (Gore
1985; Osborne and others 1993). Restoration of terrestrial
systems typically focuses on establishing native vegetation
and manipulating succession. To maximize effectiveness,
restoration efforts should employ and encourage natural
ecological processes rather than technological fixes and
should incorporate spatiotemporal scales large enough to
maintain the full range of habitats necessary for the biota to
persist under the expected disturbance regime. Riparian
zones and floodplain are critical landscape components
linking aquatic and terrestrial systems; they regulate aquatic
habitat formation as well as movement of water, nutrients,
and organic material into aquatic habitats (Gregory and
others 1991).

“Restoration” may be reasonable in many cases. In other
instances, enhancement of the existing altered character of
our streams and rivers may be the best we can hope to
realize. Most riparian habitats are now a highly controlled
or altered system with much of their ecological integrity
hampered by our past or continuing activities. The thought-
ful application of new understandings to the delicate and
intricate balance of nature, recognition of the inevitable
range of flood and drought, flexibility in management and
legal applications will be necessary for improvement of the
riverine habitats. The solution lies in the ability to explore
collaboratively means and methods to provide the societal
needs while simultaneously sustaining a healthy environ-
ment. At the present time there are a number of research,
monitoring, and planning activities underway designed to
contribute to the overall goal of improvement of south-
western riparian ecosystems. These activities are at all
levels of government and many are collaborative efforts.

Policy effectiveness also could be improved by shifting
focus from populations and species to landscapes. The orga-
nizational processes and ecological contexts that maintain
populations typically operate at larger spatiotemporal
scales than the populations themselves (Pickett and others
1992). Thus management approaches focusing on strictly
aquatic components (for example, designation of a stream
reach as wild and scenic or as critical habitat for an imper-
iled species) are unlikely to be effective over the long-term.

Dr. Hal Salwasser in 1991 made the observation that
traditional agricultural, fisheries, forestry, game manage-
ment, and mining agencies must replace their narrow,
commodity and harvest-oriented philosophies with inno-
vative perspectives founded on a broader range of social
concerns, longer time frames, and more interagency co-
operation. Critical steps toward managing for biological
integrity include establishing scientifically defensible bench-
marks and assessment criteria. (Angermeier and Karr 1994).
Although these steps are potentially contentious, current
uses of integrity goals indicate that success is attainable.

The morphic variables that interact to form the dimen-
sions, profile and patterns of modern rivers are often the
same variables that have been adversely impacted by devel-
opment and land use activities. To restore the disturbed
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river, the natural stable tendencies must be understood to
predict the most probable form. If one works against the
natural tendencies of a river course in terms of watershed
yield, morphology, and channel and meander geometry. If
one works against these tendencies, restoration is generally
not successful (Rosgen 1994).

Restoration efforts in the uplands, river corridor, in the
floodplain, on public, private and tribal lands is ever increas-
ing. We are instituting Adaptive Management in many
arenas to recreate habitat which has been lost or whose
quality has been severely affected by our past management
activities.

The solution at first blush appears to be either too sim-
plistic or too overwhelming. Clear understanding of what
is needed, the operating space for change in administration,
and recognizing that we are all part of a basin wide commu-
nity will provide opportunities to be better stewards of the
finite resources we utilize.

Societal Choices

The causes of environmental degradation and loss of
biodiversity are rooted in society’s values and the ethical
foundation from which values are pursued. Solutions are
likely to emerge only from a deep-seeded will, not from
better technology. Adopting biological integrity as a primary
management goal provides a workable framework for sus-
tainable resource use, but fostering integrity requires soci-
etal commitment well beyond government regulations and
piecemeal protection. Such a commitment includes self-
imposed limits of growth and resource consumption, re-
thinking prevailing views of land stewardship and energy
use, and viewing biological conservation as essential rather
than as a luxury or nuisance. The decision to conserve or
exhaust biotic resources is before us. It can be informed by
science and influenced by government policy, but conserva-
tion primarily depends on a societal will grounded in recog-
nition of its obligation to the future. (Angermeier and Karr
1994).

Quality oflife does reside in a healthy environment. There
are numerous economic benefits associated with vibrant,
functioning ecosystems. Responsible management and ad-
ministration at all levels of government and as individuals
will be necessary. But without attention to these aspects,
significant and perhaps irreversible consequences could
result. Ultimately, the habitat we save will be our own.
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Simulation of Rio Grande Floodplain
Inundation Using FLO-2D

J. S. O’Brien
W. T. Fullerton

Abstract—Spring floodplain inundation is important to the natu-
ral functions of the Rio Grande bosque biological community includ-
ing cottonwood tree germination and recruitment. To predict flood-
plain inundation, a two-dimensional flood routing model FLO-2D
will be applied to various reaches of the Rio Grande. FLO-2D will
assess overbank flooding in terms of the area of inundation, flood-
plain hydraulics and river discharge timing, frequency and dura-
tion. Floodwave attenuation is important in predicting floodplain
inundation. Initial FLO-2D applications will be made to the Isleta
reach (15 miles) south of Albuquerque and to a 20 mile reach near
the Bosque del Apache Wildlife Refuge.

The Rio Grande Bosque Hydrology Group has identified
several important projects designed to improve the natural
functions of the Rio Grande bosque biological community.
One of these projects is to investigate the potential for
overbank flooding to support cottonwood tree germination.
To predict overbank flooding discharge, the FLO-2D model
will be applied to various reaches of the Rio Grande down-
stream of Cochiti Reservoir. The initial test application of
the model was made to a 15 mile reach of the Rio Grande
downstream of the Isleta Diversion Dam south of Albuquer-
que. The second FLO-2D application will be made to a 20
mile river reach near the Bosque del Apache National
Wildlife Refuge. FLO-2D will assist in analyzing overbank
flooding in terms of timing, frequency and flood duration.

The prediction of overbank flooding and the application of
the FLO-2D model is a joint cooperative study involving the
support of the Albuquerque Projects Office of the Bureau of
Reclamation, the Fish and Wildlife Service and the Army
Corps of Engineers. All three agencies have been involved in
several aspects of this project including floodplain mapping,
river channel morphology and application of the model. The
Fish and Wildlife Service has supported the Bosque flood-
plain mapping and the initial test application of the FL.O-2D
to the Isleta reach. The Isleta reach cross section survey was
conducted through a joint funding effort of the Fish and
Wildlife Service and the Corps of Engineers. The Corps of
Engineers have performed the digital floodplain mapping
used in the both the Isleta and Bosque reaches and sup-
ported the initial applications of the model. Primary funding
support for Bosque del Apache Wildlife Refuge project and
for the floodplain mapping was provided by the Bureau of
Reclamation. The Bureau was also responsible for getting

In: Finch, Deborah M.; Whitney, Jeffrey C.; Kelly, Jeffrey F.; Loftin,
Samuel R. 1999. Rio Grande ecosystems: linking land, water, and people.
Toward a sustainable future for the Middle Rio Grande Basin. 1998 June 2-5;
Albuquerque, NM. Proc. RMRS-P-7. Ogden, UT: U.S. Department of Agri-
culture, Forest Service, Rocky Mountain Research Station.
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the cross section surveys completed. All three agencies have
purchased or obtained a copy of the FLO-2D model for future
applications.

FLO Engineering, Inc. is an engineering contractor for
the Bureau of Reclamation specializing in hydrographic
data collection, river channel morphology and hydraulic
engineering. Hundreds of cross sections throughout the
Middle Rio Grande valley have been surveyed by FLO
Engineering, Inc. The hydrographic data base compiled by
the Bureau on the Middle Rio Grande includes aerial pho-
tography, ortho-photographic mapping, discharge mea-
surements, sediment transport and bed material data and
numerous cross section and floodplain surveys. These data
constitute one of the best hydrographic data bases on any
river in the country. From this data base, the FLO-2D model
input data files will be developed.

Description of the FLO-2D Model _

FLO-2D is a commercially available proprietary model
created by FLO Engineering. It has been applied to numer-
ous flood hazard simulation projects throughout the west
including routing Green River seasonal flows from Flaming
Gorge to the Colorado River confluence and numerous allu-
vial fan flood hazard delineation projects. FLO-2D is a two-
dimensional, finite difference flood routing model using
either a kinematic wave, diffusive wave or the full dynamic
wave version of the momentum equation for unconfined,
overland flow or channel flow. It simulates the progression
of the flood hydrograph, conserving flow volume, over a
system of square grid elements representing topography
and flow roughness. FLO-2D is an ideal model for river
channel overbank flooding, alluvial fan flows, flow through
urban areas, or the hydraulic design of flood mitigation
measures. The model has anumber of components which can
enhance the detail of a flood simulation including channel-
floodplain discharge exchange, loss of storage due to build-
ings, flow obstruction, rill and gully flow, street flow, bridge
and culvert flow, levee and levee failure, mud and debris
flow, sediment transport, rainfall and infiltration (fig. 1).
FLO-2D has used by federal and state agencies and numer-
ous consulting firms.

Creating a FLO-2D data base

A FLO-2D project data base requires a representation of
the potential flow surface topography in a square grid
format. A simple procedure has been devised with CADD
software for generating the grid system. Most CADD sys-
tems contain survey routines which enable a grid system to
be overlaid on a digitized map and the coordinates and
elevations exported to a file. Any size grid element can be
used by the model, but the timestep is governed by the wave
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Figure 1—Physical Processes Simulated by FLO-2D.

celerity and very small grid elements will require very small
timesteps. A typical grid element is 200 ft to 500 ft, but grid
elements ranging from 50 ft to 2,000 ft have been used in
simulations. The number of grid elements is essentially
unlimited.

Routing Algorithm Stability and Volume
Conservation

The timestep is incremented or decremented according to
strict flood routing numerical stability criteria. Numerical
stability has been linked to volume conservation which is the
basis for the model accuracy. When the model accurately
conserves volume, the model runs faster. If the model is
gaining or losing volume, the timesteps decrease. Volume
conservation is carefully tracked and is reported both during
the simulation and in output files. Typically timesteps range
from 1 to 60 seconds.

Overland and Channel Flow - Exchange of
Channel and Floodplain Discharge

Overland flow is simulated in eight directions (4 compass
and 4 diagonal directions). One-dimensional channel flow is
simulated with rectangular, trapezoidal or natural shaped
cross sections. A preprocessor program will convert HEC-2
cross sections into a data file formatted for FLO-2D. The
channel width can be larger than the grid element allowing
for more detailed floodplain simulations. When the flow in
the channel exceeds the bank height, FLO-2D will compute
the overbank discharge. This channel-floodplain flow inter-
action can occur with overland return flow to the channel
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(fig. 2). This is an important component for the application
of the model to the Rio Grande. The number of inflow
tributaries is unlimited.

Overland flow can be concentrated in small rills and
gullies as multiple channel flow. When specific grid ele-
ments are assigned multiple channels, discharge between
those elements occurs as concentrated flow in small, rectan-
gular channels and not as overland sheet flow. Rainfall on
the overland portion of each grid element is routed into the
element rill or gully. More than one gully can be specified for
a grid element. When the rill or gully depth is exceeded, the
channel is expanded by a preassigned incremental width to
contain the gully flow. Variable rill and gully channel char-
acteristics can be spatially delineated on the grid system.

Mud and Debris Flows

Hyperconcentrated sediment flow is simulated using vis-
cosity and yield stress relationships as function of sediment
concentration. Several such relationships have been ana-
lyzed in the laboratory representing different soil types and
conditions. Very viscous mudflows may cease flowing on
very rough surfaces or very mild slopes. Conversely, mud-
flows can be diluted by rainfall inflow. Storage in small
debris basins and spillway discharge can be simulated.

Sediment Transport— Aggradation and
Degradation

Sediment transport is computed for arid region alluvial
systems using the Zeller-Fullerton equation. Almost any

sediment transport relationship can be programmed into
the model. For the Rio Grande bosque project, three new
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sediment transport equations will added to the model. Aggra-
dation and degradation is predicted if the sediment trans-
port routine is invoked. Scour and deposition are distributed
uniformly on the grid element surface or channel bed.

Other FLO-2D Components

Rainfall and infiltration can be simulated on the potential
flow surface before or during the flood simulation. The
rainfall is then routed as overland sheet flow or as rill and
gully flow until it intercepts a main channel. Infiltration is
simulated with the Green-Ampt infiltration model and can
be spatially variable on the flow surface.

Street discharge is simulated as flow in a shallow rectan-
gular channel. Streets may intersect and are delineated
with a width and curb height. Bridge and culvert flow on the
grid system can be simulated by user specified relationships
between the discharge and headwater depth.

Levees can be simulated by specifying flow directions and
crest elevations. Levee failure can occur by overtopping or at
a prescribed levee stage for a specified time period. Levee
failure is simulated on a grid element by grid element basis.

Flow around buildings and obstructions and floodplain
storage loss due to structures can be simulated on a grid
element basis. A portion or the entire grid element can be
removed from potential inundation. Similarly, the flow
transfer between grid elements can be partially or entirely
obstructed.

FLO-2D Results

Spatially and temporally varied outputincluding flow depth,
velocity, discharge hydrograph, sediment concentration and
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bed elevation are written to output files. Discharge hydrographs
can beestablished for any channel or any overland grid element
in the system. Outflow grid elements can be reviewed sepa-
rately. Grid elements can be grouped together as cross sections
to generate flow hydrographs. Maximum depth, velocity and
dischargefiles are automatically created. The flood progression
over the flow surface can be viewed graphically along with a
plot of the inflow hydrograph while the model is running. The
most common desired result is a map of the maximum flow
depths depicting the maximum area of inundation.

Application of FLO-2D to the Rio
Grande Isleta Reach

In 1997, the Bosque Hydrology Group reviewed the poten-
tial application of the FLO-2D model to predict overbank
flooding along the Middle Rio Grande. Through funding
support from the Bosque Initiative and in cooperation with
the Corps of Engineers Albuquerque District, the FLO-2D
model was applied to a 15 mile reach of the Rio Grande
downstream of the Isleta Diversion located south of Albu-
querque. This reach wasidentified by the Corps of Engineers
as a potential restoration area where overbank flooding may
enhance the bosque biology.

The Corps developed a digital terrain map (DTM) and
overlaid a grid system of 8,024 elements, 500 ft square
(fig. 3). The river reach included 234 channel elements
represented by 11 surveyed cross sections and 9 cross sec-
tions extracted from the 1995 DTM mapping. Infiltration
and thelevee system were modeled. Three flood hydrographs
were simulated: The 250-year project flood event with a peak
discharge of 42,000 cfs; the 100-year flood with a peak
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discharge of 15,326 cfs; and a high flow season hydrograph
with a peak discharge of 7,000 cfs. The project flood event
was simulated as both a levee and no-levee scenario. The
spatial flood inundation results are viewed graphically when
running FLO-2D or the post-processor programs.

Although this was a simple test application to determine
the utility of the model for predicting overbank flooding on
the Rio Grande, the results proved to be interesting. The
Corps of Engineers had originally modeled this reach with
HEC-2, a single discharge, one-dimensional step-backwater
hydraulic model. The project flood event results essentially
indicated bluff to bluff flood inundation across the Rio
Grande valley for the 40,000 cfs peak discharge. FLO-2D
routed the entire hydrograph and it was revealed that
because the hydrograph volume was so limited, floodwave
attenuation through the reach was pronounced and much of
the overbank flooding was abated by the end of the reach. In
the levee flood scenario, levees were overtopped in the
upstream 30 percent of the reach inundating about 40
percent of the floodplain outside the levees. In the down-
stream half of the reach, all the overbank flooding was
confined between the levees. No bluff to bluff flooding was
predicted with the FLO-2D model.

Without the levees, the flood inundated approximately 50
percent of the floodplain in the reach. Most of the floodplain
inundation occurred in the upstream half of the reach.
Again, the floodwave attenuation was so pronounced that
only a small portion of the reach was flooded. Higher flood-
plain depths were predicted along the eastern edge of the
floodplain against the valley bluff. The results from these
flood scenarios indicate that the flood hydrograph had a very
limited volume. The peak discharge decreased from 40,000
cfsatthe start ofthe reach to a predicted 25,700 cfs at the end
of the reach for the levee simulation and to a predicted
15,700 cfs for the no-levee simulation. The importance of
overbank flooding in floodwave attenuation is clearly dem-
onstrated in this test. The levees increase the potential
downstream flooding. If this Isleta reach is similar to the
upstream reach for several miles, it is unlikely that the
40,000 cfs peak discharge would arrive at the Isleta Diver-
sion without experiencing some attenuation.

The 100-yr flood was only simulated for the case with the
levees. All of the overbank flooding was contained between
the levees. A portion of the channel in the lower third of the
reach conveyed all the flow. There was no predicted overbank
flooding for a reach of approximately two miles. The 100-yr
hydrograph peak discharge did not significantly attenuate.

The final flood simulation involved the high flow seasonal
discharge related to spring runoff of 7,000 cfs. In this flood
scenario, the areas of floodplain inundation were of primary
interest. Most of the upstream half of the reach was inun-
dated, but only about one-third of the downstream halfof the
reach was flooded. Channel conveyance capacity was greater
in the lower portion of the river reach. There was no signifi-
cant floodwave attenuation.

The test application of FLO-2D to the Isleta reach proved
successful in several aspects. First, it was ascertained that
the model could successfully identify which reaches mightbe
preferable for overbank flooding. Secondly, the test demon-
strated the importance of routing the flood hydrograph.
Timing and flow duration will be critical to assess overbank
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flood potential in reaches further downstream of Isleta.
Given a prescribed volume as a flow augmentation release
from Cochiti Dam to enhance overbank flooding, the release
hydrograph can be adjusted to maximize either flood dura-
tion or area of inundation in various reaches. Finally, the
FLO-2D simulation highlighted several drawbacks in the
existing Isleta Reach data base.

Accurate prediction of floodplain inundation along the Rio
Grande is contingent on three important factors; adequate
DTM mapping (both in topographic accuracy and contour
resolution), appropriate cross section spacing and calibrated
roughness parameters. Through the FLO-2D Isleta applica-
tion, it was determined that the eleven surveyed Cochiti
cross section lines provided by the Bureau and recently re-
surveyed by FLO Engineering did not match the extracted
DTM cross sections developed by the Corps of Engineers.
The two sets of cross sections were out of phase (they weren’t
surveyed in the same season) and Corps cross sections did
not represent a complete picture of the channel (thalwegs
were estimated). As a result, when the Isleta reach model
was developed, some grid elements had adverse bed slope
conditions and inappropriate roughness Manning’s n-val-
ues. Cross section and n-value adjustments were made to
permit the model testing to proceed, but it became apparent
that additional data collection was necessary to upgrade the
Isleta reach data base to obtain reliable results. Specifically,
the following hydrographic data collection will be required:

® Additional cross sections are needed in transitional
reaches where the channel changes from a narrow to a
wide cross section.

¢ All the cross sections should be surveyed in a relative
short period of time during a period of high flows to avoid
the effects of scour and fill in a reach.

® Water surface elevations should be surveyed at all the
cross sections during a relatively short period in con-
junction with a discharge measurement to calibrate the
n-values during high flow.

It is anticipated that these data will be collected during
this spring runoff to enable the Isleta Reach to be accu-
rately modeled with FL.O-2D to predict potential overbank
flooding.

Prediction of Flow Hydrographs
Using FLO-2D

The National Park Service and the Fish and Wildlife
Service Denver Office supported the development of a FLO-
2D discharge routing model for the Green River in Utah from
Flaming Gorge Dam to the confluence of the Colorado River,
a distance of 412 miles. The FLO-2D model was proposed as
hydrograph routing tool to support flow recommendations
for the Flaming Gorge biological opinion being written by the
Fish and Wildlife Service. To develop the routing model, a
digital topographic map was prepared, all available Green
River cross section surveys were compiled and inflow
hydrographs were assembled. This included seasonal high
flow hydrographs of Flaming Gorge Dam releases and the
tributary inflow of the Yampa, Duchesne, White, Price, and
San Rafael Rivers as well as Brush and Ashley Creeks.
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The project goal was to use FLO-2D to predict the seasonal
flow hydrograph at any location in the Green River down-
stream of Flaming Gorge Dam on a daily basis. The project
objectives included:

Calibration of the model for the 1996 high flow season.

A review of the model accuracy by simulating the 1997
high flow data.

An estimate of floodplain inundation area for these two
flow years.

Simulation of the Flaming Gorge jet tube releases.

Prediction of discharge timing and duration at any
location in the Green River.

Green River flows were simulated for 100 days of the 1996
high flow season beginning on April 1 and ending on July 9.
In 1996, five level loggers for monitoring river stage were
established throughout the Green River system. Combined
with the USGS gages at Jensen and Green River, they
constitute a system of seven known discharge points with
which to calibrate the FLO-2D predicted hydrograph.

A 2,000 foot square grid system was overlaid on the
digitized base map resulting in 2,482 grid elements of which
962 were designated as channel elements. A total of 268
surveyed cross sections were analyzed for channel geometry
relationships and assigned to the channel elements. Chan-
nel roughness and infiltration parameters were adjusted
within acceptable ranges to calibrate the predicted hydro-
graph at the seven points of known discharge in the Green
River. Generally, the final Manning’s n-value ranged from
0.024 to 0.050 with the higher n-values assigned to grid
elements in the steep canyon reaches. Some channel ele-
ment cross sections and roughness values were adjusted to
reduce the abrupt transition between grid elements. The
assigned cross sections created adverse slope conditions for
some elements in the channel profile. For these elements,
the channel depth and bed elevations were adjusted to
achieve a uniform reach slope.

30000

FLO-2D predicted a hydrograph for every channel grid
element (every 2,000 ft) throughout the Green River system
from Flaming Gorge to the Colorado River confluence. The
1996 measured hydrographs were used to calibrate the
model and then FLO-2D was applied to 1997 flows using the
same channel data base. Excellent correlation was achieved
between the FLO-2D predicted hydrograph and measured
discharge hydrograph at the USGS Jensen gage located at
one-third of modeled river system (fig. 4 and 5). Further
downstream at the USGS Green River gage (about two-
thirds through the system), there was some disparity be-
tween the predicted and measured discharge hydrographs
(fig. 6 and 7). The differences between the predicted and
measured hydrographs were attributed to:

* Small unmeasured tributary inflow between Jensen
and Green River.

Storm inflow reflected in spikes in the measured dis-
charge.

Canal diversion at Green River, Utah.

Estimated discharge reported for the Green River gage
(discharge record errors).

e Variableinfiltration and evaporation losses in the reach
from Jensen to Green River.

Despite these correlative discrepancies, the USGS Green
River gage data compared very favorably with the FLO-2D
predictions.

The utility of the FLO-2D model was further demon-
strated by simulating flows without the storage effects of
Flaming Gorge reservoir and by adjusting Flaming Gorge
Dam releases. These simulations indicated a substantial
increase in floodplain inundation when Flaming Gorge re-
leases were timed to occur with the peak discharge in the
Yampa River. This application of FLO-2D to the Green River
illustrated the flexibility of the model as a management tool.
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Application of the FLO-2D

Through the cooperation of the Albuquerque Projects
Office of the Bureau of Reclamation, Corps of Engineers, and
the Fish and Wildlife Service, the FLO-2D model will be
applied to a 20 mile reach of the Rio Grande near the Bosque
del Apache National Wildlife Refuge south of San Antonio,
New Mexico. The modeled reach will extend from the High-
way 380 bridge to the south boundary of the refuge. This
project will encompass several aspects of the Rio Grande

hydrology and channel morphology. The goal of the project
is to design a seasonal high flow hydrograph that will
inundate selected areas of the floodplain in this reach. The
high flow hydrograph will be analyzed in terms of it’s
frequency and flow duration. Initially, FLO-2D will be used
to simulate flow with a rigid boundary model. In subsequent
applications, FLO-2D will simulate channel flow with a
mobile bed. Several sediment transport models will be tested
and calibrated.

Preparation of the FLO-2D data base for Bosque reach
began last year when a series of 41 cross sections were
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surveyed in the study reach. The majority of these cross
sections have been surveyed several times over the last
decade. Twelve new cross sections were established in tran-
sition reaches from a narrow to a wide channel. A digital map
of the floodplain with 2 foot contours has been completed
from aerial photogrammetry by the Corps. On this base map,
a 500 ft square grid element system will be overlaid for the
FLO-2D model. The base map can be used by all researchers
participating in the Bosque Initiative. In addition, water
discharge, sediment load, bed material sizes, water surface
elevations, aerial photos of overbank flooding and other
hydrographic data have been collected over the past several
years which will be applied to calibrate the model. Three
flow hydrographs will be simulated:

® 10-year average hydrograph (peak discharge ~ 4,500 cfs)

e 2-year return period hydrograph (peak discharge ~
8,470 cfs)

¢ Low flow period hydrograph (peak discharge ~ 3,500 cfs)

Animportant part of this project will be the model calibra-
tion to existing data bases. In several locations along this
reach, bed scour reduces the propensity for overbank flood-
ing during high flows. At 3,000 cfs, the water surface in
certain locations may be within a halffoot of being bankfull.
Later in the hydrograph at a flow of 5,000 cfs, the water
surface elevation may be foot below the top-of-bank. This
channel bed response is difficult to predict because it de-
pends on sediment supply as well as flow hydraulics. The
Bureau has developed a total load rating curve which will be
applied as the sediment supply to the study reach. One
project objective will be to determine the importance of
channel bed response to high flows in terms of the area of
inundation. Generally, the volume of the water stored in the
channel at a given time is relatively minor compared to the
total volume in the flood hydrograph, however, changes in
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channel cross section and conveyance can significantly im-
pact the location at which overbank flow occurs. For this
reason, both a rigid bed and mobile bed analysis will be
conducted with the FLO-2D model. At least three sediment
transport equations will be used in the model calibration.
Itis anticipated that the model data base will be developed
during this summer and the project will be completed by the
end of 1998. The final product of this flood routing project
will be an area of floodplain inundation versus discharge
relationship that might be incorporated into reservoir op-
eration and Rio Grande flow management to promote
overbank flooding near the Bosque del Apache National
Wildlife Refuge. The FLO-2D results and projected flood
inundation maps combined with projections ofthe Rio Grande
hydrology can be the basis for decisions regarding frequency,
duration and timing of high flows. This project objective is a
focal point of the proposed Rio Grande bosque restoration. If
the FLO-2D simulations are successful, there is interest in
developing the FLO-2D model for the entire Middle Rio
Grande from Cochiti Dam to Elephant Butte Reservoir.

Conclusions

The FLO-2D model will be used to investigate the poten-
tial for limited overbank flooding along various reaches of
the Middle Rio Grande to enhance the natural functions of
the bosque biological community and to increase opportuni-
ties for cottonwood tree germination. Overbank flooding will
be evaluated in terms of river discharge, timing, frequency
and duration. The model has demonstrated its utility on the
Isleta reach illustrating the importance of simulating
floodwave attenuation. In an application for the Green River
in Utah, the FLO-2D model accurately replicated season
hydrographs measured in various locations throughout the
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river system. In the coming year, the Isleta reach simulation
will be finalized and the model will be applied to a 20 mile
reach of the Rio Grande near the Bosque del Apache Na-
tional Wildlife Refuge. The results of the model will include
area of inundation versus discharge/duration relationships
which can be used to investigate various combinations of
reservoir releases and operations.

Acknowledgments

The application of the FLO-2D model to the Middle Rio
Grande is a cooperative effort of the Fish and Wildlife

60

Service, Bureau of Reclamation and Corps of Engineers. The
primary participants in this effort include Paul Tashjian
and Jeff Whitney of the Fish and Wildlife Service, Drew
Baird of the Bureau of Reclamation, and Doug Wolf and
William DeRagon of the Corps of Engineers. Support for this
project came from all three agencies with the Bureau of
Reclamation being the primary source of funding. The Bosque
Initiative provided the initial impetus to examine the poten-
tial for applying the FLO-2D model to the Isleta Reach. The
Bosque Hydrology Group of the Bosque Initiative is central
forum for discussion, direction and review of the FLO-2D
simulations.

USDA Forest Service Proceedings RMRS-P-7. 1999



Upper Rio Grande Water Operations Model:
a Tool for Enhanced System Management

Gail Stockton
D. Michael Roark

Abstract—The Upper Rio Grande Water Operations Model
(URGWOM) under development through a multi-agency effort has
demonstrated capability to represent the physical river/reservoir
system, to track and account for Rio Grande flows and imported San
Juan flows, and to forecast flows at various points in the system.
Testing of the Rio Chama portion of the water operations model was
completed in March 1998. Resultsindicate that RiverWare software
can be used to model the entire upper Rio Grande system. Model
development is in progress on the mainstem of the Rio Grande.

The process of moving water through the Rio Grande
basin has become increasingly complex. In 1996, six federal
agencies recognized the need for a tool that could help them
make timely decisions and improve storage and delivery
operations in the Upper Rio Grande Basin for more effective
and efficient system management. They needed a computer
model with accounting and forecasting capability that could
simulate near real-time reservoir operations. The agencies
agreed in a memorandum of understanding to cooperate to
develop a model for the upper Rio Grande basin from the
headwaters in Colorado to Fort Quitman, Texas and to
provide access to actual, forecasted, and planned reservoir
and river operational data through a unified data base for
data management and information sharing among basin
stakeholders.

As aresult of 1997 model scoping and coordination activi-
ties with other basin interests, the cooperating agencies
finalized a plan for development of the Upper Rio Grande
Water Operations Model (URGWOM). The plan identified
computer software (RiverWare) and associated hardware
that could be used in developing the model and outlined the
tasks and schedule for model development.

Cooperative Effort

Since 1996, the Bureau of Reclamation (Reclamation),
U.S. Fish and Wildlife Service, U.S. Geological Survey
(U.S.G.S.), Bureau of Indian Affairs, the International Bound-
ary and Water Commission (U.S. Section), and the U.S.
Army Corps of Engineers (Corps) have partnered to de-
velop the model. The cities of Albuquerque and Santa Fe,
Rio Grande Restoration, Sandia and Los Alamos National

In: Finch, Deborah M.; Whitney, Jeffrey C.; Kelly, Jeffrey F.; Loftin,
Samuel R. 1999. Rio Grande ecosystems: linking land, water, and people.
Toward a sustainable future for the Middle Rio Grande Basin. 1998 June 2-5;
Albuquerque, NM. Proc. RMRS-P-7. Ogden, UT: U.S. Department of Agri-
culture, Forest Service, Rocky Mountain Research Station.

Gail Stockton is Hydraulic Engineer, U.S. Army Corps of Engineers, and
D. Michael Roark is Hydrologist, U.S. Geological Survey, Albuquerque, NM.
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Laboratories also entered into this partnership in 1997.
Other entities, as well, have contributed to the effort through
technical review and outreach support.

The cooperative spirit of this effort is exemplified by the
co-located modeling team with members from Reclamation,
U.S.G.S., and the Corps working together and sharing a
melange of computer equipment and also by the technical
review team made up of stakeholders, interested individu-
als, and state, local, and federal agency staff who have
contributed many hours of technical review of the test case.

Rio Chama Test Case

To test that RiverWare was capable of simulating the
entire Upper Rio Grande surface water system, the software
was first tested on the Rio Chama. This stream reach was
selected because of its operational complexity. It includes a
transmountain diversion, three reservoirs with complex
operational criteria and accounting procedures. Because it
has relatively simple river reach conditions and reasonable
availability of data, it was a good test of the capabilities of the
software.

RiverWare

RiverWare is a generic reservoir and river system model-
ing software that can be readily customized to fit a specific
river basin. It has been in development since 1993 and is the
result of a continuing collaborative effort by the Center for
Advanced Decision Support for Water and Environmental
Systems (CADSWES) at the University of Colorado, the
Bureau of Reclamation and the Tennessee Valley Authority.

RiverWare is object oriented, meaning that the software
has objects that represent features of the basin visually on
a computer screen such as reservoirs, confluence’s, gaging
stations, river reaches, diversions, data, etc. Objects contain
user selected physical process methods and numerical data.
For example, the modeler can specify different routing
method categories for a stream reach object: “no routing”,
time lag, Muskingham-Cunge, kinematic wave, etc. Vari-
ables called “slots” contain all the data that are required or
generated by the object. In the case of a stream reach, areach
object may contain slots for inflow ,return flow, outflow, and
other data.

The software is referred to as data-centered because data
supplied to the model defines the specific river and reservoir
system. It is also rule-based; operating policies are incorpo-
rated into the model with a rules language. RiverWare uses
the operational rules to make decisions during a simulation.
None of these customizing features requires a change in the
hard code of the software so it is easily modified for changes
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in policies or addition of new objects as the basin changes.
Since the data and rules defines the specific system, the Rio
Chama test case model was developed by entering Rio
Chama data and rules.

The software also has multiple calculation methods that
can be selected to customize the physical behavior of an
object. For example, there are about eight different calcula-
tions available to chose from for calculating spills from a
reservoir, everything from no spill to a complex combination
of regulated spill plus bypass plus unregulated spill calcula-
tion. In the specific case of Abiquiu Reservoir, the no spill
calculation was selected to represent the real situation.
After the objects are put into a workspace and the appropri-
ate methods are selected they can be linked together to form
a river basin network.

The most recent improvement to RiverWare was the
addition of the water accounting function. Each object has
accounts slots for accounting data.

Conceptual Model Development

The Technical team began model development of the
Rio Chama by describing the existing physical and water
accounting systems, graphically and in text, to serve as a
basis for the construction of the model in RiverWare.
Public technical review and comments on the conceptual
model documents were provided by the Technical Review
Committee.

Physical Model

The physical model of the test case is a rule-based simula-
tion of the physical system of the Rio Chama. The model
simulates the physical system from the top of the basin,
starting with the San Juan diversions and continuing down-
stream to the confluence of the Rio Chama with the Rio
Grande at Chamita. Figure 1 shows the topology or layout
for the Rio Chama in RiverWare. The Technical Team built
the computer version by constructing each object separately:
first, reservoirs; then, river reaches; followed by confluence’s
and diversions. Each object was verified by comparing to
historical data. After all objects were built, verified and
linked together, the over all model was checked against
records for a period from January 1985 to July 1996. Simu-
lated results closely matched actual records. The resultant
physical model represents the Rio Chama physical system
and is the basis for the test case accounting and forecasting
models.

Accounting Model

The accounting model incorporates water ownership and
accounting functions into the physical model. It is essen-
tially a data processing and reporting application of the
model structure. The layout for the accounting model is
displayed in figure 2. Since the water input data for San
Juan Chama Project accounting is measured at the outlet of
the Azotea tunnel, the San Juan diversions are not shown as
objects in the topology for the accounting model. However,
the rest of the physical model structure is used in the
accounting model.
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The accounting model solves for inflow since the releases
from the reservoirs are measured and are direct inputs to the
model. It is designed to perform the same operations that
Reclamation’s daily water operations programs perform,
and to eliminate many of the hand calculations that are
presently needed to distinguish San Juan water from Rio
Grande. Additionally, it can simulate the two types of water
accounting in the river reaches between reservoirs. By mid
1999, the model will also be capable of simulating San Juan
Chama contractors accounts.

Forecast Model

The forecast model is used to simulate the operation of the
river and reservoir system by determining releases and
storage for a desired forecast period. Since it is based on the
physical model, includes the accounting functions of the
accounting model, and the rules based upon water opera-
tions regulations, constraints and preferences, it is a very
powerful tool to understand the system. The topology of the
forecast model is shown in figure 1.

Forecasted inflow hydrographs at all of the forecast points
and the initial conditions of the reservoirs are required
inputs to the model. The forecast model using the rules,
simulates how varying hydrologic conditions upstream may
affect water operations downstream. It simulates most rou-
tine water operations and clearly defined special operations,
including emergencies, thus giving water managers the
ability to make timely decisions.

Test Case Results

Figures 3, and 4 display few differences between the test
case model and Reclamation’s daily program calculations of
inflow and precipitation at Abiquiu Reservoir for 1985 to
1996. Comparisons of the two methods gave similar results
for outflow, and evaporation at Abiquiu and at the other
Teservoirs.

Figure 5 shows the cumulative differences between the
two methods in storage at Abiquiu Reservoir. The total
cumulative difference between using the model to compute
storage versus using the daily programsis about 46 acre feet,
a small cumulative error for 10 years of record. Total storage
capacity for Abiquiu Reservoir at elevation 6220 feet is
189,307 acre feet.

The test case model forecast of total outflow at Abiquiu
Reservoir is compared with historical data for a 10-month
period of record in figure 6. The model simulations for San
Juan outflow and Rio Grande outflow also closely duplicate
the historical data. Historical time series data were used as
inputs at the upstream forecast points for these simulations.

Testing, therefore, indicated that the software RiverWare
successfully modeled the Rio Chama and could be used on
the mainstem of the Rio Grande. Since the test case con-
tained most of the physical components such as diversions,
river reaches, confluences, and hydropower that will be
encountered in the remainder of the upper Rio Grande
Basin, a great number of operational rules and accounting
relationships have already been worked out to some degree
for the mainstem model development.

USDA Forest Service Proceedings RMRS-P-7. 1999
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Mainstem Model Development

Following the completion of the test case in March 1998,
the Technical Team began the conceptual model of the
mainstem. Expected completion date of a functioning, but
not exhaustively calibrated and verified basic water opera-
tions (or “backbone”) model of the upper Rio Grande is Fall
1999. The fully refined model completion date is approxi-
mately 2002.

Data Base and Other Tools

While URGWOM is under development, the Technical
Team is utilizing the Corps Data Storage System (DSS) to
format and store data. The team has written data manage-
ment interface programs (DMI)s that interface the time
series data stored in DSS with the Rio Chama model for use
in testing and calibrating. The same will be done for the
mainstem since DSS is easy to use. Part of the Technical
Team is investigating needs and requirements for an
URGWOM Data Base. The Corps Hydrologic Engineering
Center provided a cursory screening of data base alterna-
tives. Their preliminary report indicated that Reclamation’s
HDB has potential to serve URGWOM’s ultimate data
storage needs.

An URGWOM data base will store time series data,
spatial data, and accounting data. A unified data base will
provide a source of data for and from URGWOM that will be
accessible for use by anyone needing the data. It will be a
resource for other models such as planning models, as well
as a source of data for URGWOM model applications.

USDA Forest Service Proceedings RMRS-P-7. 1999

Water Operations Review

One of the applications of URGWOM is the Upper Rio
Grande Basin Water Operations Review (Water Operations
Review). This is a joint effort with Reclamation to take an
integrated look at the system. Part of this effort will be to
develop supplemental tools or models, that with input from
URGWOM, can determine what effects potential water
operations changes have on riparian vegetation, aquatic
communities, endangered species, cultural resources, and
other basin resources. The review will likely be a five-year
effort, starting in 1999.
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Salinity Management in the Rio Grande

Bosque

Jan M.H. Hendrickx
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Abstract—This paper discusses management options for salinity
control in the Rio Grande Bosque. First, salt sources are identified
and quantified. Capillary rise of ground water is the most important
cause for soil salinization in the bosque. Next, a riparian salt
balance is presented to explain the different mechanisms for soil
salinization. Finally, the advantages and disadvantages of three
salinity control options are discussed: drainage systems, adaption
to natural conditions, and managed flooding.

The Rio Grande has two important functions. One is to
deliver water to aquatic and terrestrial habitats as well as to
urban and rural communities linked by the river; the other
is to transport salts and other wastes generated by those
habitats and communities to the Gulf of Mexico.

Until the beginning of this century an apparent salt
balance existed in the Rio Grande Valley. The accumulation
of salts in the soils adjacent to the river was counteracted by
frequent inundations that provided surplus water for salt
leaching. Infrequent major floods resulted in a reshaping of
the river landscape and reallocation of salt sinks. Construc-
tion of flood protection and irrigation works since the early
1900’s have resulted in a more regular river flow without
major flooding events. In addition, much river water has
been allocated for agriculture, wetlands, and domestic and
industrial water supplies. The combined effects of decreas-
ing river water supplies and channelization of the river to a
permanent streambed have resulted in environmental con-
ditions where soil salinity is no longer controlled by the
river (for example Crawford and others 1993; Conover 1954).

Since soil salinity determines to a large extent the success
of revegetation projects in the Rio Grande Bosque manage-
ment measures are needed to control soil salinity levels. The
objective of this study is to discuss management options for
salinity control in the Rio Grande Bosque.

Salt Sources

A good understanding of salt sources in the Rio Grande
Bosque is needed for the development of effective salinity

In: Finch, Deborah M.; Whitney, Jeffrey C.; Kelly, Jeffrey F.; Loftin,
Samuel R. 1999. Rio Grande ecosystems: linking land, water, and people.
Toward a sustainable future for the Middle Rio Grande Basin. 1998 June 2-5;
Albuquerque, NM. Proc. RMRS-P-7. Ogden, UT: U.S. Department of Agri-
culture, Forest Service, Rocky Mountain Research Station.
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control options. Five salt sources contribute to the salinity of
riparian areas under natural vegetation: atmospheric depo-
sition, mineral weathering, capillary rise, seepage from
higher areas West and East of the river, and flooding.

Atmospheric deposition in the interior of most continents
is about 40 kg/ha (Bresler and others 1984). Mineral weath-
ering is an important process that affects the chemistry of
waters in rivers, soils, and shallow ground water. It involves
the dissolution, alteration, and precipitation of minerals and
for the most part takes place in the zone of aeration of soils.
Since the mineral weathering rate of a given soil is propor-
tional to the amount of water that flows through the soil
(Langmuir 1997), it will increase with the leaching fraction.
Rhoades and others (1973, 1974) and Wierenga and others
(1972) studied in lysimeters the compositions of drainage
waters resulting from irrigation with eight synthesized
river waters of the Western USA under conditions of alfalfa
production on calcareous and noncalcareous sandy loams.
For Rio Grande water, leaching fractions above 25 percent
resulted in a net increase of salts in the drain water by
approximately 2-10 percent of the salts in the irrigation
water. When the leaching fraction is less than 25 percent,
salt precipitation will occur and will result in a decrease of
salt content in the drainage water. These percentages indi-
cate that the contribution of mineral weathering to soil
salinity in the bosque is of the same order of magnitude as
atmospheric deposition.

The most important salt source at many locations is
capillary rise which results from upward water flow origi-
nating at the ground water table. The amount of capillary
rise depends on the depth of the ground water table and the
physical characteristics of the soil profile. Table 1 presents
capillary fluxes in a number of homogeneous soil profiles.
For example, a ground water table depth at 2 m will result
in capillary fluxes of 0.2 mm/day in a sand soil and 8 mm/day
in a loamy sand. Even if the ground water quality is good,
such rates can result in considerable salt depositions near
the soil surface or in the root zone. For example, ground
water with a total amount of dissolved solids of 500 mg/1 will
accumulate 5 kg of salts per hectare for each millimeter of
capillary rise. This results in an annual salt load of, respec-
tively, 365 and 14,600 kg/ha in the previously mentioned
sand and loamy sand soils.

Salt accumulation by capillary rise will rapidly decrease if
the ground water table is lowered. However, in many cases
the ground water table remains relatively shallow as a
result of ground water seepage. Such seepage may originate
from higher areas West and East of the river or from man-
made sources. An example of man-made seepage is found at
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Table 1—Maximum capillary rise (cm) for five fluxes (cm/day) in
homogeneous soil profiles (Hendrickx and others 1990).

Capillary Flux (cm/day)

Texture 2.0 1.0 .6 A .01
Sand 69 82 92 135 213
Loamy Sand 151 185 213 334 572
Sandy Loam 29 45 61 158 484
Loam 73 99 123 247 577
Silty Loam 59 90 121 321 1025
Clay Loam 126 165 197 342 639
Silty Clay Loam 7 12 18 65 219

Santa Ana Pueblo where surplus irrigation water from the
golf course on the mesa is seeping into the lower lying
riparian area. Another more important example are the
wetlands created to provide food and shelter for migratory
birds. The flooding of wetlands and the irrigation of adjacent
agricultural fields result in shallow water table depths
around the ponds and an increase in salinization as a result
of capillary rise. This can be observed in the Bosque del
Apache, La Joya, and San Bernardo reserves.

Another salt source is flooding since the water in the Rio
Grande contains approximately 300 to 500 mg/l total dis-
solved solids (Crawford and others 1993). This means that a
flood of 0.5 m water would deposit 150 to 250 kg salt per
hectare.

The most important salt source in riparian areas is capil-
lary rise since its potential contribution exceeds by far the
salt amounts originating from atmospheric deposition, min-
eral weathering, and flooding. Areas with relatively shallow
ground water tables (1 to 3 m) that discharge ground water
seepage have the highest risk for salinization.

Riparian Salt Balance

Salinization will occur when the amount of salt added to
the soil by rain water and flood water is greater than the
amount of salt removed by drainage waters. The salt balance
of the riparian root zone can be expressed as

RC.+F.C, +GC, =P.Cg+AS [1]

where R is rainfall entering the root zone (mm/year), C, is
the salt concentration of the rain water (mg/l), F is the
amount of flood water entering the root zone (mm/year), C,
is the salt concentration of the flood water (mg/l), G is the
amount of capillary rise into the root zone (mm/year), C, is
the salt concentration of the ground water, P is the amount
of deep percolation or drainage water leaving the root zone
and entering the ground water, and DS is the amount of salt
stored in the profile. It is assumed that the salt concentra-
tion of the drainage water and capillary rise water is equal
to the salt concentration of the ground water which is quite
reasonable for annual periods but less so for shorter periods.

Equation [1] reveals several important aspects of ripar-
ian salinity balances. Firstly, soil salinization becomes
inevitable if no drainage takes place to evacuate the salts
from the root zone, i.e. if P=0 then AS will increase.
Without some form of drainage soil salinization cannot be
prevented even if the irrigation or flood water contains only
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small amounts of salt. Of course, under the latter conditions
salinization would take a long time.

We have found evidence in the Bosque del Apache that
older soils contain more salts than younger ones. The age of
soils can be approximately determined from aerial photo-
graphs by observation of channel continuity and the degree
of organic matter and aeolian dust accumulation which are
reflected in soil color. The oldest river deposits show compli-
cated patterns of channel breaches and different degrees of
organic matter and aeolian dust accumulation. The younger
deposits show more continuous channels and less diversity
in soil color.

Using these criteria we selected two locations with compa-
rable point bar deposits and water table depths, but differ-
ent estimated ages of isolation from the active river. At both
sites soil salinity was measured at several hundreds of
points using electromagnetic induction (for example
Hendrickx and others 1992; Sheets and others 1994). Aver-
age topsoil salinity in the younger deposits was 24 against
280 mS/m in the older deposits. Average subsoil salinity was
31 mS/m in the younger deposits and 225 mS/m in the older.
This shows a ten fold increase in soil salinity for comparable
deposits in terms of soil texture and depth to the groundwa-
ter as aresult of age, i.e. the duration during which capillary
rise has contributed to salt accumulation in the soil profile.

Secondly, flooding only will lead to a decrease of soil
salinity if the flood water leaches out salts, i.e. if P>0 so that
the salts percolate into the ground water and can be trans-
ported towards a drain. Otherwise, the salts in the flood
waters actually will contribute to an increase in soil salinity.
Whether flooding will result in drainage depends on the
water retention and hydraulic conductivity of the soil pro-
file. Before drainage occurs the root zone needs to be suffi-
ciently wetted to allow downward flow. In most riparian
areas with shallow ground water tables this requirement
will not pose a problem. In addition, the hydraulic conductiv-
ity of all soil layers must be large enough to allow the
drainage water to pass through. This requirement poses
serious limitations on the use of flooding in soils that contain
clay layers with a low permeability. In such soils the flood
water will become perched on the clay layer. A large part of
the perched water will evaporate or transpire while leaving
the salts behind in the root zone and, thus, increase soil
salinity. This scenario is quite common in riparian areas.
Anotherimportant factor that determines the effect of flood-
ing is the leaching efficiency. For an effective leaching it is
not sufficient to replace once all soil water by flood water. On
the contrary, the soil should be flushed several times to
make it salt free (Hoffman 1980).

For example, in the Bosque del Apache on soil unit 29
natural regeneration of cottonwood is being stimulated by
applying an annual flood of approximately 0.3 m. The flood
water carries cottonwood seeds that settle at the high
water lines. After several weeks seeds emerge and young
trees start growing. In unit 29, the soil profile consists of a
layer of 50 ecm to 100 c¢cm of sandy loam to loamy sand
overlying clay loam to clay. Before flooding the soil water
content in the top 40 cm and from 40 to 80 cm is, respectively,
3 and 9 volume percent. The soil water content in the
underlying clay loam is close to saturation. During flood-
ing the soil water content increases to saturation which
is approximately 35 volume percent. This means that
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(0.35-0.03)*40 + (0.35-0.09 )*40 = 23.2 cm water will be
stored in the top 80 cm of the soil profile during flooding.
Most of this water will evaporate during the gradual in-
filtration of the flood water into the soil and contribute little
to salt leaching. Instead it will add to the salt load. The
total amount of water stored in the soil profile at unit 29 is
about 30 cm. This means that an efficient leaching will
require at least 60 to 90 cm of water.

The relatively low permeability of the subsoil of unit 29
and the small amount of flood water applied have resulted
in an increased salinity after flooding. Salinity measure-
ments before flooding in April 1997 and after flooding in
August 1997 revealed an increase of soil salinity from 150 to
262 mS/m in the subsoil and from 112 to 204 mS/m in the
topsoil. Standard deviations of the measurements were
high, indicating considerable variability from place to place.

Athird aspect of equation [1]is the importance of capillary
rise. Since the salt concentration of the ground water is at
least one order of magnitude larger than that of rain water,
even a relatively small capillary flux, G, can cause a large
increase of soil salinity. Under the arid conditions of the Rio
Grande Valley it is a constant challenge in riparian nature
reserves to maintain a water balance in which the deep
percolation rate exceeds the capillary upward flux. Without
such condition no favorable salt balance can be maintained.

Salt Management Options

The physical principles for salt management in soils are
well understood (Bresler and others 1984, Smedema &
Rycroft 1983; Van Schilfgaarde 1974) and lead to three basic
strategies for salinity management in the Rio Grande bosque:
(1) Installation of drainage systems; (2) Adaptation to natu-
ral conditions; (3) Managed flooding.

Installation of drainage systems is the classical response
to salt problems in irrigated agriculture. The functions of a
drainage system are to lower the ground water table and to
discharge saline drainage waters percolating from the root
zone. The ground water table is lowered to a depth at which
the upward capillary flow becomes too small for any signifi-
cant upward salt movement. This depth depends on the soil
type and can vary from 50 cm in a coarse sand to more than
400 cm in loamy soils (see also table 1). A drainage system
can consist of surface drains or of underground pipes
(Smedema and Rycroft 1983; Van Schilfgaarde 1974). The
outlet is the terminal point of a drainage system where it
discharges into the river.

In mountainous terrain with large elevation differences
drainage waters can be discharged by gravity but in many
arid river valleys the slope of the land surface is not sufficient
to drain by gravity. For example, the gravity system installed
near Las Nutrias (New Mexico) performs only marginally
since sufficient head is not available to discharge the drain-
age waters. Therefore, it is common practice to have the
drain waters accumulate in a sump and to discharge by
pumping. Such a system hasbeen in use until a few years ago
in the Bosque del Apache. Although the system performed
well during a period of about fifteen years, it has been shut
down and will be not be replaced. The main reasons for this
decision are: (1) The initial installation costs are high (ap-
proximately $200,000 for 120 acres); (2) The life of the
system was shorter than expected due to clogging of the
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Table 2—Relationship between cottonwood tree vigor class and soil
salinity (Hendrickx and others 1997).

Salinity (mS/m)
Treevigorclass N Mean® Std Dev Minimum Maximum

Healthy Tree 30 60a 25 25 140
Marginal Growth 23 111b 64 24 225
Dying Tree 28 210c 112 85 534

aMeans with the same letter are not significantly different.

tile drains; (3) The system was difficult to maintain
(John Taylor, personal communication 1998). These com-
plaints are typical even in large irrigation projects with
trained personnel.

DralZage systems work well for moist soil management
and agricultural fields covering large areas. However, due to
high costs and problematic maintenance their use for resto-
ration of native vegetation appears limited.

Adaption to natural conditions involves identifying opti-
mal locations for revegetation of native species such as
cottonwoods. Hendrickx and others (1997) conducted a sys-
tematic study near El Paso and statistically confirmed the
dependence of cottonwood survival on soil salinity level
(table 2). They also observed a close relationship between
geomorphology and soil salinity. The lowest levels often
were found on small levees which naturally are the preferred
areas for cottonwoods. The highest levels occur in depres-
sions such as old river channels with a fine soil texture that
enhances capillary rise.

At the Rio Bosque Park near El Paso it was found that 50
percent of the variability in salinity could be explained by
soil type and ground water table depth. This indicates that
in areas with soil and ground water table maps the location
of suitable restoration areas is relatively straightforward.
Otherwise an inexpensive salinity survey using electromag-
neticinduction can quickly indicate the areas with revegeta-
tion potential (Sheets and others 1994).

Managed flooding is often propagated as an efficient
and natural way to restore cottonwood and other native
vegetation. Flooding can only be successful for restoration if
it contributes to an effective salinity control. This requires
(1) a soil profile of sufficient permeability for salt leaching
and (2) sufficient quantities of flood water. If either of these
factors is not fulfilled, flooding will not lead to sustainable
restoration.

Managed flooding is a relatively inexpensive method to
control soil salinity and to promote bosque restoration.
However, the design of a flood management plan requires
detailed knowledge of the interaction between flood water,
ground water, soil, and vegetation.
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Albuquerque’s Constructed Wetland Pilot
Project for Wastewater Polishing
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Abstract—The City of Albuquerque has funded the Constructed
Wetland Pilot Project (CWPP) since 1995 at the City’s Southside
Water Reclamation Plant (SWRP). Results from CWPP and other
wetland treatment projects indicate that appropriately designed
surface-flow wetlands could increase the cost-efficiencies of waste-
water treatment, as well as help the City meet present and future
discharge limits for nitrate, ammonia, organic nitrogen, various
metals, biological oxygen demand, and total suspended solids,
among other constituents. Results from CWPP also support the
option to construct a 5-acre or larger demonstration-scale treatment
wetland that would provide increased realism for evaluating the
effectiveness of wetland polishing and potential habitat benefits.

The City of Albuquerque City Council and the City’s
Public Works Department have funded the Constructed
Wetland Pilot Project (CWPP) located at the City’s South-
side Water Reclamation Plant (SWRP). The CWPP started
July 1, 1995 to provide a pilot-scale evaluation of con-
structed treatment wetland effects and potentials to provide
cost-effective “polishing” (i.e., enhanced treatment) to im-
prove the quality of the City’s wastewater discharges. Present
and future design-flow capacities for the SWRP are, respec-
tively, 60- and 76-million gallons-per-day (mgd). This study
has been assessing alternative wetland treatment strate-
gies that may help the City meet National Pollutant Dis-
charge Elimination System (NPDES) discharge limits to
address increasingly stringent water quality standards for
the Rio Grande. These standards are established by the
New Mexico Water Quality Control Commission and by the
Pueblo of Isleta, located five miles downstream from
Albuquerque. The initial goal of the CWPP was to use the
information collected to help decide whether to conduct a
larger demonstration-scale study and/or begin construction
of a full-scale wetland treatment facility for the “polishing”
of SWRP’s effluent.
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Constructed wetlands have been found to provide viable
alternative treatment components to conventional “con-
crete-and-steel” wastewater treatment systems (U.S. EPA
1988). These wetlands include free-water surface (open-
water) systems, with surface flows through shallow water
depths, and subsurface flow systems, with water flowing
laterally through sand and gravel. Constructed wetlands
provide cost-effective treatment to meet wastewater dis-
charge requirements for many municipal discharges and
for other discharges across the U.S. and around the world
(Albuquerque-Bernalillo Constructed Wetlands Study
Group Report 1993, Hammer 1989, Kadlec and Knight 1996,
Moshiri 1993, and U.S. EPA 1988). Because of the construc-
tion and operation cost savings possible, the number of
municipalities benefitting from constructed wetland treat-
ment technologies has increased. In the Southwest, for
example, only four constructed wetlands treating municipal
wastewater existed in Arizona during 1990 and 15 existed in
1994. By 1997 Arizona had 26 municipal and onsite con-
structed wetlands operating, with an additional 24 wetlands
either awaiting approval or under construction (Anony-
mous 1997, Gelt 1997).

Natural wetlands, which include swamps, bogs, sloughs
and marshes, are often described as “nature’s kidneys” to
characterize the water quality improvements produced in
waters flowing through these systems (Mitsch and Gosselink
1986). Constructed wetlands are similar to natural wet-
lands. Both involve communities of wetland plants, associ-
ated microorganisms, and chemical reactions in the water
and soil substrates to purify water. Also, constructed wet-
lands are similar to conventional wastewater treatment
facilities. Both are technologically-based designs that
strive to enhance natural processes to cleanup wastewater.
But, because constructed wetlands rely much less on con-
crete and steel (and more on land surface area), construction
and operation costs are often much lower for wetland facili-
tieshaving comparable treatment capabilities. For example,
compared to the $360 to $625 million that officials esti-
mated as needed to upgrade Phoenix’s 91st Avenue
Wastewater Treatment Plant, the projected cost of develop-
ing the existing $3.5-million Tres Rios Constructed Wetland
Pilot Project into a full-scale facility was an additional
$80 million (Gelt 1997, Greeley and Hansen 1996). That is,
upgrading the wetland treatment system was projected to
cost only 13 to 22 percent of the cost for a concrete and
steel upgrade to the plant to meet the same water quality
goals.
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Beyond treatment benefits, constructed wetlands also
generally provide significant additional economic and soci-
etal benefits by enhancing a diversity of tourist, recreation,
education, and wildlife habitat attributes associated with
the wetland. Some benefits documented for the 150-acre
Arcata Marsh and Wildlife Sanctuary include use by water
birds, estimated at 1,492,253 use days per year, and water-
fowl, 98,689 use days per year. Estimates for picnicking, re-
laxing, birdwatching, nature studies, jogging, walking, edu-
cation, fishing, photography and art, vary from 5 to 80 people
per day, at 2 to 4 hours per visit. This open-surface con-
structed wetland system was developed between 1985 and
1989, and treats 2.6 mgd of municipal wastewater from
Arcata, CA (Gearheart and Higley 1993). Similarly, development

plans for the 800-acre Tres Rios constructed wetland project
in Phoenix include accommodations for more than a half-
million visitors annually expected to access the recre-
ational and educational features of the project (Tres Rios
Recreation Technical Committee 1997).

Design and Methods

Albuquerque’s CWPP facility includes 12 individual
open-water (surface-flow) wetland treatment cells, each is
102-feet long and 40-feet wide (fig. 1). The constructed
wetland cells cover about 1.1 acres. Four wetland plant
species were planted in duplicated plantings across six pairs
of these cells to monitor effects by these communities on
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Figure 1—Schematic diagram of the facility design for the City of Albuguerque’s
Constructed Wetland Pilot Project. (Note: Flow rates assume 72-hour retention
time in each cell; diagram shows locations for sample collections for wetland
influent (CWPOOINF) and for wetland effluents (CWPO7EFF-CWP12EFF) in-
cluded on various subsequent figures in this report).
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water quality, water loss through evapotranspiration, and
incidental habitat attributes. The water source for the wet-
land is treated, dechlorinated SWRP effluent, which is
diverted to the wetland shortly upstream from the convey-
ance structure carrying SWRP effluent to the Rio Grande.
The SWRP effluent is then distributed to the surface of the
wetland cells. For most of the study, wetland flows were
single-pass, through the length of the cells, before being
discharged at the ends opposite from the inflows through a
French-drain located along the bottom of the cells. Final
effluents from most wetland cells are recycled back into the
SWRP’s treatment waters.

Starting in March 1997, the effluents from Cells 9 and 11
were directed into Cell 7, and the effluents from Cells 10 and
12 were directed into Cell 8. This was done, not to address
specific treatment issues, but to allow greater latitude to
increase flow volumes to Cells 9 through 12. The effluent
flows from 7 and 8 are then recycled back into the SWRP.
Operation of the wetland facility has focused on maintaining
a 3-day target hydraulic retention time in each of the cells,
with water depths ranging from 6 to 36 inches, as appropri-
ate for the plant species inhabiting each wetland cell. Under
the target hydraulic retention time, total target flow to the
wetland facility was approximately 115 gallons-per-minute
(gpm), 0.17 mgd, and 185 acre-feet per year.

Sampling was conducted from June 1996 through May
1998 to assess the removal efficiencies in each wetland cell
for parameters of potential concern for future NPDES dis-
charge limits. Of particular concern, ammonia, nitrate plus
nitrite, total organic nitrogen, biological oxygen demand,
and total suspended solids samples were collected every two
weeks for analyses. Every four weeks, metals samples were
collected to assess silver, aluminum, and arsenic removals.
All analyses were conducted at the City of Albuquerque,
Public Works Department, Water Quality Laboratory.

Treatment wetlands generally include a series of wetland
cells, rather than the parallel, single-pass wetland flows
studied in the CWPP. Each cell in the series typically has
different vegetation types, water depths, and hydraulic
retention times to produce different environmental condi-
tions that sequentially address different water quality res-
toration issues. Selection of vegetation types used in these
sequenced wetland cells often includes consideration of the
potential ecological benefits of the plant communities to
both aquatic and terrestrial animals.

In a simplified example, treatment wetlands constructed
to address nitrogen removal commonly hold a community of
larger emergent plants (for example, bulrush) in the first
treatment cell. These cells commonly contain very low to no
oxygen in the shallow waters surrounding the plants to aid
nitrate removal. Such conditions also aid the breakdown of
organic materials, converting organic nitrogen to ammonia.
The second community in the treatment series is often a
deeper, open-water, often pond like area, where ammonia
discharged from the previous wetland cells is converted into
nitrate. Next, a second emergent community often serves
largely as a filter to remove suspended algae and other
material, before the wetland water is discharged. The dis-
charge structure for the wetland can produce additional
water quality effects. Figure 1 provides an expanded but still
simplified characterization of water quality effects possible
through a series of wetland cells having different vegetation
and treatment characteristics.

When reviewing and assessing the results from the CWPP,
it is very important to understand that the design and
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operation of this facility have produced conditions that test
effects on water quality produced by alternative wetland
communities that might be used as the first wetland treat-
ment component, as described in figure 2. In a full scale
wetland facility, effluents from wetland cells, which had
been designed and operated like the CWPP cells, would
commonly discharge into a series of subsequent wetland
cells for additional treatment, very commonly through se-
quenced oxic (oxygen containing) and anoxic (oxygen lack-
ing) water conditions. Thus, the water quality effects re-
ported in the following sections represent example results
from a range of water quality changes obtainable with
passage through only the first wetland cells from a possible
series of additional wetland communities. Because the CWPP
cells represent, in effect, only the first part of what could be
some potentially larger treatment wetland design, their
results are best characterized as likely representing the low
to average range of the treatment benefits possible for
SWRP effluents using wetland polishing. The water quality
conditions in effluents from the CWPP cells reported here
cannot be extrapolated to represent either the best or final
water quality results obtainable for SWRP effluents using
constructed wetland treatment.

Results and Discussion

Hydrology Characteristics in the Wetland
Cells

Hydraulic flow regimes in the wetland cells were rela-
tively consistent during 1997, reasonably approaching tar-
get 3-day retention times. During 1996, hydraulic consis-
tency and integrity of the wetland cells were compromised
due to problems with the wetland’s influent delivery system
and holes in the liners of the wetland cells caused by
muskrats that colonized the facility. The improved 1997
results occurred, first, because of improvements to the
influent plumbing that were installed and maintained by
the wetland staff. Second, removal and exclusion of musk-
rats from the facility allowed successful patching of holes in
the wetland liners.

Water Quality Changes in Routine SWRP
Discharges

Focusing on the period from March to November 1997,
the observations and results from this project show the
following:

Silver concentrations in SWRP effluents and CWPP
influents for 1997 both averaged 0.6 ug/l (fig. 3). During
this period, average effluent concentrations from wetland
Cell 5 (3-square bulrush) were less than the potential 30-d
average NPDES limit of 0.21 pg/l for a 76-mgd discharge.
Statistical analyses indicate that Cell 3 (spikerush), Cell 5,
and Cell 7 (open-water/ duckweed) produced effluent silver
concentrations that were significantly less than influent
concentrations. Greatest variability in silver effluent con-
centrations occurred in Cell 4 (spikerush), Cell 8 (open-
water/duckweed), and Cell 1 (mixed species), respectively.
(Recall that effluents from Cells 9 - 12 provided the influents
to Cells 7 and 8.) Statistical analyses also indicate there was
no significant difference in net removal of silver among the
wetland cells, i.e., no cell was particularly better at removing
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Figure 2—Common design components (cells) and typical functions for a free-water surface con-

structed treatment wetland.

silver than another cell. The variability for silver in CWPP
effluents suggests that some recurring analytical interfer-
ence or sample contamination problem (for example, en-
trained particles) may have produced high concentration
spikes.

Aluminum in SWRP effluents and CWPP influents aver-
aged 82.6 and 98.6 ug/l, respectively (fig. 3). Average effluent
concentrations from all wetland cells, excluding Cell 3
(spikerush), produced effluent concentrations that averaged
less than the pending 30-d average low flow NPDES dis-
charge limit of 60 ug/l for aluminum during 76-mgd dis-
charges. Statistical analysis indicated that all cells during
this period, except Cell 3, produced effluent aluminum
concentrations that were significantly less than wetland
influent concentrations. Greatest variability in aluminum
effluent concentrations occurred in Cell 3. Statistical analy-
ses also indicate that no cell was significantly better at
removing aluminum than another cell.

Arsenic concentrations in SWRP effluents and CWPP
influents averaged 7.0 and 7.1 ug/l, respectively (fig. 3). Both
values are less than the existing 30-d average limit for
arsenic of 13.7 ug/l. Cell 5 (3-square bulrush) produced the
minimum average effluent arsenic concentrations. This ef-
fluent averaged 5.1 ug/l, which is markedly greater than a
potential 30-d average NPDES discharge limit of 0.031 ug/
1 for low-flow 76-mgd discharges. Statistical analysis of the
wetland effluent arsenic concentrations indicated that efflu-
ents only from Cells 5 and 6 (both 3-square bulrush cells)
were significantly less than concentrations in wetland influ-
ents. Statistical analysis also indicated that positive net
removal of arsenic by Cell 5 was significantly better than
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occurred in Cells 1 and 2 (mix species), Cell 3 (spike rush),
Cell 7 (open-water/duckweed), and Cells 9 and 10 (deepwater
plantings of softstem bulrush); no other significant differ-
ences in net removal of arsenic were indicated.

Ammonia concentrations in SWRP effluents and CWPP
influents, averaged 4.5 mg/l and 6.9 mg/l, respectively (fig.
3). Average concentrations in effluents from wetland cells
averaged 4.1 in Cell 5 (3-square bulrush) to 7.2 in Cell 12
(shallow plantings of softstem bulrush), reflecting the an-
oxic water quality conditions maintained in these cells, as
discussed above. Average concentrations in the SWRP efflu-
ent and all CWPP effluents exceeded the pending 30-d
average low-flow NPDES limit of 1.0 mg/l. Wetland dis-
charge likely could meet permit limits through construction
of a direct injection of air or turbulent producing outlet
structure or to enhance nitrification and volatilization.

Nitrate plus nitrite concentrations in SWRP effluents and
CWPP influents averaged 10.6 and 8.9 mg/l, respectively
(fig. 3). Average concentrations in effluents from wetland
cells averaged 0.3 and 0.5 mg/l in Cell 3 and 4 (spikerush
cells) to 3.3 in Cell 10 (deep plantings of softstem bulrush).
Average concentrations in effluents from all wetland treat-
ments cells were less than the pending 30-d average low-flow
NPDES limit of 9.0 mg/1.

Total Kjeldahl Nitrogen (TKN) or organic nitrogen in
SWRP effluents and CWPP influents in 1997, averaged 9.6
and 8.9 mg/l, respectively (fig. 3). Average concentrations in
wetland effluents ranged from 6.7 mg/l in Cell 5 (3-square
bulrush) to 9.1 mg/l in Cell 8 (open-water/ duckweed). The
NPDES permit contains no limit for TKN.
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Figure 3—Average Concentrations, March-November 1997, in effluent from SWRP, influent to CWPP, and
effluents from CWPP Cells 1-12 (showing present and potential future NPDES discharge permit limits).
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Biological Oxygen Demand (BOD) averaged 16.4 mg/l in
the SWRP effluent and 9.7 mg/l in the wetland influent (fig.
3). Average concentrations in effluents ranged from 3.3 to
5.1 mg/l for all wetland cells, with the exception of Cell 4,
which averaged 6.8 mg/l. The 30-d average BOD under the
existing NPDES limits is 30 mg/l; the pending 30-d low-flow
CBOD limit is 10 mg/l.

Total Suspended Solids (T'SS) during 1997, averaged 17.0
mg/l in the SWRP effluent and 8.9 mg/l in wetland influent
(fig. 3). For wetland effluents, average TSS ranged from 1.3
to 3.4 mg/l in all but two wetland cells; average TSS from
Cells 3 and 4 (the two spikerush cells) averaged 6.3 and 8.3
mg/l. The present and pending low flow 30-d average NPDES
limit for TSS limit is 30 mg/1.

Fecal Coliform averaged 480 counts/100 ml in the SWRP
effluent and 460 counts/100 mlin the CWPP influent (fig. 3).
Across the CWPP effluents, fecal coliform ranged from 386
counts/100 ml in Cell 4 to 2896 counts/100 ml in Cell 3 (the
two spikerush cells). The 30-d average fecal coliform limit
under the present NPDES permit is 500 MPN/100 ml and
the pending limit is 100 counts/100 ml. For the wetland
effluents there were 79 cases where fecal coliform exceeded
100 counts/100 ml.

Fecal streptococci (F'S) have been used with fecal coliform
(FC) to differentiate human fecal contaminations from that
of other warm blooded animals. In editions of Standard
Methods for the Examination of Water and Wastewater
previous to the 17t edition (American Public Health Asso-
ciation 1989), it was suggested that the ratio of fecal coliform
to fecal strep could provide information on the source of
contamination. A ratio greater than four was thought to
indicate human fecal contamination, whereas a ratio of less
than 0.7 suggested contamination from non-human sources.
In the 19th edition (American Public Health Association
1995), however, the reliability of these ratios is questioned
due to poor survival rates for certain fecal strep groups in the
environment (which would tend to increase FC/F'S ratios)
and for other analytical-based reasons (which could de-
crease theseratios). Consequently, theseratios are no longer
considered dependable for use in differentiating between
bacterial contamination sources. Nevertheless, lacking an-
other suitable alternative, it may be instructive to note that
of the 79 FC exceedances recorded in the wetland effluents,
only five effluents held FC/F'S ratios greater than four,
which may indicate human source contamination. Four of
these events occurred during, and the fifth shortly after, the
July-August 1997 SWRP upset, which is described in the
next section. Ofthe remaining 74 exceedances, 45 cases (i.e.,
60 percent) held FC/FS ratios less than 0.7, potentially
indicating non-human bacterial sources.

Variability in analytical results for monitored water qual-
ity parameters produced marked differences between corre-
sponding averages for some analyzed water quality param-
eters in the SWRP effluent and the CWPP influent
concentrations, as noted above. These differences may be
attributable to unquantified differences due to sampling
times, sampling frequency, sample collection or handling,
possible wetland piping effects, or other causes. For ex-
ample, 24-hour composite samples are used to characterize
most constituents in the SWRP effluent. In contrast, analy-
ses to characterize CWPP influents and effluents are based
on individual grab samples. Despite differences in the sam-
pling approaches used, comparisons between overlapping
sampling intervals indicate that the results from the CWPP
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influent samples for most analytes are reasonably represen-
tative of conditions in the SWRP effluent samples. In turn,
analyte results for grab sample collections of CWPP efflu-
ents are assumed to be generally representative of the range
of potential discharge conditions for the individual wetland
cells. Questionsremain, however, as to the cause of occasion-
ally high concentration spikes for individual constituents in
the CWPP effluents. Specifically, questions exist on whether
these concentration spikes would have appeared if composited
samples had been use to characterize the CWPP effluents.

Water Quality Benefits of the Wetland
During Treatment Failure

During late July and early August 1997, the construction
upgrade activities at the SWRP adversely affected the mi-
crobial flora in activated sludge treatment tanks, leading to
treatment failure. During this period, SWRP effluents were
ineffectively treated with multiple and recurring NPDES
permit violations for total suspended solids, biological oxy-
gen demand, and fecal coliform. Water quality data collected
during this period clearly show the relatively high effective-
ness of wetland treatment to buffer downstream receiving
waters from many adverse effects during periods of treat-
ment facility failure.

TSS and BOD concentrations that violated NPDES per-
mit limits for the SWRP effluent showed significant im-
provements after flowing through the CWPP. T'SS concen-
trations detected during this upset in SWRP effluents ranged
over 180 mg/l, while effluent from all wetland cells were 19.0
mg/l or less, with most less than 4.0 mg/1; all TSS in all of the
CWPP effluents were less than the 30-d average NPDES
limit of 30 mg/1 for a 76 mgd discharge. BOD concentrations
detected in SWRP effluents during this upset ranged over
160 mg/l. Concurrent effluent BODs from all wetland cells
ranged between 4 and 16 mg/l, all less than the present
30-d average NPDES limit of 30 mg/l.

Benefits of the CWPP were observed in metals removal
through the course of this upset. Silver concentrations de-
tected in SWRP effluent and CWPP influent ranged to
0.51 ug/l, while concentrations of silver in effluents from
all wetland cells were at the minimum reporting limit for
silver, 0.05 ug/l. Aluminum concentrations detected in the
CWPP influent approached 110 ug/l; concentrations in efflu-
ents in wetland Cells 5, 6, 8, 9, 10, and 11 (including all
wetland vegetation species, except spikerush) were at or
near the minimum reporting value for aluminum, 0.40 ug/1.
Arsenic concentrations in the SWRP effluent approached 6
ug/1, while concentrations in effluents from the wetland cells
range from 3.1 to 4.5 ug/l.

Nitrogen components were generally removed over the
course of the treatment plant upset. Ammonia concentra-
tions in SWRP effluents and CWPP influents ranged over
19 mg/1, compared to effluent from wetland Cells 5 and 6
(3-square bulrush cells), where ammonia concentrations
were less than 12 mg/l, despite the severely anoxic condi-
tions existing in these cells. Nitrate plus nitrite nitrogen
concentrations in SWRP effluents ranged over 3.5 mg/l,
compared to average concentrations in all wetland cell
effluents of 0.2 mg/l, i.e., the minimum reporting value for
these analytes. TKN in SWRP effluents approached 32 mg/
1, compared to concentrations between 13 and 16 mg/l found
in effluents discharged from six (i.e., 50 percent) of the
wetland cells.
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Additional Considerations

Assessments of relative evapotranspiration rates (ET),
sediment metals accumulations, bioaccumulation of metals,
and the economics of wetland development and treatment,
have been used to evaluate the effectiveness of wetland
operation. Additionally, these evaluations aid in assessing
whether to expand on the pilot project technology by con-
structing a 5-acre or larger demonstration scale, or full-scale
treatment wetland.

Relative ET rates were assessed using an independent
estimate produced for the City. Potential water loss through
wetland evapotranspiration was determined for a 450-acre
wetland facility. The assessment revealed that ET could
reduce discharge volumes from the SWRP by, perhaps, 1,800
to0 2,250 acre-feet/year (i.e., four to five feet of water per year
over each acre of wetland).

Sediment metals accumulations were investigated by
research cooperators from the USGS BRD. Sediment samples
were collected from CWPP cells on February 19, 1997.
Concentrations were below or near the minimum reporting
values for total silver (<1 mg/kg), aluminum (<2 mg/kg),
arsenic (<5 mg/kg), and selenium (<5 mg/kg) in both the
inorganic and organic fractions assessed for all samples.
Typical environmental sediment concentrations were de-
tected for iron, manganese, mercury, and zinc.

The uptake of metals by organisms is termed
bioaccumulation. USGS BRD researchers assessed concen-
trations of silver, aluminum, arsenic, mercury, and sele-
niumin plant stems and roots, and benthic macroinvertebrate
tissues collected from CWPP cells and in bryophytes incu-
bated in wetland cells during August 25-28,1997. Silver was
not detectable in any of the tissues. Root concentrations for
aluminum, arsenic, and mercury ranged from nearly equal
to 10-times or greater than the stem concentrations. Root
concentrations for selenium were often less than stem con-
centrations for the CWPP plants sampled. Greatest root
concentration of aluminum, arsenic, and mercury occurred
in spikerush, with nearly equivalent concentrations found
in the roots of softstem bulrush. Concentrations of alumi-
num, arsenic, mercury and selenium were generally similar
for bryophytes incubated at CWPP cells and the Nature
Center (anatural wetland located upstream from the CWPP,
which acted as reference samples for this assessment).
With individual exceptions, concentrations of these four
metals in macroinvertebrates were variable, but generally
similar among samples collected from both CWPP and the
Nature Center.

An economic evaluation of wetland operation was consid-
ered in a 1997 draft benefit-cost analysis from the Univer-
sity of New Mexico (Holmes and Blackwell 1997). The
evaluation was conducted for a potential 500-acre treatment
wetland facility considered by the City. The analysis gave a
benefit-cost ratio of 1.17 for the conservatively short esti-
mated project life of 15 years for a 500-acre constructed
wetland facility (typical operational durations projected for
constructed wetlands range 20 or more years). Similar
analysis and results from other locations reveal that con-
structed wetland treatment facilities often pay for them-
selves through cost saving and usage benefits after rela-
tively short periods of operation.
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Conclusions and
Recommendations

Results from the pilot study offer support for constructing
a 5-acre or larger demonstration-scale treatment wetland,
which would enable increased realism to evaluate the effec-
tiveness of wetland polishing. These results also support the
option to purchase available land and begin construction of
a full-scale treatment wetland facility to provide beneficial
polishing of Albuquerque wastewater, with concurrent wild-
life and recreational benefits. The CWPP results indicate
that a wetland treatment system, if constructed using the
appropriate wetland plant communities in an appropri-
ately sequenced flow configuration, can produce significant
benefits for polishing metals, nitrogen compounds, BOD,
and TSS in wastewater discharged by the SWRP. Potential
issues related to bacteria and ammonia can be remedied
relatively cost effectively.
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Methods for Increasing Biodiversity in
Wetland Creation and Restoration Efforts

Ross Coleman

Abstract—Many wetland creation and restoration projects have
successfully restored or created appropriate hydrologic conditions
for the support of wetland ecosystems but have not been as success-
ful in establishing a diverse biota of native wetland vegetation.
Recent work in the propagation and transplanting of native wetland
plant seedlings offers promise for increasing biodiversity while
reducing the potential for invasive species to create monotypic
stands of low habitat value.

In recent years the values of wetland ecosystems have
been recognized on a global scale. Programs have been
enacted which encourage or require the creation, enhance-
ment, or restoration of wetland environments. While many
wetland projects have been very successful in establishing
fully functioning wetland ecosystems, others have met with
limited success for a variety of reasons, including low biodi-
versity of flora resulting from domination by one or more
“weedy” species.

Natural Colonization

The traditional approach to wetland vegetation establish-
ment has been something on the order of “build it and they
will come”. Ithas been assumed that by creating appropriate
hydrology, the wetland flora will respond. While this method
can be successful, especially in the instance where restora-
tionis taking place at the former location of a wetland where
extant seed banks are still viable (Dahm and others 1995),
frequently the result is less than satisfactory. The natural
colonization method gives the practitioner or wetland man-
ager little control over the species composition at the site.
One of the most common causes for low diversity of flora in
created and restored wetlands is due to the rapid coloniza-
tion ofinvasive species, many of which are persistent (Levine
and Willard 1990). While some of these species may be
locally native, others are either introduced exotics or recent
arrivals from another region of the country. Some of the most
troublesome species include: the genus Typha (cattails - four
species occur in the southwest), Phragmites communis (com-
monreed), Phalarus arundinacea (reed canary grass), Arundo
donax (giant reed), Lythrum salicaria L. (purple loosestrife),
and Sorghum halepense (Johnsongrass) (Whitson 1996, Corell
and Correll 1972). It is not unusual for some of these species
to create monotypic stands encompassing many hectares.
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The resulting wetland habitat is compromised with dimin-
ished wildlife, recreational, and aesthetic values.

Vegetation Establishment Via
Seedlings

Innovations in plant propagation technology and wetland
seed germination techniques have provided an alternative
method for the establishment of wetland vegetation. Most
common emergent macrophytes are now available commer-
cially as container grown seedlings from a number of resto-
ration and native plant nurseries. Some of these nurseries
offer custom growing for seed collected near the project site
or for rare plant materials. In recent years, wetland projects
that have utilized seedling transplants have noted success
in preventing or reducing domination by invasive species
while increasing the diversity of wetland flora (Ballek 1998).
Careful selection of plant materials for site climate, soil and
water chemistry, and hydrologic variability is essential. An
additional advantage to wetland vegetation establishment
from seedlings is the rapid colonization rates from rhizoma-
tous spreading. This is particularly important where soil
erosion control is needed. Colonization from existing seed
banks (often not present at wetland creation sites) or from
intentional seeding can be very slow due to the notoriously
low rates of germination for many wetland species (Hammer
1992). The use of genetically adapted container grown seed-
lings for wetland creation, reclamation, and restoration
projects may enhance many of the functional values associ-
ated with wetlands. Some of these include: food chain sup-
port, sediment control, habitat for fish, shellfish, waterfowl
and other wildlife, habitat for rare and endangered species,
water quality improvement, education and research, and
recreation (National Research Council 1992). Recent regula-
tory requirements for monitoring of wetland mitigation
projects as well as independent research, may provide addi-
tional information useful in assessing the value of wetland
plantings via containerized seedlings.
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Response of Vegetation, Soil Nitrogen, and
Sediment Transport to a Prescribed Fire in
Semiarid Grasslands

Carleton S. White
Samuel R. Loftin
Steven C. Hofstad

Abstract—Shrubs and trees have invaded semiarid grasslands
throughout much of the Southwestern United States. This inva-
sion not only has decreased grass cover, but also increased runoff
and erosion. In fact, sediment from rangelands constitutes the
single largest source of nonpoint stream pollutants within the
state of New Mexico. Fire, which was a natural factor that shaped
and maintained the grasslands, is a management tool that may aid
in restoring and maintaining grass cover. However, fire also poses
the risk of increasing erosion and further degradation because
protection afforded by vegetation is reduced immediately after the
fire. Using a randomized block study design, this study measured
vegetation cover, soil inorganic nitrogen (N) levels, and erosion
amounts associated with the first application of prescribed fire on
two semiarid grasslands. The potential for adverse effects from
these fires was great because they were performed at the begin-
ning of a drought period. After the first growing season following
the fire, grass cover returned to pre-burn levels, and both soil N
and erosion amounts were similar to the unburned areas. Thus,
prescribed fire for reducing shrub and tree cover may pose minimal
adverse risk even under drought conditions.

Fire shaped vegetative communities and played a role in
ecosystem dynamics long before the influence of humans.
Indeed, it is difficult to find a terrestrial ecosystem that has
not been influenced by fire. In North America, lightning-
ignited fires shaped prairies and forests (Biswell 1989; Cook
1995; Pyne 1982; Wright and Bailey 1982). Later, Native
Americans used fire for hunting, food gathering, and
maintaining open savanna-like landscapes, which provided
protection against enemy attack (Biswell 1989; Mitchell
1978, Pyne 1982; Wright and Bailey 1982). In the South-
western United States, widespread fires at 5- to 10-year
intervals probably maintained semiarid grasslands
(Collins and Wallace 1990; Cook 1995; Gottfried and others
1995; Wright 1980; Wright and Bailey 1982). Past research
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has demonstrated that shrubs and trees rapidly invade
grasslands in the absence of fire (Briggs and Gibson 1992;
Wright 1980).

In semiarid grasslands of the Southwest, shrub and tree
invasions occurred following periods of extensive grazing
and droughts beginning in the late 1800’s and extending
to the middle 1900’s (Buffington and Herbel 1965). Even
without grazing impacts, fire suppression in the mid 1900’s
created optimum conditions for shrubinvasion (Brown 1982),
which replaces soil-binding perennial grasses with shrubs
such as mesquite (Prosopis sp.), juniper (Juniperus sp.),
burroweed (Isocoma tenuisecta Greene), snakeweed
(Gutierrezia sarothrae (Pursh) Britt. & Rusby), and four-
wing saltbush (Atriplex canescens (Pursh) Nutt.). Burro-
weed and snakeweed, in particular, have replaced grass-
lands on millions of acres in the Southwest (Brown 1982).
Concurrent with shrub invasion is an increase in runoff
and sediment production from grasslands. In New Mexico,
sediment contributions from rangelands (predominantly
grasslands) constitute the second leading cause of stream
impairment by nonpoint source pollutants (NMWQCC 1994).

Sediment represents a direct degradation of water re-
sources, but it also represents the loss of productivity and
soil nutrients. Erosion in the Southwest is episodic in na-
ture, with most soil movement occurring after large, intense
storms (Debano 1977). Erosion is initiated by raindrop
impaction, which breaks down soil aggregates and suspends
claysin surface waters (Brooks and others 1991). Vegetation
cover, especially grass cover, reduces raindrop impaction,
whereas bare soil promotes runoff and loss of sediment and
nutrients. The increase in bare area associated with shrub
invasion contributes to increased erosion and runoff from
shrub-invaded grasslands (Weltz and Wood 1986). Thus,
erosion rates may decline if the grass canopy can be in-
creased and shrubs and bare soils decreased (Brooks and
others 1991; Morgan and Rickson 1995).

Drought also is a factor that leads to increased runoff
and erosion. Although counter-intuitive, Molles and others
(1992) reported increased summer runoff with decreasing
winter/spring precipitation in semiarid regions. Thus, peri-
ods of high runoff follow periods of winter/spring drought.
Mechanisms proposed by Molles and others (1992) to explain
this phenomenon include: (1) decreased vegetation and
herbaceous cover during drought increases the area subject
to raindrop impaction, which leads to increased runoff and
sediment transport; (2) an increase in soil hydrophobicity
(water-repellency) during drought increases runoff;
and (3) the increase in bare soil (and associated solar/
albedo relationships) may contribute to generation of
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higher-intensity summer thunderstorms following drought.
Davenport and others (IN PRESS 1998) demonstrate how a
slight decrease in vegetative cover, which represent areas of
sediment removal, can connect areas of bare soil, which
greatly increases the “connectiveness” of open spaces and
greatly contributes to runoff. Increased runoff has greater
energy to carry sediment and erode soils. Periods of soil
erosion and arroyo-cutting follow periods of drought be-
cause of the strong effects that ground cover has on erosion
rates (Wood and others 1987). Cutting of arroyos favors
shrubs with deeper root systems that can reach deeper soil
moisture.

Perhaps the most cost-effective way of shrub control is
through the use of prescribed fire. Fire favors grass growth
by killing shrubs (which reduces competition for shallow
soil moisture by shrubs), increasing essential nutrients in
ash deposition (which is released from litter and burned
vegetation), and by increasing light at the soil surface and
reducing litter that acts as mulch (Wright 1980). However,
in shrub-invaded grasslands, the use of fire faces several
potential problems. The lack of fuel continuity may not
carry a fire across the landscape, except with high winds
that usually exceed those allowed under current burn pre-
scriptions. Also, with very dispersed fuels, cost per unit
area increases and the area may require multiple applica-
tions of fire to significantly reduce shrub cover. The loss of
shrub and grass canopy immediately after a fire increases
the potential for soil erosion and nutrient loss. An area
treated with prescribed fire remains more susceptible to
runoffuntil the grass canopy can regain and exceed pre-burn
coverage. The combination of an increase in available nutri-
ents and reduced vegetation cover creates the possibility for
loss of nutrient and soil resources (Baker 1990; Vitousek and
Howarth 1991).

The effects of fire can range along a gradient from minimal
to extreme, dependent upon the interaction of a variety of
conditions. To evaluate the effects of fire in semiarid grass-
lands, we constructed conceptual models that identified
potential patterns of response in a number of variables
based upon fire intensity or time since burning. A major
factor determining the magnitude of responseis the fuel load
and its continuity, which are factors that contribute to fire
“intensity” (total energy released per unit area). If fuels
are sparse and/or widely separated, then fires will not carry
across the landscape and the effects would be minimal at the
landscape scale, but important to small areas (individual
plant scale). Sparse fuels with high fuel continuity may
carry a fire across the landscape, which will increase its
spatial coverage, but will still have low “intensity” (rela-
tively low maximum temperature, short residence times,
and shorter flame lengths). If fuels are high and relatively
continuous, then both coverage and intensity will increase.

Fire consumes above-ground vegetation, so vegetation
cover will show an immediate decline following fire. How-
ever, nitrogen (N) mineralized during combustion of organic
matter is expected to promote grass growth. Grass cover
may return to or actually exceed undisturbed conditions due
to reduction of litter, increased sunlight, and increased
available nutrients. This would likely continue until the
buildup of litter slows nutrient cycling or allows fire to
progress through the system once more.

The immediate release of available N by fire is well
documented in nearly all vegetation types, but there is little
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information on the effects of fire in semiarid grasslands on
potentially mineralizable N, upon which future productiv-
ity relies. The overall goal of management with prescribed
fire is to increase the rate of N turnover thereby favoring
vegetation that responds quickly to fire, particularly grasses
and forbs.

The objectives of this research were to determine the
effects of prescribed fire in two semiarid grasslands on
vegetation cover-type (bare, grass, or shrub), potentially
mineralizable N (as a measure of site fertility) and soil
erosion. Specific hypotheses included: (1) after an initial
decline in vegetation cover, grasses should respond more
rapidly than shrubs and achieve greater cover relative to
shrubs; (2) N in ash should increase the amount of mineral-
izable N following the fire, but mineralizable N should
return to that of control or unburned soils following re-
growth of vegetation; and (3) high intensity precipitation
should increase erosion following burning until the vegeta-
tion cover recovers, which would then lead to a decline in
erosion. This article presents the 1-year results of the
first in what is expected to be many prescribed fires
directed at decreasing shrub invasion into semiarid grass-
lands in central New Mexico.

Methods

Site Description

The research is conducted at two study sites near
Albuquerque, New Mexico. The West Mesa site is west of
the City on Open Space property (fig. 1), and the Bernalillo
Watershed is north of the City on Cibola National Forest
property (fig. 1). The elevation of the West Mesa site is
about 1820 m and the Bernalillo Watershed is about 1660 m.
The West Mesa soil is a fine sandy loam and the Bernalillo
Watershed soil is a clayey loam (CS White, unpublished
data, 1996). The West Mesa grassland represents a Great
Basin Desert Scrub/Desert Grassland ecotone, and the
Bernalillo Watershed represents a Plains-Mesa Grassland/
Desert Grassland ecotone (Brown 1982). Dominant peren-
nial grasses on the Bernalillo Watershed were: black, blue,
and sideoats grama (Bouteloua eriopoda (Torr.) Torr., B.
gracilis (Willd. ex Kunth) Lag. ex Griffiths, B. curtipendula
(Michx.) Torr.), respectively); purple threeawn (Aristida
purpurea Nutt.); galleta (Hilaria jamesii (Torr.) Benth);
and dropseed (Sporobolus sp.). Dominant perennial grasses
on the West Mesa were: Indian ricegrass (Oryzopsis
hymenoides (Roem & Schult.) Ricker): needle-and-thread
grass (Stipa comata (Trin. & Rupr.)); purple threeawn;
galleta; black grama; and dropseed. Annual precipitation
for both sites averages about 20 to 25 cm; however, precipi-
tation measured at the Albuquerque station of the U.S.
Weather Bureau during the study period was considerably
less than the monthly mean of the previous 40 years
(fig. 2a). A precipitation deficit began during the beginning
of 1995 and lasted through the first 5 months of 1996, after
which slightly higher than normal precipitation occurred
through the rest of 1996 (fig. 2b).

Both sites were removed from livestock grazing; the ani-
mals were removed in 1947 from the Bernalillo Watershed
and in the early 1970’s from the West Mesa. Despite the
removal of grazing, each site had a substantial shrub
component, particularly broom snakeweed. The Bernalillo
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Figure 1—Map showing the general locations of the Bernalillo Watershed and West Mesa
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Figure 2—Monthly mean precipitation for the Abq weather station for the period since 1960 (open), and monthly
precipitation (solid) during 1995 and 1996 (a), and cumulative departure curve from the long-term mean
precipitation volumes beginning in 1995 through 1996 (b).
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Watershed had extensive flood and erosion control features
constructed by the Soil Conservation Service and the Forest
Service in the 1950’s, including steep-slope terraces, furrow
plowing, pitting, check dams and grass seeding. These
efforts followed severe flooding and erosion that blocked the
main north-south highway with sediment in 1954, which
occurred during a period of record-setting region-wide
drought (Betancourt and others 1993).

Experimental Design

Each siteincludes eight plots; four control and four burned,
which were arranged in a randomized block design. At the
Bernalillo Watershed site, six plots (3 pairs of treatment
and control) are located on one mesa, while the other two
(1 treatment and 1 control) are located on a mesa to the
south (fig. 1). On the West Mesa, plots were arranged in a
near linear fashion below the ridge-line. At both sites, each
plot is 1 ha (100 m on a side) with at least 30 m separating
the plots on all sides. Soil and vegetation sampling took
place within a 60 m by 60 m area within the 1 ha plot to
protect against edge effects (fig. 3). Within each plot, three
permanently marked 60-m lines were used for vegetation
cover and density measurements. Soils were collected by
cover-type (shrub, grass, or bare soil) along three adjacent
60-m lines. In the Bernalillo Watershed, each plot had two
3 x 10 m runoff-erosion collectors, while the West Mesa had
only one collector per plot (to minimize potential disturbance
to archeological resources).

Prescribed Fire

The Bernalillo Watershed was treated with prescribed
fire November 15-16, 1995, with a total of about 168 ha
burned. The experimental plots were contained within the
burn area. The control plots were protected by fire retar-
dant foam applied around their perimeters. Weather condi-
tions were favorable for prescribed burning with warm
temperatures for the season (about 55 °F), moderate relative
humidity, and light winds. However, the fuelsin the Bernalillo
Watershed were discontinuous, which resulted in patchy
coverage by the fire.

The West Mesa site was treated with prescribed fire
February 14, 1996. At this site, only the treatment plots
were burned. Again, weather conditions were favorable for
prescribed burning with warm temperatures for the season,
moderate relative humidity, and light but steady winds.
Fuels were more continuous at this site and the grasses
were of taller stature, which allowed for nearly complete
burn coverage with only small patches that did not burn.
The plots were blacklined on three sides, then lit across the
top and the fire moved with the wind across the entire plot,
leaving only a few patches unburned.

Measurements

Vegetation Community Structure—Aboveground
cover of individual plant species, as well as non-vegetation
ground cover by categories (bare soil, litter, gravel and rock),
were measured using the Community Structure Analysis
technique (Pase 1981, Wolters and others 1996). Each of
the three 60-m vegetation transects within each plot were
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Figure 3—Design of experimental plots showing the
interior 60 m by 60 m area actually sampled, the soil
and vegetation transects (dashed lines) and the rela-
tive placement of the runoff collector (rectangular
shaded area in plot). Erosion bridges were installed
about 30 cm from the border of the runoff collector
centered along the top and one side of the collector
(darker shaded areas). Rain gutter with galvanized
sheet metal lip that drained into a 20 | bucket was
installed at the bottom of the collector.

measured. These transects were measured before the pre-
scribed fire, soon after the prescribed fire, and after the first
growing season after the fire.

Soil Measurements and Analyses—Soil samples
were collected three times at both sites; before the pre-
scribed fire, shortly after the prescribed fire, and after the
first growing season after the fire. Surface soil samples were
collected under three cover-types (shrub, grass, and bare
soil) by taking 4-cm wide cores to a depth of 20 cm at two
locations along three 60-m belt transects inside the sam-
pling area. The six soil cores of each cover type from each plot
were composited into a single sample. This sample design
produced one composite sample from each plot for bare,
grass, and shrub cover-types (sample-size of four for treat-
ment and control).

Samples were transported on ice to the University of
New Mexico, where they were sieved (2 mm), mixed, and
stored at 5 °C for further analyses. After determining water-
holding capacity (WHC)(White and McDonnell 1988), a
portion of each sample was adjusted to 50 percent of deter-
mined WHC and up to 11 subsamples were apportioned into
plastic cups. Each cup contained approximately 30 g dry-
weight mineral soil. One subsample of each sample was
immediately extracted with 100 ml 2 N KC1 for NH,*-N and
NO;-N analyses. The remainder of the cups were covered
with plastic wrap, sealed with a rubber band, and incubated
in the dark at 20 °C. The plastic wrap minimized water loss
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duringincubation, yet exchange of COy and Oy was sufficient
to keep the subsamples aerobic during incubation. Moisture
content was monitored by mass loss and replenished as
needed. At weekly intervals, one subsample of each sample
was removed and extracted with KCl for 18-24 h. The
clarified KCl was filtered through a Kimwipe® and analyzed
for NH,*-N and NO3—-N+NOy—-N on a Technicon Auto-
Analyzer (Technicon, Tarrytown, NY) as described in
White (1986). Mineralizable N was equal to the maximal
amount of inorganic N (sum of ammonium and nitrate)
produced during incubation by each soil.

Water content of the composited sample was measured
gravimetrically after 24-h desiccation at 105 °C. Soil texture
was measured by the hydrometer method (Day 1965).
These sampling and analysis methods allowed for the deter-
mination of soil characteristics by cover-type.

Sediment Yield—Runoff-sediment collectors were de-
signed after those used by the Water Erosion Prediction
Project (WEPP; USDA, 1196 Building SOIL, Purdue Uni-
versity, West Lafayette, Indiana 47907-1196). Size and
placement of the collectors at the West Mesa site were
negotiated with and approved by Albuquerque Open Space
archaeologists to minimize soil disturbance and damage to
articles of archeological value. Following site approval by
the State Historic Preservation Office, one collector per plot
was installed at the West Mesa site. Two collectors per site
were installed at the Bernalillo Watershed. All collectors
were constructed by installing galvanized flashing around
the perimeter of the 3 m by 10 m runoff collection area
after the fire treatment (fig. 3). Along the bottom 3-m side,
a plastic raingutter with galvanized flashing was installed
at ground level to collect runoff and sediment. At the end

Soil Bridge

of the gutter, a hole was dug and a 20-1 bucket was placed in
the hole and attached to the end-cap on the gutter by a
section of garden hose. Both sediment in the gutter and
bucket were collected at periodic intervals. This experimen-
tal design resulted in four treatment and four control sedi-
ment samples for each collection at the West Mesa site, and
eight treatment and control sediment samples at the
Bernalillo Watershed (two collectors in four plots).

Soil Erosion Bridge—Change in soil microtopography
within each runoff collector was monitored using two soil
erosion bridges (one parallel to the top and one along the
side of each collector; fig. 3) established within the collectors
prior to the burn. A soil erosion bridge measures small-scale
changes in soil microtopography (Shakesby 1993; Wilcox
and others 1994). The purpose of the bridge is to accurately
determine net soil gain or loss. Following a burn, contraction
and expansion of vegetation could coincide with movement
of soil from bare areas to vegetated areas. Movement of soil
at this scale could result in a simple redistribution of soil
with no net gain or loss. Similar to the pattern described by
Watt (1947), the soil surface may rise as individual plants
become established and mature (termed a building phase),
and then degenerates upon plant mortality, but the area as
whole could remain in equilibrium with simple redistribu-
tion of materials within the area. Soil bridges were utilized
to measure changes in soil microtopography to provide an
accurate measure of net soil movement.

The actual bridge is constructed from an aluminum bar
(35 mm square), 1.5 minlength, with 31 holes machined and
fitted with brass bushings at 5 cm intervals (fig. 4). The
bridge is situated on two permanent rebar stakes, leveled

Figure 4—Schematic drawing of soil erosion bridge showing end rebar, center nail at soil surface, and 5 measuring pins.
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with the help of a bubble level on the bridge, and secured
with wood shims to prevent movement of the bridge. To
increase the accuracy of this method, a spike with a dimple
in the head is driven into the ground below the center pin.
An aluminum pin is then inserted through the bridge and
into the dimple in the head of the nail. The end rebar stakes
and the center nail create a three point line, which increases
the accuracy over what would normally be a two point line
(Shakesby 1993; Wilcox and others 1994). Once the bridge is
secured, pins are inserted through holes in the bridge to the
soil surface and the portion of each pin extending above the
baris measured. The 30-point profile reflects the soil surface
topography. When measured over time, these measure-
ments document minor changes in soil surface dynamics
and net gain or loss in soil resources. The soil erosion bridges
were measured before the fire, immediately after the fire, in
July 1996 after the summer rains began, and after the first
growing season after the prescribed fire.

Statistical Analyses

Each site (Bernalillo and West Mesa) was analyzed sepa-
rately. Effect of prescribed fire on soil potentially mineraliz-
able N was analyzed using Analysis of Variance (ANOVA)
proceduresin SAS (SAS Institute Inc., Cary, NC). Soil bridge
measurements and sediment transport were analyzed using
repeated measures ANOVA procedures in SAS, which gen-
erated an analysis for the treatment, collection, and their
interaction factors. Effect of the prescribed fire on vegetation
cover was determined using the GLM repeated measures
procedure on SPSS (v7.5, citation). Unless otherwise indi-
cated, a significance level of P < 0.05 was used.

Results

Bernalillo Watershed

Vegetation Cover—Vegetation cover both before and
after the prescribed fire was relatively sparse and patchy,
which lead to high within-treatment variances for all
collections. Cover of total vegetation, grass, and shrubs
was the highest in the collection before the fire treatment
(fig. 5), which was near the beginning of below-normal
precipitation in the region (fig. 2). All cover-types declined
on treatment and control plots in the second collection, after
the prescribed fire. Total vegetation and grass cover in-
creased in the third collection to near that of the first
collection; however, shrub cover continued to decline in both
the control and treatment plots. For total vegetation cover,
grass cover, and shrub cover, treatment was not a significant
factor, nor was the time x treatment interaction. The time
factor was significant for the change in vegetation for both
time intervals (change from collection 1 to 2 (P =0.001), and
from collection 2 to 3 (P = 0.038)).

Mineralizable N—Extractable inorganic N (sum of am-
monium and nitrate) showed a general linear increase
throughout the 70-d incubation period for soils from all
cover-types (shrub, grass, and bare) from the Bernalillo
Watershed and the West Mesa sites. Thus, the sum of
ammonium and nitrate in the 70-d extraction equalled
mineralizable N in most soils. In soils from the Bernalillo
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Figure 5—Changes in vegetation cover (circles, total
cover; squares, grass cover; triangles, shrub cover) on
the control (open symbols) and burned (filled symbols)
plots at the Bernalillo Watershed. Arrow indicates when
the prescribed burn occurred.

Watershed, mineralizable N is greatest in soils under shrub,
slightly lower in soils under grass, and lowest in bare soils
(fig. 6) for all collections. The fire treatment and the inter-
action of fire and collection were not significant factors
(P > 0.05) on mineralizable N levels, but time of collection
was highly significant (P = 0.003). The effect of collection is
shown by both the treatment and control samplesincreasing
after fire and then decreasing on the last collection (fig. 6).

Erosion—The amount of sediment transported from each
collector was highly variable following the fire in both
treatment and control plots (fig. 7). Although the means of
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Figure 6 —Changes in mineralizable N content of soils
beneath different vegetation cover-types (circles, shrub;
squares, grass; triangles, bare soil) on the control (open
symbols) and burned (filled symbols) plots at the
Bernalillo Watershed. Arrow indicates when the pre-
scribed burn occurred.

USDA Forest Service Proceedings RMRS-P-7. 1999



1996

80
~~ 60 -
£ *e
=
.5 40+ o
72
o o
o
s 204
n o
g
0 1 1 1 1 T Io T T nl T T T
J A J (0] J
Months

Figure 7—Amount of soil trapped in the gutters at the
bottom of the runoff collectors in the control (open
circles) and burned (filled circles) plots for six different
collections during 1996 at the Bernalillo Watershed.
The first runoff events occurred in late June and early
July, 1996.

the treatment plots were consistently higher than the means
of the controls, there was no significant effect of the treat-
ment factor (P =0.102) on sediment transport, which in part
was due to the high within-treatment variance. Collection
was a highly significant factor (P < 0.001), while the treat-
ment X collection interaction factor was near significant
(P =0.052). In general, the relative difference between the
treatment and controls diminished during the course of the
first year, which would be consistent with a relatively
greater increase in cover on burned plots in response to the
precipitation from June 1996 through the end of the year
with a corresponding increase in site stability following
plot establishment.

Soil Erosion Bridges—The repeated measures ANOVA
identified that treatment, collection, and their interaction
were all significant factors (P = 0.038, P = 0.001, and P =
0.045; respectively) for the change in soil microtopography
in the Bernalillo Watershed. Both treatment and control
soils show a decline in soil surface (representing net erosion)
during the course of the study, except for the control plots
which showed no change or a net gain for the last collection
(fig. 8). The rate of loss appears greater in the treatment
than in the control plots.

West Mesa

Vegetation Cover—Vegetation cover was relatively
uniform across the plots and the grasses were taller than at
the Bernalillo Watershed, which led to much more uniform
coverage by the prescribed fire treatment. Initially, total
cover, grass cover, and shrub cover were similar between
the treatment and control plots (fig. 9); however, all three
cover types were significantly reduced following the pre-
scribed fire while cover by these types on the control plots
was unchanged. Following the first growing season after
the fire, grass cover on the burned plots increased 19.5
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Figure 8—Net change in the soil surface measured
below the erosion bridges within the control (circles)
and burned (filled circles) plots at the Bernalillo Wa-
tershed. Arrow indicates when the prescribed burn
occurred.

percent (from 0.7 percent cover to 20.2 percent), while grass
cover on the control plots increased by 4.7 percent (from
21.1 to 25.8 percent, which was not a significant increase).
Shrub cover was significantly reduced on the burned plots
after the fire and did not increase by the third collection.
Shrub cover in the control plots was not significantly differ-
ent after the fire, but declined between the second and third
collection. For total vegetation cover, grass cover, and shrub
cover, treatment and the time X treatment interaction fac-
tors were significant (P < 0.05).

Mineralizable N—Mineralizable N was highest in soils
under shrub, intermediate under grass, and lowest in bare
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Figure 9—Changes in vegetation cover (circles, total
cover; squares, grass cover; triangles, shrub cover) on
the control (open symbols) and burned (filled symbols)
plots at the West Mesa. Arrow indicates when the
prescribed burn occurred.
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soils (fig. 10). The repeated measures ANOVA identified
collection to be the only significant factor (P < 0.001) for
mineralizable N in soils of the West Mesa. Mineralizable N
increased in all soil-types following the prescribed fire in
both treatment and control plots, except for the soils under
grass in the control plots. All soils showed a particularly
sharp decline in mineralizable N following the summer
growth in both the control and burned plots.

Erosion—Treatment, collection, and their interaction
were not significant factors for soil erosion at the West Mesa
site. Variance was very high in all collections in both the
treatment and control plots. The high variance and small
sample size (four plots per treatment) resulted in no signifi-
cant differences between treatment and control plots
(fig. 11), but the means of the treatment plots were higher
than the mean of the control plots in all collections.

Soil Erosion Bridges—The treatment plots showed a
net rise in the soil surface immediately after the prescribed
burn, but the soil surface degraded to below the initial
level in both subsequent collections (fig. 12). The control
plots showed no significant change during the study period.
The only significant difference between the treatment and
control plots occurred in the immediate post-treatment
collection.

Discussion

To say that the weather conditions before and after the
prescribed fires were less than optimal would be an under-
statement. As with most management activities, an ex-
tensive planning and budget process preceded the actual
prescribed fires. The original study plan targeted a late
September-October prescribed fire at both sites, a period
when the days are still warm with breezes, but not high
winds, and maximum fine fuel in response to summer rains.
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Figure 10—Changes in mineralizable N content of soils
beneath different vegetation cover-types (circles, shrub;
squares, grass; triangles, bare soil) on the control (open
symbols) and burned (filled symbols) plots at the West
Mesa. Arrow indicates when the prescribed burn occurred.

90

1996

80
°
~~ 60 o
£
N
=
5 40 °
‘B [ JNe]
E ‘
= 20
= - O [ ]
3 o 8 o
O T T T T T T T T T T T
J A J 0 J
Months

Figure 11—Amount of soil trapped in the gutters at the
bottom of the runoff collectors in the control (open circles)
and burned (filled circles) plots for six different collections
during 1996 at the West Mesa. The first runoff events
occurred in late June and early July, 1996.

Instead, the drought that started at the beginning of 1995
continued through the summer, providing little new growth.
In September the rains exceeded the long-term average
(fig. 2b), which forced a delay until November for the Bernalillo
Watershed and February for the West Mesa. Optimally, ash
produced by the fire would have leached into the soil with
the light rains expected at that time of year. However,
precipitation continued below normal through the winter
and winds blew ash off the burned plots, which was evident
from the ash trapped by vegetation in the unburned plots.
In the Bernalillo Watershed, this was particularly impor-
tant because the control plots were “islands” within the
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Figure 12—Net change in the soil surface measured
below the erosion bridges within the control (circles) and
burned (filled circles) plots at the West Mesa. Arrow
indicates when the prescribed burn occurred.
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treated area and could receive ash from all sides. In contrast,
the treatment plots were “islands” within the sea of un-
burned grasslands at the West Mesa site, so potential ash
contribution was less than at the Bernalillo Watershed.
Rains finally came in June of 1996, but they were high
intensity thundershowers that generated runoff and soil
erosion, even on the control plots where vegetation was not
consumed by fire. Thus, the full benefit of nutrients in the
ash was not expressed at the treatment plots, and the control
plots benefitted from ash blown from the treatment plots.

For the collection after the fire, vegetation cover in the
control plots was less than before the fire, which in part
could have been caused by the persistent drought conditions
preceding the prescribed fire. However, trespass animals on
the site consumed an unknown amount of vegetation and
could be the cause of the observed decline. Perhaps the best
evidence of the drought was the persistent decline of shrub
cover throughout the first year of study. The decline may
indicate that shrubs are more susceptible to winter/spring
drought, which is the period when soil moisture at greater
depth is usually replenished. At both sites, grass cover in
both treatment and control plots increased in the final
collection while the shrubs showed no change or a decline.
Thus, the desired change in greater cover by grass relative
to shrubs occurred on both sites, but the change cannot be
attributed to fire alone because of the continued decline in
shrubs in the control plots at both sites.

Contribution of ash to the control plots may account for
the lack of an expected treatment effect in the soils of the
burned plots for mineralizable N. However, mineralizable N
also increased in the soils beneath shrubs and bare soils in
the control plots on the West Mesa after the prescribed fire.
This increase suggests that factors other than ash may
contribute to the mineralizable N pool in the soils over the
period between the pre- and post-burn soils. Possible expla-
nations for the increase in mineralizable N could be the
contribution of readily mineralizable N following mortality
of microbial or root biomass during the drought period
between the initial and post-fire soil collections.

The decline in mineralizable N content of soils in all plots
at both sites between the second and third collection coin-
cides with the increase in grass cover, which suggests that
the available N pool may be sequestered in current growth.
If precipitation remains above normal and available N is not
replenished before the next growing season, then the decline
in mineralizable N suggests that net primary production
may be limited by available N supply during the next
growing season.

The patterns of soil loss, although not statistically signifi-
cant in most cases, were consistent with our expectations.
Reduction in vegetation cover was expected to temporarily
increase potential soil erosion, and the treatment plots at
both sites had consistently higher (but not significantly
different) soil loss than the control plots (fig. 7 and 11). As
vegetation cover increased following the summer rains,
erosion tended to decrease on both the treatment and control
plots at both sites. It is possible that storm intensity also
decreased over the summer, which could, in part, account for
the apparent decline in erosion. This pattern of declining
erosion as the summer runoff season advanced was also
shown by Wilcox (1994) at another location in New Mexico,
and Yair and others (1980) observed similar declines in
sediment concentrations with repeated runoff events in arid
regions of the northern Negev.
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The soil bridges were installed on the sites before the
prescribed fires and before the flashing was installed
around the erosion collectors. The second bridge measure-
ments reflect the combined effects of soil loss between the
two collections, disturbance from installation of the flash-
ing, soil compaction from footsteps by personnel during the
prescribed fire, and trespass livestock at the Bernalillo
Watershed. Between the second and third sampling period,
both wind and water erosion could have contributed to the
soil loss seen at both sites. Rain splash and water erosion
probably were the major factors contributing to change
between the third and fourth collection, as evident from the
soil splashed onto the flashing between these collections
(personal observation). If the trend in increasing vegetation
cover continues, the soil surface is expected to stabilize, or
perhaps even show a net increase if the vegetation traps
enough particles and reduces compaction from rainsplash.

The soil bridges appear to over-estimate the rate of soil
erosion as seen in the runoff plot as a whole. When the
total mass lost during the study period from the erosion
plots is evenly distributed over the entire plot, the control
and treatment plots had an average loss of 0.09 mm and
0.14 mm, respectively, on the Bernalillo Watershed, and
0.12 mm and 0.2 mm, respectively, on the West Mesa. The
soil bridges indicate greater loss (1.0 mm and more) from all
plots, except the control plots on the West Mesa (fig. 8 and
12). Since the bridges were installed along the top and one
side of the erosion plots, it is possible that soil loss from
those positions is greater than from the plot as a whole.

Conclusions

Hypothesis 1: after an initial decline in vegetation cover,
grasses should respond more rapidly than shrubs and achieve
greater cover relative to shrubs. This occurred on both
grasslands, but cannot be attributed to fire alone.

Hypothesis 2: N in ash should increase the amount of
mineralizable N following the fire, but mineralizable N
should return to that of control or unburned soils following
regrowth of vegetation. This pattern did not occur, in that
mineralizable N in both treatment and control soils rose
after the fire and declined following the summer growing
period.

Hypothesis 3: high intensity precipitation should increase
erosion following burning until the vegetation cover recov-
ers, which would then lead to a decline in erosion. Although
not desired, this occurred at both grasslands with an appar-
ent decline in erosion as the summer progressed. However,
we can only assume the decline in erosion was due to
increased vegetation cover because the contribution from
other factors is unknown.

The results of this study are noteworthy for two reasons.
First, the weather preceding and following the treatment
with prescribed fire was very dry. This drought period lasted
until early summer. The subsequent thunderstorms were
frequent and heavy. Thus, it was expected that runoff and
sediment yields and nutrient loss would be significantly
greater from burn plots as compared to control plots. Sur-
prisingly, this did not occur with regularity. Second, shrub
cover was reduced and remained low relative to grass cover
after the fire at the West Mesa site, but not different from
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the controls at the Bernalillo site. Research from other
semiarid grasslands suggest that stimulation of grass growth
occurs for up to four years following fires in these systems
(Bock and Bock 1990;Pase and Granfelt 1977). Grass cover
in the burn plots would have to continue to increase without
an increase in shrubs for the management objective to be
met following the first fire. It was anticipated that many
fires may be required to obtain the desired objective. Future
management will require continued treatment with fire to
maintain the grassland in proper functioning condition.
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Watershed Health: an Evaluation Index for

New Mexico

Bill Fleming

Abstract—Although watersheds are not equally healthy, there are
no generally accepted criteria for evaluating and comparing them.
This paper suggests several criteria which numerically evaluate
watersheds in four ways: (1) riparian health, (2) aquatic
macroinvertebrate biodiversity, (3) hillslope soil loss and (4) up-
land land use/flood peak potential. Each criterion is semi-
quantitatively evaluated on a scale of 1 to 10, with 1 the healthiest
and 10 the least healthy. The index is applied to two subalpine
watersheds near Santa Fe, New Mexico, comparing them using the
four numerical criteria. The Rio en Medio, site of the Santa Fe Ski
Basin, was rated “good” (with a score of 4.1), while an adjacent
undeveloped watershed, the Rio Tesuque was rated “excellent”
(with a score of 2.5).

Methodology

Four methodologies for evaluating watershed health are
described and then combined to form a watershed health
index. An example is presented comparing two adjacent
watersheds with different land uses near Santa Fe, New
Mexico.

Riparian Health

Several authors, such as Barbour and Stribling (1991),
have suggested criteria for evaluating the health of ripar-
ian habitats in the Western United States. Although their
criteria is heavily weighted toward stream habitats for
fish, the index has been adapted for a wider range of
species by others (Fleming and Schrader, 1998). Ten criteria
are described in table 1, beginning with stream discharge
necessary to support a healthy aquatic habitat for
macroinvertebrates and fish. For an optimum environment,
several authors, including Barbour and Stribling (1991)
consider that 0.05 m?/sec (2 cfs) are necessary to support a
high-quality, coldwater fishery. If less that 0.01 cfs are
flowing, the habitat is considered “poor.”

Streambed geology and embeddedness are critical for the
maintenance of necessary void spaces in the substrate for
macroinvertebrate habitat. If more than 50 percent of the
material is comprised of grain sizes in the gravel, cobble and
boulder categories, the habitat is considered “optimum.”

In: Finch, Deborah M.; Whitney, Jeffrey C.; Kelly, Jeffrey F.; Loftin,
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Streamsreaches are evaluated with a “random walk” method,
in which the investigator crosses the stream in a zigzag
pattern, stopping every two steps to determine the size of
material in front of the instep of the wader (Sims and others
1995). At least 20 samples should be chosen in each reach
and a range of grain size percentages calculated. If more
than 50 percent of the substrate is sand size or smaller, the
habitat is considered “poor.”

Structural vegetation diversity is important for birds
and if grasses, shrubs and trees are present in the riparian
zone, this criterion receives an optimum rating. Vegetation
cover, expressed as a percent, is estimated by randomly
choosing a transect direction to walk, noting at every other
step whether or vegetation cover exists. Ninety percent
vegetation cover is optimum, while less than 50 percent is
considered poor. Vegetative diversity is evaluated by deter-
mining whether at least 10 different species occur in the
riparian zone, which is scored as optimum (less than 3
species is considered poor). The width of the vegetation
buffer is considered optimal is it exceeds 18 meters and poor
if it is less than 6 m. Canopy shading is considered optimal
if a mix of sun and shade, while full sun is considered poor.

The ratio of bankfull channel width to depth is optimal if
less than 7 (Rosgen, 1994) and poor if more than 25 (a very
wide and shallow stream). If the ratio of distance between
riffles to stream width is between 5 and 7, heterogeneity for
aquatic insects is optimal, while a ratio of more than 25 is
considered a poor habitat (Barbour and Stribling, 1991).
Upper bank stability is considered excellent if there are no
vertical and unvegetated banks, while more than 50 percent
of bank area in an unstable and eroding condition is rated
poor.

Table 1—Riparian health indices.

Parameter Excellent Good Fair Poor
Score 0-0.1 0.1-0.4 0.4-0.7 0.7-1.0
Flow (m*/sec) >0.05 0.03-0.05 0.01-0.03 <0.01
Streambed >50% boulders  25-50% 10-25% <10%
geology cobbles gravel
Embeddedness <25% 25-50% 50-75% >75%
Width/depth <78-15 15-25 >25
Bank stability >90% stable 70-90% 50-70% <50%
Buffer width >18m 12-18m 6-12m <6m
Vegetation >10 species 5-10 3-5 <3
diversity
Structural 3 height 21 1 sparse
diversity classes
Vegetation >90 % 70-90 % 50-70 % <50
percent
cover %
Canopy mixed sun/ sparse mostly sun  no shade
shading shade canopy or shade
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Biodiversity of Aquatic Insects

An important indicator of the long term health of a
watershed are species of aquatic macroinvertebrates. In-
sects remain in streams during transitory periods of floods,
drought, periods of turbidity or heavy metal inflow. The
benthic insects are affected by chemical pollution and physi-
cal changes such as temperature pH, discharge and sedi-
ment resulting from upstream land use activities. Whether
or not sensitive families of insects remain in a stream over
the long term is a useful indicator of upstream watershed
health.

Stoneflies are generally the order of insects most sensi-
tive to human impacts such as organic sewage pollution,
and if some of the more sensitive families are absent, it may
be indicative of nitrogen or phosphorus in higher than
natural concentrations. Usually stoneflies are a smaller
percentage of the insects (10-20 percent) and may be the
first to disappear with increased human impacts. Mayflies
are also sensitive to watershed disturbances, but may be
20-40 percent of the total number, and may be the next to
disappear in a stressed watershed. Caddisflies also include
species sensitive to sedimentation, in particular, but some
families are very tolerant and can live under highly dis-
turbed conditions (for example Hydropsychidae). Ifan insect
collection is dominated by midges or worms, the watershed
and stream may be very degraded. The different families,
and percentages of each family, are indicators of the health
of the watershed.

The tolerance to watershed disturbance of the families of
aquatic insects occurring in New Mexico is shown in table 2
(based on Winget and Mangum, 1979 and interpreted by
Jacobi, personal communication, 1996). Higher numbers
mean the insect is more tolerant to watershed disturbance,
and those with an index of 10 may survive in stream
systems with high concentrations of sediment, nutrients
and metals. Low indices indicate that the family is sensitive
to watershed disturbances (such as the Pteronarcyidae fam-
ily of giant stoneflies which dominates the upper Pecos
watershed).

To determine the biotic tolerance index for a watershed
above a sampling site, at least 100 insects are collected and
the numbers of each family determined. Numbers of each
family are multiplied by the tolerance index, and these
values added. The total number is then divided by the
number of insects collected to determine a biotic index for
the watershed or stream reach. If the index is less than 3.5,
the watershed condition may have little upstream distur-
bance, whereas values exceeding 7.5 may be highly impacted.

Hillslope Soil Loss

The Universal Soil Loss Equation has been used to predict
erosion rates in the Midwest for over 40 years, but only
recently has been adapted for Western forest and range
lands (Brooks and others 1997). In the West, the form of the
equation is usually the “modified” variety because the veg-
etation factor is better suited to forest and range lands than
the “agricultural practice” factor validated for hundreds of
erosion plots in the Midwest. The “modified universal soil
loss equation” (MUSLE) is used here as an indicator of
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Table 2—Tolerance index for New Mexico macroinvertebrates.

Tolerance index

Order Family (10= most tolerant)
Ephemeroptera Tricorythedae 10.0
(Mayflies) Baetidae 6.7
Siphlonuridae 6.7
Caenidae 6.7
Ephemerellidae 4.4
Heptageniidae 4.4
Leptophlebiidae 3.3
Plecoptera Perlodidae 4.4
(Stoneflies) Taenipterygidae 4.4
Nemouridae 3.3
Capniidae 3.0
Pteronarcyidae 2.2
Chloroperlidae 2.2
Perlidae 2.2
Leuctridae 1.7
Trichoptera Hydropsychidae 10.0
(Caddisflies) Limnephilidae 10.0
Psychomyidae 10.0
Leptoceridae 5.0
Brachycentridae 2.2
Lepidostromatidae 1.7
Rhyacophilidae 1.7
Coleoptera Elmidae 10.0
(Beetles) Hydrophilidae 6.7
Dytiscidae 6.7
Haliplidae 5.0
Odonata most families 10.0
(Dragonflies and Damselflies)
Diptera most families 10.0
(Aquatic Flies)
Non-insects most families 10.0

(snail, leeches, aquatic worms etc.)

upland watershed health because it integrates four factors
critical in evaluating hillslopes: (1) precipitation intensity,
(2) slope steepness and length, (3) soil stability, and (4)
vegetation cover.

The power of high-intensity, short-duration rainstorms to
erode soil in New Mexico watersheds has been evaluated by
the Soil Conservation Service (now the National Resource
Conservation Service, USDA, 1977), and dimensionless val-
ues generally increase with elevation. In the Rio Grande
Valley near Albuquerque, rainfall intensity corresponds to a
contour with a value of “20”, whereas the crest of Sandia
Peak has a value of “60” with much more powerful summer
rainfall impact on soil.

With steeper and longer slopes, runoff will attain higher
velocities and erode more soil, if other factors remain the
same. Watershed management texts interpret “slope fac-
tors” to be used in the soil loss equation (Brooks and others
1997). Slope steepness is quickly measured in the field
with a clinometer and slope length determined with topo-
graphic maps.

Depending on the grain size composition, percent of or-
ganic matter and infiltration capacity of soil, erosion poten-
tial changes (Brooks and others 1997). Soil surveys evaluate
the “K factor”, or erodibility factor, for soils, or publish grain
size compositions which allow K factors to be calculated.
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While the previous three factors in the soil loss equation
usually remain the same with watershed disturbance, the
vegetation cover may change significantly when develop-
ment occurs. Activities such as logging, grazing, ski trail
construction, roads, and housing development reduce the
vegetation cover, sometimes eliminating the most impor-
tant factor in protecting soil from intense rainfall. Water-
shed management texts list vegetation cover factors with
varying grass cover percentages and types of overstory
protection (Brooks and others 1997). Field surveys of cover
percent are made by randomly choosing several hillside
transects and pacing 10 steps per transect, noting whether
or not the front of the pace has vegetation cover or bare soil.

The four factors are then multiplied together, resulting in
soil lossin tons/acre/year. While forest and range landscapes
in the Western United States have not been validated with
same rigor as agricultural lands in the Midwest, values of
relative erosion rates are useful in rating watershed health.
The NRCS estimates that “tolerable” soil losses are those
exceeding 5 tons/acre/year, while Pimentel (1995) cites evi-
dence that 0.5 tons/acre/year is an average worldwide value
for the rate of soil formation (lower in arid regions and higher
in humid landscapes).

A simplified health index for soil loss relates erosion
rates to a what could be considered a sustainable rate of
1 ton/acre/year, which receives an “excellent” rating of one.
As rates increase, the rating increases, with a soil loss of
10 tons/acre/year having a rating of 10 (poor watershed
condition). Itisimportant to realize that manylandscapesin
New Mexico have erosion rates exceeding 10 tons/acre/year,
resulting in a “poor” rating for these areas.

Upland Land Use and Flood Peak Impacts

Land use in upper watersheds clearly has impacts on
watershed health and downstream flood peaks. For water-
sheds of less than a square mile, the “rational equation” is
often used by planners to predict downstream flood peaks,
based on watershed area, hourly rainfall intensity and a
land use factor. For larger and more diverse watersheds, a
method developed by the former US Soil Conservation Ser-
vice (now the NRCS), using runoff curve numbers, is a
generally accepted approach (Brooks and others 1997). The
SCS approach is similar to the rational method, but uses a
“runoff curve number” to evaluate land use and the
watershed’s hydrologic response in the form of flood peaks.

Since the objective here is not to predict changes in flood
peaks with land use alterations, but only to indicate the
critical factor involved in flood peak modifications, the curve
number will be used as an indicator for upland land use as
it relates to flood peak generation. As published by the
SCS in 1972, runoff curve numbers range from 6 to 94,
depending on the type of land use and how it impacts the
infiltration of surface runoff into the vegetation/soil cover.
Lower numbers indicate high infiltration rates and high
numbers low infiltration rates and consequent high flood
peaks (Brooks and others 1997). Table 3 shows one version
of curve numbers, and these are modified simply by division
by 10 so the index will correspond to the other three param-
eters in this analysis.
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Table 3—Runoff curve numbers and watershed land use (Marsh,
1998 and Brooks and others 1997).

Land use Curve number
Commercial (roads, shopping centers) 7.0-9.5
Residential (single family) 3.5-5.0

(multifamily) 6.0-7.5

Industrial (light) 5.0-8.0
(heavy) 6.0-9.0

Parks 1.0-2.5
Playgrounds 2.0-7.5
Cultivated farmland (flat) 1.0-4.0
(rolling: 5-10 percent slope) 2.5-5.0

(hilly: 10-30 percent) 3.0-6.0

Rangeland (poor condition) 7.0-9.0
(fair condition) 5.0-8.5

(good condition) 4.0-8.0

Forest (poor condition) 4.5-8.5
(fair condition) 3.5-8.0

(good condition) 2.5-7.5

Application to Watersheds Near
Santa Fe

The methodology is applied to two adjacent watersheds in
the Santa Fe National Forest, 15 miles northeast of Santa
Fe, New Mexico in the Sangre de Cristo Mountains. Each
watershed is slightly over one square mile in area, ranging
in elevation from 9,800 feet to 11,100 feet. The Rio en Medio
watershed is the site of the Santa Fe Ski Basin, in which
approximately 35 percent of watershed area has been devel-
oped with parking lots, lodges, septic tank fields, ski runs
and lifts. The Tesuque watershed is in a relatively undevel-
oped condition, with one road used only for hiking, ski
touring and the maintenance of telecommunications anten-
nae on Tesuque Peak. Table 4 summarizes the results.

Riparian health: Two riparian surveys were done in each
watershed, one at the base and a second approximately
0.3 miles upstream. Results of the two surveys were aver-
aged for each watershed. The Rio en Medio had an average
rating of 2.6 and Tesuque Creek 0.7. Major differences were
less riparian vegetation and more sediment and
embeddedness in the Rio en Medio.

Biodiversity of aquatic insects: A total of 486 insects
were collected from the Rio en Medio and 518 from the

Table 4—Watershed health indices for Santa Fe watersheds.

Watershed health index Rio en Medio Rio Tesuque
Riparian health 2.6 0.7
Macroinvertebrate biodiversity 4.3 3.1
Hillslope erosion rates 2.2 0.7
Land use/flooding potential 7.3 5.5

Total (divided by 4 indices) 4.1 2.5
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Rio Tesuque by the Santa Fe Preparatory School during
1993-94. Rio en Medio had an index of 4.3 and Tesuque
Creek 3.1, mainly resulting from a greater percentage of
stoneflies in the Tesuque (29 percent compared with 19
percent in the Rio en Medio).

Hillslope soil loss: Surveys on three slopes in both water-
sheds indicate an average erosion rate in the Rio en Medio
of 2.2 tons/acre/year, compared with 0.7 tons/acre/year in
the Tesuque. The difference results from hillslopes in the Rio
en Medio which have lower vegetation cover percentages
than the Tesuque.

Upper land use and flood peak impacts: Evaluations of
land use in the Rio en Medio resulted in a runoff curve
number of 7.3 because of the extensive ski area development.
The relatively undeveloped Tesuque watershed had a lower
curve number of 5.5. The flooding potential of both water-
sheds is relatively high for forested areas because of thin soil
covers which don’t store large amounts of soil moisture and
ground water for later baseflow.
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A Constructed Wet Meadow Model for
Forested Lands in the Southwest

Dave Pawelek
Roy Jemison
Daniel Neary

Abstract—Improving primary roads in the Zuni Mountains of New
Mexico must take into consideration the wet meadows and upland
areas. This study looks at spring flow rates, erosion, channels and
changes in plant cover and composition. The goal is to help planners
design environmentally sensitive roadways for wet meadow areas.

Wet meadows occur naturally in the high elevations of the
Zuni Mountains of New Mexico. These areas typically have
higher diversities of plant and animal species than adjoining
upland areas due to the availability of permanent or semi-
permanent water sources. The low-lying nature of these
areas has typically made them more suited for transporta-
tion routes and easier crossings than the immediate sur-
roundings. Road and railway beds built in these areas often
constrict and cut off the natural flow of water through these
areas. Constriction and blockage of natural drainage ways
can lead to incised channels and lowered water table levels.
The vegetation in these areas typically changes from mesic
to xeric in response to the decreased water availability.

The roads staff on Cibola National Forest in New Mexico
are working to improve primary roads in the forest that have
deteriorated and do not provide safe, year round access. In
addition, they are obliterating abandoned roads and rail-
road grades originally built to remove timber from the forest.
The design and construction practices used for new roads
considers them as part of the ecosystem. In areas where the
roads intersect drainages, structures are installed to permit
water to pass beneath the road surface unobstructed. Struc-
tures used include multiple raised culverts spread across
meadow crossings and French drains. Both types of struc-
tures limit the concentration of surface flows. Eroded chan-
nels and dewatered meadows as a result of improper road
designs and construction practices can be observed along
unimproved forest roads in the Zuni Mountains. The dam-
age created by these inappropriate designs and practices can
often be corrected and the areas rehabilitated.

Agua Fria meadow in the Zuni Mountains, 32-km south-
west of Grants, New Mexico is a forest meadow that showed
evidence of having been a wet meadow. Observations by
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forest personnel designing improvements for Forest Road 49
through the meadow, suggested that the area could have
been dewatered because of the location of old transportation
routes and drainage structures. A plan was developed and
implemented to rewet the meadow.

Before the road and meadow projects, Agua Fria was a
broad meadow with a relatively straight, 2-3 m deep, en-
trenched channel running down one side, that quickly fun-
neled runoff through the area from the upper watershed.
Several abandoned railroad beds and Forest Road 49 crossed
the meadow, perpendicular to the direction of water flow.
The vegetation cover across the meadow was a mixture of
xeric grasses, shrubs and forbs with a few large Ponderosa
Pine and Juniper trees scattered throughout the area.

During the construction phase, the entrenched channel
was back-filled in sections to prevent water from flowing in
it. Beginning near the top of the meadow, a new highly
sinuous channel, .6 m deep, was constructed down the center
of the meadow. The channel was built to create a step-pool
sequence type flow pattern. Straight channel sections form
the steps and curved bank sections, reinforced with tree
stumps serve as the pools. The beginning and end of each
channel section is delimited by a rock weir structure that
concentrates water flowing in the channel. Concentration of
the flow in the channel keeps soils and other materials
suspended in the runoff from settling to the bottom. The
roadway across the meadow was built on top of an earthen
berm elevated almost 2 meters at the high point. Sixteen
culverts were installed through the berm, spaced across the
active runoff section of the meadow to permit water to flow
underneath the roadway with minimal obstruction. At the
down stream end of the meadow, the new channel was
merged with the old channel. Meadow areas disturbed
during construction were tilled and planted with a mixture
of native grass seed to encourage the quick establishment of
vegetative cover to prevent soil erosion. The construction
phase of the project was terminated in the fall of 1996.

The channel and roadway projects have been monitored
since completion by regular visits to the site. Runoff has only
been observed flowing in the channel during the spring
while snow was melting on the upper watershed. Runoff can
also be generated by large rainfall events. However, obser-
vations of the channel during the non-winter months have
not demonstrated that rainfall has generated adequate
runoff to promote continuous flow in the channel. Spring
runoffin 1996 and 1997 rarely produced flows that exceeded
the bank full stage of the new channel. Erosion and deposi-
tion in the channel was negligible in these years. Seed
planted in the areas disturbed during construction germi-
nated, but did not grow well.
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Spring runoffin 1998 began in March and flowed continu-
ously until the end of May. Runoff exceeded the bank full
stage along most reaches of the channel until early April
after which regular flow measurements were continued. A
channel flow rate at slightly below bank full capacity was
measured and determined to be 34 cfs. We will attempt to
estimate what the maximum flow rates could have been
using high water marks noted upstream from the project
area. The high runoff rates observed during the spring of
1998 correspond with the 23 percent higher than the aver-
age annual precipitation observed for this area. Runoff
eroded and breached the channel in a number of locations,
which was expected. However, in one channel section to-
wards the lower end of the project, water that breached the
channel was inadvertently diverted away from the new
channel into the former channel. It was estimated that more
than half of the above bank full flow was diverted at this
pointtowards the old channel. The runoffflowed along an old
road and then along the course of the old channel. Most of the
old channel had been back filled from upstream to the lower
end of the project, so the water actually flowed on top of the
backfill. These overland flows created several long and deep
head cuts and gullies from the lower junction of the old and
new channels moving up the meadow.

Vegetation in the seeded and undisturbed areas grew tall
and dense during the spring and summer of 1998. A vegeta-
tion survey will be conducted in October 1998 to compare
plant cover and composition with pre-project conditions
measured in the fall of 1994. The roadway was not affected
in any way by the runoff across the meadow.
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Forty-five piezometers were installed across Agua Fria
meadow during September and October 1998 to monitor the
depth and distribution of the water table. The drilling
records will be used to determine the makeup of the subsur-
face soil layers. Forty 3-m deep wells were installed along 5
rows, uniformly spaced down the length of the meadow. The
remaining five wells were installed one per row, to a depth
of 10 m. During installation of the 10 m wells, freestanding
water was encountered at 9 m below the soil surface. Bed-
rock was encountered in one well at 10 m. The soil profile in
most wells consisted of thick clay layers divided by thin
layers of sand and gravel.

The hydrologic conditions required to support a wet meadow
currently do not exist in the Agua Fria meadow, based on our
observations to date. We anticipate that the recently el-
evated channel will direct sufficient spring runoff onto the
meadow surface and into the subsurface layers that a per-
manent to semi-permanent water supply is established that
will support wet meadow plant species. In the meantime, our
investigations are helping us understand how Agua Fria
meadow and Forest Road 49 function and change in re-
sponse to our interventions.

The results of our investigations will provide information
to resource managers and roadway planners that can help
them design environmentally sensitive roadways for wet
meadow areas. In addition, our results will document the
effectiveness of stream channel redirection as a method to
rewet a dewatered forest meadow.
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Effect of Spatial and Temporal Variability on
Water Relations and Growth in Pinyon Pine:
lll. Whole Tree Response

Teresa L. Newberry

Abstract—This paper is the final report in a larger study of water
relations in pinyon pine ecosystems. This last study looks at whole-
tree response to climatic variability; water use efficiency was stud-
ied using 13C measurements of tree-rings.

The purpose of this study is to explore the physiological
response of pinyon pine to spatial and temporal variability
on a whole tree level using information on physiology and
growth recorded in tree-rings. The rationale of this approach
is that water relations of pinyon pine and any long-lived
species can only be truly understood in the context of the
spatiotemporal heterogeneity inherent to natural environ-
ments. In addition to providing a more complete character-
ization, exploring a wide range of spatial and temporal
scales can lead to deeper ecological insights (Betancourt
1993, Ehleringer & Field 1993, Gosz, J.R. 1993, Gosz and
Sharpe 1989, O’Neill 1986). In semiarid regions, annual
precipitation provides a dominant limitation of the ecosys-
tem biomass, but is insufficient for predicting community
structure and composition. Rather, temporal variability in
precipitation has been hypothesized to more directly con-
strain community structure (Noy-Meir 1993, Crawford &
Gosz 1982, Neilson and others 1992, Sala and others 1992).
In addition to temporal variability, the high degree of spatial
variability inherent in natural environments also plays an
important role in community and ecosystem dynamics
(Bazzaz 1993).

This study is the final part of a larger study that explores
the water relations in pinyon pine on a variety of spatial
and temporal scales. The first stage of the study examined
physiological responses at a stomatal level measuring in-
stantaneous and seasonal responses to changes in soil and
atmospheric moisture. The second stage of this study
measured physiological response at a needle level integrat-
ing stomatal responses at annual and interannual time
scales. This study measures whole-tree response to climatic
variability using tree-rings and represents an integrated
response of both stomata and different-aged needle cohorts
over a period of five years. These layers of complexity in
water relations of pinyon pine have been examined in order
to answer such questions as: Which climatic variables are
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most important in affecting stomatal behavior and water
use efficiency and at what scale are they important: diurnal,
seasonal or annual? What is the diversity in physiological
response between individuals? Is there a physiological dif-
ference between ecotonal, xeric sites and mesic sites?

Since maximizing carbon gain and minimizing water loss
can be crucial in arid ecosystems where water is limiting,
the ability to adjust water use efficiency in response to
changing availability of water is an ecologically important
characteristic. In this study, water use efficiency is studied
using 13C measurements of tree-rings. The development
of isotopic models relating 3C to water use efficiency
(Farquhar and others 1982) has shown great promise in
providing physiologists with a powerful tool to investigate
physiological response at scales of growing seasons (Farquhar
and others 1988, Leavitt & Long, 1989, Leavitt 1994). Net
instantaneous water use efficiency (WUE), the ratio of
carbon assimilation to evapotranspiration, has been found
to correspond to high 13C—high 13C values corresponding to
high water use efficiency and vice versa (Farquhar and
others 1988). For long-lived species such as trees, combin-
ing this technique with tree-ring analysis provides a long-
term record of physiological response to changing climatic
regimes.

Specifically, this part of the study will address the follow-
ing questions:

1. Does water use efficiency change from year to year in
response to climatic patterns?

2. Does the whole tree response differ from the response
of different-aged needle cohorts?

3. Is winter or summer precipitation more important in
determining water use efficiency and growth in pinyon
pine?

4. Is the physiological response different at an ecotonal/
xeric site than at a more mesic site?

5. Is there a relationship between the plasticity of water
use efficiency and growth?

Methods

Site Description

The field sites are located in the Los Pinos Mountains on
the Sevilleta LTER in central New Mexico. There are two
field sites within about 3 to 4 kms of each other—one at
1700 m and the other at 2000 m elevation. Although the
two sites are in close proximity with only a small elevation
change, the site characteristics differ quite markedly. Goat
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Draw, is an open woodland located at the pinyon-juniper
woodland/juniper-grassland ecotone. The higher site, Cerro
Montoso, is a densely vegetated pinyon-juniper stand. The
lowest elevation site is representative of pinyon-juniper to
juniper-grassland ecotone. The density of pinyon pine is
much lower relative to the density of juniper. The higher
elevation site is representative of pinyon in the middle of its
range. Both sites are located on slopes of 10 to 20 degrees
with N-NW facing aspects. The soils of both sites are derived
from a granitic substrate and are coarse-grained in texture.
The physiological characteristics of both sites have been
studied extensively in previous studies. The Goat Draw site
is also an LTER site where population, growth and physi-
ological characteristics have been studied.

Sample Collection

Cores were collected from four individual trees from each
site. The trees selected were those from which extensive
physiological measurements had been made in the previous
portion of this project. Two cores were collected from each
tree: one in the north cardinal direction and one in the south
cardinal direction. The cores were surfaced and dendrochro-
nologically dated. The rings from individual years 1990 to
1986-1984 were separated under a binocular microscope
using a razor blade combining the material from the north
and south cores and analyzed for 13C. The samples chosen
for wood analysis were the same years on which leaf 13C
analysis had been conducted. Leaf 13C analysis was de-
pendent on the retention time of the needles.

Isotope Analysis

Isotope analysis was conducted on the cellulose isolated in
a procedure after Green (1963) as modified by Leavitt and
Danzer (1994) for small samples. The samples were com-
busted to carbon dioxide in an oxygenated atmosphere at
800C in a recirculating microcombustion line. The carbon
dioxide was analyzed mass-spectrometrically and 3C was
computed relative to the PDB standard (Craig 1957). All
analysis was conducted at University of Arizona Laboratory
of Tree-ring Research.

Climate Data

Monthly PDSI and precipitation values were obtained
from Socorro Weather Station. Annual Palmer Drought
Severity Index (PDSI) and precipitation was represented
by taking the mean value from October of the previous year
until October of the current year. Winter PDSI and precipi-
tation was presumed to represented by the mean values
from the months of November of the previous year until
March of the current year. Summer PDSI and precipitation
was estimated by taking the mean of the monthly values
from the period July to October.

Results

Variation in *C Over Time

The results of 13C analysis of wood shows the year to year
variation in water use efficiency in pinyon pine (fig. 1). These
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results show that although patterns for individuals
through time are very similar, the absolute values vary
between individuals. This would suggest that while indi-
vidual trees have different water use efficiencies, their
response to year to year climate variability is similar. These
results are very similar to those of Leavitt (1994) which
showed that the absolute values varied among individuals of
same species at a site while the patterns through time were
similar in both coniferous and deciduous trees. The most
marked feature of these patterns is the dramatic increase in
13C for all trees at both sites in 1989. For the most part the
weather patterns during the years measured were close to
normal years of precipitation, 1989, however, was an ex-
tremely dry year. There does not appear to be much differ-
ence in the range and patterns of 13C between sites. The
mean value and standard deviation of 13C values at Goat
Draw is —20.66 = .66 and at Cerro Montoso it is —20.71 +.75.

The carbon isotope values of annual rings in pinyon pine
represent the integrated measure of water use efficiency of
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Figure 1—Results of isotope analysis on wood at
Goat Draw and Cerro Montoso.
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all leaf cohorts over whole tree over the course of a year with
some lag factors due to carbon translocation and storage.
Typically, needle retention in pinyon pines at these sites is
between five to seven years. A comparison of same year
needle and annual 13C values show that while the wood
values tend to be isotopically lighter the patterns of changes
from year to year are very similar (fig. 2, 3). The fact that the
patterns of 13C are similar to !3C in needles suggests that
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del C-13

| Year

the overall water use efficiency of the tree is most likely
under physiological control (i.e., the instantaneous response
of stomata to changes in water status) rather than anatomi-
cal control (i.e., wax layers, number of stomata, sunkenness
of stomata, photosynthetic efficiency, etc.). It also suggests
that decreased water use efficiency due to aging of needles
is not an important factor determining the overall water use
efficiency of the whole tree.
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Figure 2—A comparison of leaf and wood isotope values for Goat Draw.
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Table 1—Results of regression analyses of climate vs. C'® values for Goat Draw —r?

values.

October to October

July to October

November to March

Tree # PDSI PPN PDSI PPN PDSI PPN
Tree#2 .87 43 .76 .05 .92 .88
Tree#14 .39 .23 .31 .03 .38 45
Tree#16 .93 .61 .83 .04 .92 .51
Tree#18 .09 .08 .04 .01 .07 .00
Site average .57 .34 .49 .03 .57 .46

Relationship of Climate with *C

This next section explores the relationship between 13C
and climate. Since the absolute values of 13C varied from
tree to tree separate regressions were done for each indi-
vidual tree and 13C for the site was obtained by taking the
average of the correlation coefficients for individual trees.
Based on the typical rainfall cycles in New Mexico, three
periods were considered with respect to 13C values: annual
(October to October), winter (November to March) and
summer (July to October).

Goat Draw—Results of regression analyses show that
October to October PDSI has a strong influence on the
isotopic composition of the wood in pinyon pine (r2 = .57)
while October to October precipitation has only a moderate
influence (r2 = .34) (see table 1 and fig. 4). There is a large
spread of responsiveness to PDSI from individual to
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individual. In the summer the difference in response to PDSI
vs. precipitation is most pronounced (r?2= .49 v. r2=.03). This
reflects the importance of evaporative demand as well as
water availability. These results are consistent with studies
on stomatal response to vapor pressure deficit which showed
that stomatal conductance is sensitive to changes in vapor
pressure deficit and relative humidity as well as leaf water
potential (Newberry, in prep.). In the winter PDSI and
precipitation have roughly equal influence on carbon isotope
values (r2= .57 v. r2 = .46) and, therefore, one may conclude
that evaporative demand does not play an important role in
winter due to cool temperatures. Both winter PDSI and
summer PDSI are equally important in determining 3C
values in pinyon pine (r2 = .57 v. r2 = .49) while winter
precipitation is much more important than summer pre-
cipitation (r2 = .46 v. r2 = .03). One interpretation of this is
that winter precipitation plays a greater role than summer
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Figure 4—October to October PDSI and carbon isotope values at Goat Draw.
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Table 2—Results of regression analyses of climate vs. C'® values for Cerro Montoso—

r2 values.
October to October July to October November to March
Tree # PDSI PPN PDSI PPN PDSI PPN
Tree#3 .30 .38 .33 0 .24 .98
Tree#6 .78 .54 .62 .07 .78 14
Tree#11 .19 .18 13 .05 .16 .06
Tree#15 .34 41 .36 .37 .32 19
Site average .40 .38 .36 12 .38 .34

rainfall in determining water use efficiency in pinyon pine
for the subsequent growing season due to recharge of soil
water by snowfall while overall weather conditions (re-
flected in PDSI) of both seasons play the strongest role.

Cerro Montoso—Overall the response of PDSI and
precipitation was lower at Cerro Montoso than at Goat Draw
(table 2 and fig. 5). For example at Goat Draw r2 was .57 for
October to October PDSI while at Cerro Montoso it was .40.
This is consistent with previous results which showed that
the stomata of the trees at Goat Draw were more sensitive
tochangesin environmental conditions than at Cerro Montoso
(Newberry, in prep.). Like Goat Draw, summer PDSI had a
greater effect on carbon isotope values and thus water use
efficiency than summer precipitation (r2= .36 v. r? = .12).
Like Goat Draw, 13C values were equally dependent on

winter PDSI and winter precipitation. Also winter and
summer PDSI were equally important in determining the
annual water use efficiency of pinyon pine.

Growth and Climate

At Goat Draw growth is most strongly dependent on
October to October PDSI (r2=.70) (table 3). This relationship
is curvilinear. October to October precipitation also plays
an important role in determining the annual growth rate
in pinyon pine (r2 = .55). Summer and winter PDSI and
precipitation appear to have equal importance in deter-
mining growth rates. There is some variability in growth
response of individuals, but not as great as the range of
water use efficiency response (r2 = .57 to .85 for Oct to Oct.
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Table 3—Results of regression analyses of climate vs. growth for goat draw and Cerro

Montoso-r? values.

October to October

July to October

November to March

Tree # PDSI PPN PDSI PPN PDSI PPN
Goat Draw .70* .55 .54 .31 .62* .30
Cerro Montoso .54~ .49 .62 .22 48™ .33

*curvilinear relationship

PDSI & growth). Some trees had a curvilinear growth
response while in others the relationship was linear.

At Cerro Montoso growth is most strongly dependent on
July to October PDSI (r2 = .62) although this is only just
slightly greater than the correlations with October to Octo-
ber PDSI (12 = .54) and November to March PDSI (r? = .48).
These relationships are curvilinear. October to October
precipitation has an r? of .49. Similar to Goat Draw some
trees have a linear growth response while others have a
curvilinear growth response. There is also a range of growth
responses ranging from r? = .49 to 87 for July to October
PDSI & growth.

Growth and Water Use Efficiency

A question of great ecological significance is do the trees
with the ability to increase their water use efficiency during
periods of drought have higher growth rates. Unfortunately,
it is impossible to answer this question directly because in
years of drought, growth rate is reduced. The relationship
between growth and physiological response to climate can be
examined indirectly however using several different ap-
proaches. The following questions could be asked: Does the
ability of individual trees to respond to drought by maximiz-
ing water use efficiency increase the total growth over the
time period studied? And, does a strong correlation of 13C
with climate mean a higher year to year variability in
growth? Regarding the correlation coefficients of 13C and
annual PDSI, total growth over the period studied, and the
standard deviation of annual growth over the period stud-
ied, there does not appear to be any relationship between
any of these variables. This does not mean that water use
efficiency does not maximize growth in pinyon pine, but
instead that other factors influencing growth such as photo-
synthetic rates, duration of photosynthesis and total leaf
area are very important in determining growth rates in
pinyon pine.

Conclusions

Water use efficiency in pinyon is variable from year to year
in response to PDSI. Precipitation plays a secondary role
relative to PDSI in determining water use efficiency espe-
cially in the summer months when evaporative demand is
high. These results are consistent with previous studies
which have shown the stomata to be sensitive to both soil
moisture and vapor pressure deficits (Newberry, in prep.).
Both winter and summer PDSI are equally important in
determining water use efficiencies in pinyon pine. Winter
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PDSI is most likely very important because of the winter
precipitation recharges soil water by snowfall prior to the
next year’s growing season.

At Goat Draw growth is most highly dependent on October
to October PDSI while at Cerro Montoso, Cerro Montoso is
most highly dependent on July to October PDSI although
this is just slightly greater than the dependence on October
to October PDSI. A comparison of the summer and winter
PDSI and precipitation shows that both seasons are impor-
tant in determining growth rates for both Goat Draw and
Cerro Montoso.

The patterns of wood isotope values through time are
very similar to the leaf patterns although the wood tends to
be isotopically lighter than the leaf material. This result
suggests that the overall water use efficiency of the whole
tree is a function of physiological factors such as the instan-
taneous response of stomata to changes in water status
rather than anatomical factors such as wax layers, number
of stomata, sunkenness of stomata, photosynthetic effi-
ciency, etc. It also suggests that decreased water use effi-
ciency due to aging of needles is not an important factor in
determining the overall water use efficiency of the whole
tree and the 13C composition of the tree.

Although patterns of 13C through time are very similar
among individuals at both sites, there is a high range in
absolute 13C values and thus one would conclude that
there are differences in water use efficiencies between
individuals. The results of the regression analyses of 13C
with climatic factors show that there is also a range in the
responsiveness of water use efficiency to year to year changes
in weather conditions—although as mentioned above the
trees almost always move directionally in the same way. My
attempt to show that trees that were able to increase water
use efficiency would have higher growth rates was unsuc-
cessful. This is most likely because other factors contribut-
ing to growth such as total leafarea, time spent photosynthe-
sizing and photosynthetic rates also play an important role
in determining growth rates. In fact, results of a previous
study show that pinyon is a drought avoider and will com-
pletely shut its stomata in response to drought as opposed to
keeping stomata open while increasing water use efficiency
(Newberry, in prep.).

Although, the mean and standard deviation of 13C values
the two sites were identical, there were differences in the
correlations of 13C to year to year changes in climate. Goat
Draw trees more strongly tracked changes in annual pre-
cipitation and PDSI than Cerro Montoso trees and their
growth was more dependent on climate. This result is
consistent with previous results which showed that sto-
mata of the trees are much more sensitive to changes in
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environmental conditions than at Cerro Montoso
(Newberry, in prep.) Since the standard deviation at both
sites is nearly identical while the correlation with climate is
different, one may conclude that Cerro Montoso is respond-
ing other sources of variation. These sources of variations
could be biotic in origin such as shading, herbivory and
competition for water since the higher elevation site is more
densely vegetated.
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Analysis of Change in Pinon-Juniper
Woodlands Based on Aerial Photography,

1930°’s-1980’s

Alan R. Johnson
Bruce T. Milne
Peter Hraber

Abstract—We conducted an analysis of land cover change in
selected pinon-juniper woodlands of New Mexico and Arizona,
using aerial photographs from the 1930’s through the 1980’s. Both
increases and decreases in woodland cover were observed. Fractal
dimensions of woodland patches and cover-type changes were ana-
lyzed following the method of Krummel and others (1987). The
analysis failed to identify the scale of anthropogenic disturbance,
although land cover change is clearly due in part to human activity.
The analytical method may be an insensitive indicator in these
woodland systems because the fractal properties of both natural
vegetative cover and human-induced changes are subject to topo-
graphic constraints.

Pinon-juniper woodlands are a common vegetation cover
type in semi-arid regions of North America. In the south-
western United States, the association is typically composed
of either Pinus edulis (Engelm.) Sarg. or Pinus monophylla
Torr. & Frem. in conjunction with various species of
Juniperus, most commonlyJ. monosperma (Englem.) Sarg.,
J. osteosperma (Torr.) Little, or oJ. scopulorum Sarg. In
Mexico, a variety of other pifion pine and juniper species can
be important woodland components.

Various processes, both natural and anthropogenic, lead
to changes in the spatial distribution of pifion-juniper wood-
lands over time. Important among these are (1) establish-
ment of seedlings during periods of favorable climatic condi-
tions, (2) mortality of seedlings or adult trees during drought
conditions, (3) invasion of junipers into grassland in re-
sponse to overgrazing and/or fire suppression, (4) removal of
trees by humans as a result of fuelwood harvesting, chaining
for rangeland management, or clearing of land for urban or
agricultural uses.

One focus of landscape ecology is the development of
quantitative techniques for the analysis spatial patterns
and the changes in such patterns over time. Krummel and
others (1987) used a perimeter-area scaling method to
determine the fractal dimension of deciduous forest patches

In: Finch, Deborah M.; Whitney, Jeffrey C.; Kelly, Jeffrey F.; Loftin,
Samuel R. 1999. Rio Grande ecosystems: linking land, water, and people.
Toward a sustainable future for the Middle Rio Grande Basin. 1998 June 2-5;
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culture, Forest Service, Rocky Mountain Research Station.
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in the lower Mississippi River floodplain of the United
States. Their results showed alow fractal dimension (1.2) for
small patches (<55.7 ha) with an abrupt transition to a
higher fractal dimension (1.5) for larger patches (>100.4 ha).
This was interpreted as indicating that anthropogenic pro-
cesses play a dominant role in shaping small forest frag-
ments, while natural processes subject to topographic con-
straints determine the shape of larger forested areas. On the
basis of this result, Krummel and others (1987) suggested
that the fractal dimension of vegetated patches could be
monitored routinely as an indicator of landscape condition,
with abrupt shifts to lower values indicating anthropogenic
disturbance.

We have applied the method of Krummel and others
(1987) to quantify patterns and changes in selected pifion-
juniper woodlands of Arizona and New Mexico, USA. Using
aerial photography, we calculated the fractal dimension of
woodland patches at each study site at various times within
aperiod extending from 1935 through 1988. Additionally, by
comparing consecutive photographs, patches representing
changes in land cover (i.e., loss or gain of woodland) could be
delineated. We extended the methodology of Krummel and
others by performing an analysis not only of the woodland
patches themselves, but also patches representing changes
in woodland cover over time. On the basis of our results, we
find only equivocal support for the notion that the method
can be used to routinely monitor anthropogenic disturbance
inthese landscapes. Our analysis points out several method-
ological issues which require more intensive study before
the applicability of this technique to diverse landscape types
can be properly assessed.

Materials and Methods

Four U.S. Geological Survey 1:24000 scale quadrangles
were selected as study areas for this research. This is a
subset of a set of approximately 30 study areas under
investigation in a study of woodland/grassland ecotones
(Milne and others 1996). The four quadrangles selected for
the current analysis were chosen to represent a variety of
climatic conditions, being arrayed along a longitudinal gra-
dient of primarily winter precipitation in the west to a more
bimodal pattern of winter and summer precipitation in the
east. Panchromatic aerial photographs covering each quad-
rangle were obtained through the Earth Data Analysis
Center at the University of New Mexico. Information on the
locations of the quadrangles and the dates of the photogra-
phy used is summarized in table 1.
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Table 1—Study areas and dates of aerial photography. Quadrangle names refer to
U.S. Geological Survey 1:24000 maps.

Quadrangle name Latitude

Longitude Photograph dates

El Dado Mesa, NM 35°22' 30"N

35°15' 00"N

Pine Canyon, NM

Sandia Park, NM 35°07'30"N

Toothpick Ridge, AZ 36° 37' 30"N

107° 22' 30"W 1935
1952
1988

108° 07' 30"W 1935
1952
1987

106° 15' 00"W 1935
1951
1976
1987

112° 22' 30"W 1953
1981

Photographs were digitized using an 8-bit Hewlett Packard
Scanjet Ilc flatbed scanner at a resolution such that each
individual pixel represented 2.5 x 2.5 m on the ground.
Images were transferred from the original TIFF format to
the VIFF format of the Khoros system (Konstantinos and
Rasure 1994, Rasure and Williams 1991) and then to ASCII
format for input to Grass 4.1 in which scanned images
were mosaicked together and geographically rectified to
the UTM coordinate system.

From imagery covering each 7.5 minute USGS quad-
rangle, a 1200 x 1200 pixel (3.0 x 3.0 km) subimage was
extracted for analysis. The approximate position of the
subimage within the quadrangle was determined randomly,
by partitioning the quadrangle into four quadrants, and
randomly determining the quadrant from which to extract
the subimage. Exact location of the subimage was chosen by
the analyst, with an effort made to minimize the inclusion of
heavily shadowed areas within the subimage, since dark
shadows can lead to errors in the subsequent classification.

The gray-scale subimages were classified into two classes
corresponding to wooded areas and grasslands by interac-
tively setting a gray-scale threshold and comparing the
classified subimage to the original gray-scale subimage.
Thisinteractive procedure appeared to produce results which
were as good or better than automatic classification schemes,
such as k-means cluster analysis (Tou and Gonzalez 1974,
p-94). A histogram equalization of the gray-scale was per-
formed on some images to enhance their contrast prior to
classification (Jensen 1996, p.150).

Changes in land cover were detected by overlaying classi-
fied subimages from successive dates. However, since suc-
cessive images cannot be expected to be rectified with exact
pixel-to-pixel accuracy, some allowance must be made to
avoid falsely classifying slight mis-rectifications as actual
changes in cover. This was done by defining a 4-pixel (10 m)
wide buffer zone at each woodland/grassland interface. The
buffer was created using a morphological edge detection
algorithm, which involved convolution with a kernel defined
to produce a two pixel thick external edge surrounding each
woodland or grassland patch (Giardina and Dougherty 1988).
Thus defined, the external edges of woodland and grassland
patches adjoin, yielding a buffer four pixels in thickness.
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Change in land cover was inferred only when a definitely
classified pixel (i.e., outside the buffer) of one type (woodland
or grassland) is definitely classified as the opposite type at
a succeeding date. Overlays of the classified subimages
(with buffer zone) produced maps of patches representing
land cover change, both woodland converted to grassland
and vice versa. Edge extraction and overlaying of sub-
images was done using the Khoros system (Konstantinos
and Rasure 1994, Rasure and Williams 1991).

Fractal dimensions were calculated using a C program
written by one of the authors (Johnson). Following the
methodology of Krummel and others (1987), patches were
ordered by size and regressions of log patch perimeter on log
patch area were performed in a sliding window containing
a constant number of patches, N. Separate regressions
were performed for each possible window, ranging from the
N smallest patches to the N largest patches. Krummel and
others (1987) employed a window size of N = 200 patches.
We performed regressions with window sizes of N = 50,
100, and 200 patches for each study area. The fractal
dimension, D, was computed as two times the slope of the
regression (Hastings and Sugihara 1993, pp.48-50, Lovejoy
1982).

Results

The amount of land surface showing a definite change in
cover type is summarized in table 2 for each subimage at
each time interval. The values in table 2 do not include any
changes which occurred in the buffer zone of the patches
defined in subimages, therefore, short distance (<10 m)
shifts in patch boundaries will be undetected. Thus, the
values in table 2 probably represent lower bounds on the
area of land cover which changed over each time interval.
Each subimage depicts an area of 900 ha. The areas exhib-
iting definite change in cover type over any given time
interval comprise only a few percent of the total area in the
subimage. The net effect of the changes can be either an
increase or a decrease in woodland, depending upon the
location and the time interval.

Patchesofland surface which underwent a definite change
in land cover showed a strongly skewed distribution of sizes,
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Table 2—Land surface areas exhibiting definite change in subimages from each study
site during each time interval. Positive values of net change represent in
increase in woodland cover, negative values represent a decrease.

Time Grassland Woodland Net change

Study site interval to woodland to grassland in woodland
El Dado Mesa 1935 - 52 15.0 ha 5.0 ha +10.0 ha
1952 - 87 15.2 ha 8.2 ha +7.0 ha
Pine Canyon 1935 - 52 1.5 ha 3.6 ha 2.1 ha
1952 - 86 7.3 ha 3.2ha +4.1 ha
Sandia Park 1935 - 51 16.1 ha 29.4 ha 13.83 ha
1951 -76 23.2 ha 5.0 ha +18.2 ha
1976 - 87 2.5ha 20.3 ha 17.8 ha
Toothpick Ridge 1953 - 80 2.6 ha 16.4 ha +13.8 ha

with many more small patches thanlarge ones. Forinstance,
in the Sandia Park subimage during the 1935-51 interval,
the size of the patches representing land cover change
ranged from 1 pixel (6.25 m2) up to 2631 pixels (16,400 m2),
but with the median patch size near the lower end at 4 pixels
(25 m2). Similar distributions were observed at other loca-
tions and at other intervals.

Sliding-window regressions were performed to evaluate
the scale-dependence of the fractal dimension of woodland
patches in all subimages. Only the 1935 Sandia Park
subimage displayed a clear scale dependence (fig. 1a). The
pattern was qualitatively similar to that observed by
Krummel and others in their study: a low fractal dimension
for small patches, with an abrupt shift to a higher dimension
for large patches. However, most subimages displayed no
clear shift in fractal dimension. The 1951 Sandia Park
subimage is typical: the variation in estimates of D for small
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patches is accompanied by a substantial drop in the R2 of the
regression, and thus cannot be interpreted as clear evidence
for a scale-dependent shift in fractal geometry (fig. 1b).

Typical results of performing a sliding-window regression
to compute the fractal dimension of the patches represent-
ing definite changes in land cover are presented in figure 2.
As can be seen, the fractal dimension is relatively constant
at a value of approximately 1.5, independent of mean patch
size. This is true for both patches representing woodland
converting to grassland, and vice versa. The only suggestion
of a shift in the value of D is an increase for very small patch
sizes (<75 pixels, i.e., <0.045 ha). However, the increasing
values of D are accompanied by a decreasing R2 for the
regression model, indicating a poorer fit. The same pattern
illustrated in figure 2 (namely, a constant D 1.5 except for a
possible increase at small patch sizes) was evident at all
study sites at all time intervals.
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Figure 1—Upper curve: Fractal dimension as a function of mean patch size, computed using a sliding window of 100
patches. Lower curve: R2 for each regression. Results are for the Sandia Park subimage. (a) woodland patchesin 1935.

(b) woodland patches in 1951.
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Figure 2—Upper curve: Fractal dimension as a function of mean patch size, computed using a sliding window of 100
patches. Lower curve: R2for each regression. Results are for the Sandia Park subimage during the interval from 1935
to 1951. (a) patches representing definite grassland converted to definite woodland. (b) patches representing definite

woodland converted to definite grassland.

Discussion

The changes in cover over time presented in table 2 are
consistent with a conceptual model of a slowly shifting
mosaic of vegetation in the landscape (Pickett and White
1985, Remmert 1991, Watt 1947, Wu and Loucks 1995). On
the time scale of decades, patches of former grassland are
converted to woodland as conditions appropriate for juniper
establishment are encountered, and conversely, patches of
former woodland are lost as trees die due to natural causes
or are removed by human activities. On a regional scale,
pifion-juniper woodlands may be in a dynamic steady-state
(sensu Bormann and Likens 1979) in which the proportion
of the landscape covered by woodland is constant over time,
except for stochastic fluctuations. Alternatively, there may
be an overall increasing or decreasing trend in the amount
of woodland cover, as the landscape adjusts to climatic
trends and changes in human land use patterns. The data
set used in this study is too small to distinguish between
these alternatives. However, the methods developed here
could be employed to address the issue. Resolution of this
question would settle a long-standing debate.

When the fractal dimension of woodland patches is exam-
ined, the usual pattern observed was a value in the range of
1.5-1.6, with larger fluctuations (and low R2) at small patch
sizes. Only in the case of the 1935 Sandia Park subimage
was there a pattern consistent with a systematic shift in
fractal dimension as a function of mean patch size. Visual
inspection of the original gray-scale images strongly sug-
gests that anthropogenic disturbance occurs in other
subimages, but such disturbance is not detectable on the
basis of a routine application of the method of Krummel and
others (1987).

USDA Forest Service Proceedings RMRS-P-7. 1999

Extension of the method to analyze patches representing
changes in woodlands between successive photographs did
notimprove our ability to detect anthropogenic disturbance.
In all such analyses, the fractal dimension appeared rela-
tively constant with a value near 1.5. The only observed
fluctuations occurred at very small patch sizes. However,
these fluctuations were always accompanied by substantial
reductions in the R? of the regression, indicating a lack of
conformity to the power-law scaling, thereby making any
interpretation difficult.

One bias that might affect our estimation of fractal dimen-
sions, particularly at small patch sizes, is an effect discussed
by Milne (1990). When fractal dimensions are calculated
from a perimeter to area ratio, the maximum value for any
possible arrangement of N pixels varies in a sawtooth
pattern as a function of N, and is often below the theoretical
maximum of 2.0. This effect is most pronounced when N is
small. In a test of the impact of this bias on our results, we
calculated a normalized fractal dimension as follows:

Dnorm = 2(D/Dmax)

where D, ., is the normalized fractal dimension, D is the
fractal dimension from the usual perimeter-area relation-
ship, and D, is the maximum fractal dimension for any
arrangement with the same number of pixels as the given
cluster. Note that the normalized fractal dimension will
always have maximum value of 2.

As expected, the greatest effect of this adjustment was at
small patch sizes. However, over the range of patch sizes
used in our analyses, the effect was not large, and did not
qualitatively change the nature of the graphs of fractal
dimension vs. mean patch size. Specifically, fluctuations in
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the graph at small patch sizes which were evident when the
usual fractal dimension was plotted were still evident when
the normalized fractal dimension was used (data not shown).
Ifanything, the amplitude of the fluctuations was somewhat
greater when the normalized fractal dimension was em-
ployed. Since the normalized fractal dimension did not
change the interpretation of our results, only data based on
the usual definition of fractal dimension were presented
here.

The fact that the fractal dimensions of both the woodland
patches and the patches representing change hover near a
value of 1.51is suggestive. Topographic surfaces, particularly
mountainous areas such as our study sites, typically have a
fractal dimension Dy, gce 2.5 (Mandelbrot 1983). If pifion-
juniper woodlands were restricted to elevations above some
fixed threshold, one would expect the resulting pattern to
have a fractal dimension Dqoq1and = Dsurface — 1 = 1.5. Of
course, in the real world, slope and aspect effects modify the
lower elevational ecotone of pinon-juniper woodlands, but
these effects may not change the fractal dimension much.
Thus, the fact that most patches have fractal dimensions
near 1.5 is consistent with the hypothesis that the distri-
bution of woodlands, and changes in woodlands, are strongly
constrained by topography.

It may be reasonable to assume that even the patterns of
anthropogenicdisturbance in these ecosystems may belargely
determined by topographic constraints. The Mississippi
floodplain forests analyzed by Krummel and others (1987)
were probably essentially continuous prior to human distur-
bance. Thus, any edges arising from human activity are
likely to be simple in shape, and to leave fragments with low
fractal dimension. Pifion-juniper woodlands in mountain-
ous terrain, on the other hand, are fragmented in their
natural condition. Human activity may result in the removal
of patches, or parts of patches, of woodland. Yet even in a
highly disturbed pifion-juniper system, most of the edges
would still be topographically influenced. This effect is due
to a combination of (1) the large number of natural edges
controlled by topography, and (2) the tendency of human
removal of trees to follow elevational contours when there is
substantial topographic relief. Because both natural pro-
cesses and human activities are influenced by topography, a
shift in fractal dimension may not occur.

Although topographic constraints could account for the
difference between our results and those of Krummel and
others (1987), there are several methodological problems
that might also have influenced our results or their interpre-
tation. First, our results could be influenced by errors in the
initial classification of the gray-scale images into woodland
and grassland cover types. Most problematic are probably
shadows, since the true vegetation cover in heavily shad-
owed areas cannot be ascertained, and dark areas of shad-
owed grassland may be misclassified as woodland. Shadows
are most pronounced in areas of high topographic relief, and
the degree of shadowing and positions of the shadows may
change from photograph to photograph depending upon the
season and time of day. Thus, shifts in shadows could be mis-
interpreted as changes in woodland.

The second potential source of error is mis-rectification of
the images between dates. If there is mis-rectification, the
patches in one image will be shifted in position relative to
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their location in the other image. A change map computed
from such mis-rectified data will show many falsely identi-
fied changes outlining the perimeters of all the patches.
Such an effect is visually apparent if change maps are
computed without first defining a buffer zone. However,
with the 10 m buffer zone, such outlining of all patches is no
longer apparent. Thus, we conclude that the buffer used in
this study is sufficient to eliminate most or all of the false
inferences of change due to mis-rectification.

Finally, our computation of the fractal dimension of
clusters could be affected by the use of the morphological
algorithm used to define the buffer. The morphological
algorithm essentially expands the width of the interface
between woodland and grassland patches. In so doing, the
perimeters of the remaining clusters may tend to smoothed,
and this effect might be most noticeable for small patches. If
80, the fractal dimension of patches after the bufferis defined
should be lower that their original fractal dimension, with
small patches being particularly affected.

The work of Krummel and others (1987) is frequently
cited as an example of human impact on landscape pattern,
but few other studies have applied the same methodology.
Perimeter-area relationships are frequently used to com-
pute fractal dimensions in analyses of landscape pattern,
but the dependence on mean patch size is usually not
examined (for example, O’Neill and others 1988, Turner
1990). Some papers have employed modifications of the
Krummel and others (1987) methodology. For instance,
Turner and others (1991) describe a method they call the
“variance staircase” which is related to a fractal dimension.
Meltzer and Hastings (1992) employed “rolling regressions”
tocalculate the size-related fractal properties of grass patches
in arangeland in Zimbabwe, based on fit to a hyperbolic size
distribution. Vedyushkin (1994) reported scale-dependent
fractal dimensions for remotely-sensed data (normalized
difference vegetation index, NDVI, and thermal infrared
radiation, TIR) for a forest in central Russia, based on a box-
counting procedure. Although these studies can be viewed as
generally supportive of the hypothesis that landscape
patches display size-related shifts in their fractal dimen-
sion, they do not constitute independent support for the
specificmethodology of Krummel and others (1987). Krummel
and others (1987) suggest that their “technique should be of
particular interest to the analysis of remotely sensed data,
as it provides a simple metric, D, that indicates the scale at
which processes are occurring on the ground.” However, the
published evidence for such utility is still appears to be based
on the analysis of a single map representing one portion of
the Mississippi floodplain.

Our results, based on applying the methodology of
Krummel and others (1987) to pifion-juniper woodlands in
the southwestern United States, raise questions about the
general utility of the method for detection of anthropogenic
disturbance. The possibility must be considered that scale-
dependent variations in the fractal dimension of patches
may only serve as good indicators of certain types of anthro-
pogenic disturbance, or may only be useful in certain land-
scapes. Further investigation is needed to determine the
scope over which this methodology can be routinely used to
detect anthropogenic disturbance.
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Applications for Predicting Precipitation and
Vegetation Patterns at Landscape Scale
Using Lightning Strike Data

Deborah Ulinski Potter

Abstract—Previous publications discussed the results of my
dissertation research on relationships between seasonality in pre-
cipitation and vegetation patterns at landscape scale. Summer
precipitation at a study site in the Zuni Mountains, NM, was
predicted from lightning strike and relative humidity data using
multiple regression. Summer precipitation patterns were mapped
using a Geographic Information System (GIS). Winter precipitation
and vegetative cover were obtained from the Terrestrial Ecosystem
Survey (TES). Finally, winter and summer precipitation amounts
and their percent of annual precipitation were compared to grass
and tree cover. Results indicated that winter precipitation influ-
enced tree cover. Grass cover dominated by Bouteloua gracilis was
most closely related to summer precipitation. Grass cover domi-
nated by Festuca arizonica was most closely related to winter
precipitation. This manuscript presents a synthesis of the disserta-
tion research. It discusses how land managers can use lightning
strike data and TES information. Ecosystem management applica-
tions for predicting precipitation and vegetation patterns at land-
scape scale are explored. For example, vegetation regeneration may
be more successful if precipitation patterns are known. Under-
standing relationships between vegetation and precipitation pat-
terns can also be used to assess the behavior of fire and for restoring
disturbed areas. Additional research at landscape scale could im-
prove our understanding of potential changes in vegetation pat-
terns due to climatic warming.

Study Site and Methods

In New Mexico, 50-70 percent of the annual precipitation
comes from convective thunderstorms in the months of June
through September. This precipitation has high spatial
variability that may not be detected by conventional precipi-
tation monitoring stations. It can be accurately estimated
using lightning strike data with a spatial resolution of about
2 km, and the method is appropriate for landscape scale
(Gosz and others 1995).

Lightning direction finders detect cloud-to-ground light-
ningthatisin progress. The instruments sense low-frequency
radio pulses associated with lightning discharges. Lightning

In: Finch, Deborah M.; Whitney, Jeffrey C.; Kelly, Jeffrey F.; Loftin,
Samuel R. 1999. Rio Grande ecosystems: linking land, water, and people.
Toward a sustainable future for the Middle Rio Grande Basin. 1998 June 2-5;
Albuquerque, NM. Proc. RMRS-P-7. Ogden, UT: U.S. Department of Agri-
culture, Forest Service, Rocky Mountain Research Station.

Deborah Ulinski Potter is Physical Scientist, U.S. Department of Agricul-
ture, Forest Service, Watershed and Air Management, 517 Gold Ave., SW.,
Albuquerque, NM 87102.
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sensors are operated throughout the United States by Glo-
bal Atmospherics, Inc. as part of a National Lightning
Detection Network. Gosz and others (1995) developed algo-
rithms between lightning and summer precipitation quan-
tity to determine rainfall depth and distribution at the
Sevilleta National Wildlife Refuge, NM. These methods
were later applied to a 140 km?2 site (Pole Canyon)in the west
Rio San Jose watershed near Grants, New Mexico (Potter
1996; Potter and Gorman 1996; Potter and others, in press).
This study site was a prototype for ecosystem management
located within the Mt. Taylor Ranger District of the Cibola
National Forest.

First, summer precipitation was predicted from lightning
strike and relative humidity data using multiple regres-
sion. Then summer precipitation patterns were mapped
using a geographic information system (GIS). Winter pre-
cipitation and vegetative cover were obtained from the
Terrestrial Ecosystem Survey (TES) of the Forest Service
Southwestern Region (USDA Forest Service 1986). Finally,
winter and summer precipitation amounts and their corre-
sponding percent of annual precipitation were compared to
grass and tree cover using modeling capabilities within the
ARCINFO Geographic Information System.

Both precipitation and vegetation data were ranked and
divided into three classes. Map overlay and cross-tabulation
techniques were used to compute percent composition of
vegetation classes within each precipitation class. Relation-
ships between precipitation and vegetation by growth form
(for example, trees and grass) were tested using Cramer’s V
statistic, a measure of association. Results indicated that
winter precipitation influenced tree cover. Grass cover domi-
nated by Bouteloua gracilis, a warm-season species, was
most closely related to summer precipitation. Grass cover
dominated by Festuca arizonica, a cool-season species, was
most closely related to winter precipitation.

These results were consistent with findings by Phillips
and Ehleringer (1995) that winter precipitation reaches
deep soil layers and is subsequently utilized by tree roots
while summer rains have minimal uptake by trees. Other
factors that can affect vegetation patterns were also dis-
cussed in the dissertation. The following discussion focuses
on applications of these research results and related studies.

Discussion

Gosz and others (1995) noted that contour plots of precipi-
tation generated from lightning data could be combined with
satellite data for vegetation, i.e., a greenness index, to
identify areas that will have short-term increases in pri-
mary production of terrestrial vegetation. Knowledge of
precipitation patterns could be used to maximize the
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effectiveness of restoration projects such as reseeding or
sludge application. For example, degraded areas that re-
cently received a high intensity of lightning strikes could be
targeted for immediate restoration. Improved timing of the
project could lead to greater success in the germination,
growth and survival of seeded plants. Hogg and Schwarz
(1997) investigated conifer regeneration across a moisture
gradient from semi-arid to moderately moist climates. They
found that regeneration capacity was related to a climatic
moisture index.

Patterns in precipitation and vegetation could also be
used to help determine desired livestock stocking rates and
timing or to evaluate existing livestock management prac-
tices. Oesterheld and others (1998) determined relation-
ships at regional scale between stocking rates and the
normalized-difference vegetation index-integrated value
(NDVI-I) obtained from advanced very high resolution radi-
ometer (AVHRR) data. AVHRR data are used to estimate
aboveground net primary productivity. Although the re-
mote-sensing method was applied at regional scale, it could
be adapted to predict stocking rates at regional scale,
landscape scale, and for areas within a landscape. Varia-
tions in soil moisture, soil quality and other factors are also
important in selecting or evaluating livestock management
alternatives.

Lightning strikes are the primary cause of natural fire
ignitions. Latham and others (1997) combined lightning
location data and fire risk data (ignition potential based on
fuel maps) to estimate probable fire occurrence. Predictions
were compared to the sole use of lightning data and the
National Fire Danger Rating System to assess wildfire
potential. Results were better than using lightning strikes
alone since some fires are short duration or fail to spread
afterignition. Combining Latham’s techniques with those of
Gosz and others (1995) could improve wildfire predictions by
accounting for the spatial variability in precipitation. Re-
sults could enhance the benefits of savings in fire suppres-
sion time and cost, and reduced risk to firefighter safety.

Climate effects on the growth of individual trees and
species can be derived at fine spatial scales from statistical
relationships between ring widths and monthly total pre-
cipitation and monthly mean temperature. Relationships
between trees and precipitation will vary among species,
and results of this investigation were similar to ring-width
studies of confers. Meko and others (1994) reconstructed
amounts of cool-season precipitation from ring-width indi-
ces of conifers in the Sonoran Desert that are drought-
sensitive. They also analyzed the relationship between sum-
mer precipitation and ring-width components formed before
and after the summer rainy season began. Results showed
no relationship between summer rainfall and total ring
width. Growth was strongly related to winter precipitation.
However, a relationship with summer precipitation was
detected in the late-growth component of separated ring
widths.

Any application of the research for ecosystem manage-
ment needs to be framed in an ecological context. According
to the Ecological Society of America’s Committee on the
Scientific Basis for Ecosystem Management (Christensen
and others 1996) “ecosystem management is management
driven by explicit goals, executed by policies, protocols, and
practices, and made adaptable by monitoring and research
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based on our best understanding of the ecological interac-
tions and processes necessary to sustain ecosystem struc-
ture and function.” The following seven components are
essential:

“1. long-term sustainability as fundamental value; 2.
clear, operational goals; 3. sound ecological models and un-
derstanding; 4. understanding complexity and intercon-
nectedness; 5. recognition of the dynamic character of eco-
systems; 6. attention to context and scale; 7. acknowledgment
of humans as ecosystem components; and 8. commitment to
adaptability and accountability.” Products from the disser-
tation study contribute to ecological modeling at landscape
scale and our understanding of ecological complexity and
the dynamic character of ecosystems.

TES Applications

The Southwestern Region’s Terrestrial Ecosystem Survey
for classifying and mapping terrestrial ecosystems is a
valuable source of soil, climate and vegetation data. A
secondary benefit of the lightning research was to explore a
new application for TES data. More recently, the practicality
of using TES data as input variables to predict fire behavior
was investigated by Mark Grupe.

In Grupe’s study (1998) the FARSITE model for predicting
fire growth (Finney 1993) was applied to a prescribed fire
planned at Barranco Canyon within the Cibola National
Forest, Mountainair District. Data for tree height and canopy
cover were direct inputs for FARSITE while crown base
height and crown bulk density were interpreted from the
TES. A Geographic Information System was used to handle
data and for spatial modeling. Management applications of
TES data and GIS will likely increase with time due to their
ability to help address complex ecosystem issues.

Applications for Lightning Data

Lightning direction finders are one of several remote
sensing methods to locate lightning and understand thun-
derstorm activity. A Lightning Detection and Ranging
(LDAR) system has been developed to detect and locate VHF
radiation emitted by lightning strikes (Forbes 1993). In
addition to other types of ground-based systems, there are
space-based precipitation radar systems and lightning de-
tectors in geostationary orbit.

NASA plans to measure tropical rainfall using a space-
based precipitation radar system. It’s designed to provide
high resolution, 3-D images of rainfall distributions and
intensity over land and ocean. This Tropical Rainfall Meas-
uring Mission (TRMM) will also provide information on
cloud cover, type, and temperatures and radiative energy
that is emitted and reflected from the Earth. A Lightning
Imaging Sensor (LIS) associated with the TRMM Obser-
vatory will be used to study the global occurrence of light-
ning and its relationship to precipitation (Christian and
McCook 1997). Resolution is 5-10 km with coverage over a
large portion of the Earth’s surface. These data can help
quantify associations between tropical rainfall and global
circulation of the atmosphere.

A Lightning Mapper Sensor from geostationary orbit will
continuously map lightning discharged during day and
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night at a storm-scale spatial resolution. It will detect and
locate discharges from both cloud-to-ground and intra-cloud
lightning over large portions of the Earth. The data will be
available in real-time for severe storm detection and warn-
ing, convective rainfall estimates and storm tracking.
Another potential use is to improve long-term weather
forecasting.

Applications for predicting relationships between climate
and lightning vary by spatial scale. For example, Williams
(1992, 1994) developed a method to analyze global tempera-
tures from lightning flashes and subsequent changes in the
amplitude of Schumann resonances associated with the
earth’s electromagnetic field. Methods developed by Gosz
and others (1995) and refined by Potter and others (in press)
are appropriate at thelandscape scale. The National Weather
Service (NEXRAD) radar system detects precipitation in-
tensities within thunderstorms. Using surface observations,
estimates of precipitation volume could be calibrated from
the radar data. Thus, in the future Doppler radar could be
used to quantify precipitation amounts at fine spatial scales.

Conclusions

In the dissertation study, canopy cover for grasses and
trees was a function of seasonal precipitation. Vegetation
measures vary and can be related to several factors. For
example, Walker and Langrige (1997) found that the best
indicator for grass biomass rates in Australian savannas
was an index that incorporated subsoil and topsoil moisture.
Similarly, Iverson and others (1997) used an integrated
moisture index to predict forest productivity and species
composition at dry versus mesic sites. Although average
climate conditions were used in this study, climatic ex-
tremes can also be essential factors for vegetation patterns.
Various factors affecting vegetation pattern were presented
as alternate hypotheses in the dissertation.

Knowing how vegetation patterns are related to precipita-
tion patterns atlandscape scale can be useful in fire manage-
ment, ecosystem restoration projects, and ecosystem man-
agement. Such information could be used to improve wildfire
predictions and staffing plans. Degraded areas that recently
just received a high intensity of lightning strikes could be
targeted for immediate restoration projects such as reseed-
ing or sludge application. Patterns in precipitation and
vegetation could also help determine livestock stocking
rates and timing, or be used to evaluate existing manage-
ment practices. Understanding how the distribution of
grasses and trees changes in response to precipitation and
other climate variables might help managers determine
whether desired plant distributions can be achieved and
sustained.

In addition to management applications, there are poten-
tial research applications from the study. The modeling
capabilities of ARCINFO could be used to help predict
migration patterns of trees and grasses at landscape scale in
response to various climate change scenarios. Anticipated
improvements in wildland fire assessment by combining
Latham’s techniques with those of Gosz and others (1995)
would require additional investigation or collaboration.
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Trial by Fire: Restoration of Middle Rio
Grande Upland Ecosystems

Samuel R. Loftin

Abstract—The majority of upland ecosystems (desert scrub, grass-
land, pinyon-juniper, ponderosa pine and higher elevation conifer
forests) in the Middle Rio Grande Basin were historically depen-
dent on periodic fire to maintain their composition, productivity,
and distribution. The cultural practices of European man have
altered the function, structure, and composition of virtually all
Middle Rio Grande Basin ecosystems. Centuries of widespread
livestock grazing has altered natural fire frequencies and intensi-
ties in upland habitat types. Fire suppression has lead to an
increase in woody plant abundance on many upland sites, from
grassland to ponderosa pine forests. The negative consequences
range from increased surface runoff and soil erosion in grasslands,
shrublands and pinyon-juniper woodlands to increased potential
for severe wildfire in ponderosa pine forests. The goal of restoration
in these systems is to reintroduce fire. Unfortunately, due to
varying levels of degradation, it may not be possible, or reasonable,
to simply burn areas and expect them to recover their former
attributes. Successful restoration requires some knowledge of the
extent of degradation and the potential for recovery. I will discuss
the process of identifying problems, determining land status, and
defining realistic objectives. I will present three case studies as
examples of ecosystems in different stages of degradation that
required different restoration procedures for reintroduction of fire.

Ecological restoration is defined as the process of assist-
ing the recovery and management of ecological integrity.
Ecological integrity includes a critical range of variability in
biodiversity, ecological processes and structures, regional
and historical context, and sustainable cultural practices
(The Society for Ecological Restoration). Restoration of Middle
Rio Grande upland ecosystems generally involves reintro-
duction of fire. Restoration of some systems may begin with
a prescribed fire, however, other systems have changed to
the point that additional treatments are necessary before
fire can be used. An understanding of ecosystem disturbance
dynamics and their potential to create problems, as well as
the health and status of the system in question, can help to
determine appropriate procedures for ecosystem restoration
or to prioritize multiple restoration projects given limita-
tions of time and resources. Monitoring programs must be
implemented to provide the data necessary to make objec-
tive evaluations of the consequences of disturbance and
ecosystem status.
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Problem ldentification

It is important to understand the difference between
disturbances and problems. A disturbance can change any
combination of the functional, structural, or compositional
components of an ecosystem. The change may be temporary
or permanent. The change is not necessarily detrimental to
the health of the ecosystem. Certain disturbances, such as
fire or flooding, are critical to the long-term maintenance of
grassland and riparian ecosystems, respectively.

The changes brought about by disturbance may result in
a problem or they may not. From a purely ecological stand-
point, this is dependent upon the response (the resistance
and resilience) of the ecosystem in question and the magni-
tude and intensity of the disturbance. But in large part the
perception of a problem is dependent upon the values and
judgment of the person or persons managing the land.
Although the perception of a problem will always be some-
what subjective, it should be possible to identify ecosystem
indicators that can be objectively quantified and monitored.
Problems could be more objectively defined as one or more
indicator values occurring outside of some range of accept-
able variation. Possible ecological indicators might include
components of ecosystem function (surface runoff, soil ero-
sion, fire/flood occurrence and frequency) and ecosystem
composition and structure (invasive native and exotic plants,
threatened and endangered species). Social and economic
indicators could also be developed and incorporated into the
analysis.

Ecosystem Status

Ecosystem status can be conceptualized using a state
and transition model (fig. 1) such as the Rangeland Health
Model proposed by the National Research Council Commit-
tee on Rangeland Classification (Busby and others 1995,
CRC 1994). In this model, ecosystems are classified as
healthy, at risk, and unhealthy. A healthy ecosystem can
sustain the stability of soils, watersheds and ecological
processes and the capacity to produce commodities and
satisfy values. An ecosystem at-risk shows signs of deg-
radation and has an increased vulnerability to further
degradation but ecological processes can still be used to
restore the system within a time frame meaningful to hu-
mans. An unhealthy ecosystem has been degraded to the
point that improvement cannot occur without external in-
puts such as seeding, soil amendments, thinning, etc. The
circles with letters represent a range of ecosystem states
within these health classifications. The vertical axis repre-
sents biological potential or the capacity to produce com-
modities and satisfy values (CRC 1994). The vertical dashed
lines represent thresholds between ecosystem states. Using
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Figure 1 —Rangeland health model adapted from a report
by the National Research Council Committee on Range-
land Classification (1994) and Busby and others (1995).

a typical grassland degradation scenario, the state repre-
sented by circle A would be a healthy, productive grassland
or grassland savanna ecosystem. Disturbances such as
grazing and fire suppression can lead to problems like woody
plant encroachment and a reduction in herbaceous plant
abundance which may indicate that the first threshold
(early warning line) has been crossed and the original
grassland is at risk (circle B). Removal of grazing pressure
and reintroduction of fire could halt the degradation process
and initiate restoration. Continued disturbance could lead
to further reductions in herbaceous ground cover with sig-
nificant increases in surface runoff and soil erosion which
wouldindicate that the second threshold (threshold of range-
land health) has been crossed. At this point (circle C) a
positive feedback cycle of increasing degradation has been
initiated and the system is no longer under biological con-
trol. Consequently, ecological processes alone cannot be
used to restore the system within a time frame meaningful
to humans. If no action is taken the system will continue to
degrade (?) and/or eventually stabilize as a new vegetation
assemblage at a much reduced biological potential (circle D).

Realistic Objectives

The ability to distinguish between disturbances and the
problems they create, and determine ecosystem status will
provide insight into what types of restoration procedures
will be most effective and where limited resources will best
be used. Burning an unhealthy degraded woodland is not
likely to restore a grassland. Either additional measures
must be taken or resources should be used on at-risk sites
that have a greater potential for recovery. Conversely, fertil-
izing and reseeding an at-risk site may be unnecessary if
equally beneficial results can be obtained at a much lower
cost by burning.

Role of Monitoring

Monitoring is critical to the success of this process. Data
from indicators are necessary to quantify the effects of
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disturbance, objectively identify problems, and determine
ecosystem status. All too often, this research included, few
tono data are available to make these pretreatment evalua-
tions and we must rely on a subjective evaluation of the
site. Once a course of action has been determined, data are
critical to objectively evaluate treatment effects and progress
toward management objectives.

There are two basic types of monitoring programs. The
first, a general or baseline monitoring program, can be used
to identify changes in ecosystem indicators but cannot be
used to determine the cause of these changes. In order to
attempt to determine cause and effect a specialized or
research monitoring design must be used which involves
monitoring on treated sites as well as untreated control
sites.

There are pros and cons to both forms of monitoring.
Although cause and effect cannot be determined with a
baseline monitoring program, itis a much more cost effective
method for monitoring at broad scales. In this age of adap-
tive management, we should be using an adaptive monitor-
ing approach with baseline monitoring applied at broad
scales to detect changes in ecosystem indicators. If a change
in an indicator is determined to be a problem, or a potential
problem, a specialized monitoring design could be imple-
mented at a finer scale to determine the cause of the problem
and help determine the appropriate management response.

Case Studies

The following case studies of restoration of former grass-
land ecosystems in various stages of degradation are used as
examples of the process described above. In each case the
treatments and objectives change depending upon the prob-
lems and ecosystem status.

The Albuquerque Open Space (AOS) site is a healthy
bunchgrass grassland located west of Albuquerque near the
Double Eagle Airport. The site is dominated by Indian
ricegrass, Oryzopsis hymenoides (Roem. & Schult.) Ricker,
and needle and thread grass, Stipa comata Trin. & Rupr.
The potential problem with this site is not that it is being
disturbed but that there is alack of disturbance. The site has
not been grazed or burned for over 20 years and there is a
large standing dead component in the aboveground biomass
pool. The standing dead biomass contains nutrients that are
unavailable for plant growth and reproduction and that
would normally be recycled through the soil by grazing or
fire. Our objectives for this site were to use fire as a nutrient
cycling process to stimulate new growth and reproduction.

The Bernalillo Watershed (BW) site is located south of
Placitas, NM and is dominated by a mixture of blue grama,
Bouteloua gracilis (H.B.K.) Lag. ex Steud., and galleta,
Hilaria jamesii (Torr.) Benth., grasses and broom snakeweed,
Guttierezia sarothrae (Pursh) Britt. & Rusby, an invasive
native shrub. This site was an overgrazed juniper woodland
prior to the 1950s when the juniper was removed with heavy
equipment and the soils were contoured to hold the runoff.
Although there has been no significant livestock grazing on
this site for 50 years, the native grasses have not recovered,
the shrub component is high, and there is evidence of runoff
and soil erosion. This site was classified as at risk because of
its degraded state and we believe that it is still possible to
restore a grassland using ecological processes with limited
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outside input. Our objectives for this site are to use pre-
scribed fire to increase the herbaceous plant abundance and
subsequently stabilize the soils. We plan to use sequential
applications of prescribed fire separated by recovery peri-
ods. Our hypothesis is that with each fire the shrub compo-
nent will decline and the herbaceous vegetation will in-
crease. After three to four restoration fires the herbaceous
vegetation should have recovered enough to stabilize the
soils and fire can then be used once every 10 years or so for
ecosystem maintenance.

The Guaje site is located north of Los Alamos, NM, on the
Santa Fe National Forest, Espanola Ranger District. This
site is a pinyon, Pinus edulis Engelm., - oneseed juniper,
Juniperus monosperma (Engelm.) Sarg., woodland with a
degraded blue grama understory. As with the BW site, the
primary disturbance (in this case livestock grazing) has been
removed for many years but the grassland community has
not recovered on its own. The site was classified as un-
healthy because there has been significant runoff and soil
erosion with headcutting and arroyo formation evident
throughout the study site. Significant outside inputs will be
necessary to restore the herbaceous understory and stabi-
lize the soils. We have thinned the trees in an attempt to
directly reduce competition for water between the trees and
herbaceous vegetation. We used the slash as a surface mulch
to indirectly increase water availability to the herbaceous
vegetation by reducing evaporative soil water loss and by
increasing surface roughness, thereby reducing runoff and
increasing infiltration. We plan to reintroduce fire once the
herbaceous plant community has recovered to a point that
there are sufficient fuels to support a surface fire.

Methods

Vegetation on all study sites was sampled using the
Community Structure Analysis (CSA) technique of Pase
(1981). The AOS and BW sites both have four, 1 hectare
control (unburned) and four, 1 hectare burned plots. Within
each plot are three 60 meter CSA transects. The Guaje site
has no treatment replication. The thinned and control areas
are approximately 20 hectares each and each contains five
100 meter CSA transects.

The AOS site has been burned once in February 1996.
Because of adequate fuel quantity and distribution, this site
burned well and most of the vegetation was consumed. The
BW site was first burned in November 1995 and then again
in January 1998. Because of the patchy distribution of the
fuels and vegetation and less than optimum conditions,
neither fire spread well and both fires left behind substan-
tial patches of unburned vegetation. Fire success might have
been greater if we had burned in the late spring, however,
due to management concerns and the availability of fire
crews, we decided to burn in the fall or winter. The Guaje site
was thinned in April 1995. All pinyon less than 20 cm (8
inches) diameter and all juniper were cut by chain saw and
the slash was redistributed by hand. Some jackpot burning
of large slash accumulations was conducted in the fall of
1996 to reduce the fire hazard. Otherwise no burning has
been conducted on the site.

The effect of prescribed fire or thinning treatments was
tested by comparing post-treatment conditions on the treated
plots to any change on the control plots for comparable time
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periods. A repeated measures analysis was utilized with
treated vs. control included as a treatment factor, post-
treatment years as repeated measures, and the pre-treat-
ment sampling period as a covariate. In some instances, the
effect of the treatment was not the same for both post-
treatment years (i.e., significant interaction between treat-
ment and time). In these instances, significance of the
treatment for individual years was assessed by applying a t-
test to the change from pre-treatment conditions for each
treatment for a particular year. Type I error for these sets of
t-tests was maintained by applying a Bonferroni adjustment
to significance levels of individual tests (Miller 1981). All
analyses were conducted using SPSS 4.0 (SPSS Inc. 1990).

Results

There was a significant decrease in total herbaceous plant
cover on the AOS site immediately after the November 1995
fire and all subsequent sampling periods showed no signifi-
cant treatment effect (fig. 2A). There was no significant
treatment effect on total herbaceous cover on the BW site
until after the second fire in January 1998 (fig. 2B). All post-
treatment sampling periods showed a significant herba-
ceous plant cover response to tree thinning on the Guaje site
(fig. 20).
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30 a ii )
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Figure 2—Total herbaceous cover on study sites. Bars
with the same letter, within a site and sampling period,
are not significantly different (P>0.05). Pretreatment
means are displayed for comparison but were used as
covariates in the repeated measures analysis and are
not included in the multiple t-test evaluation of means.
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Discussion

The Rangeland Health Model would predict that natural
processes could be used to maintain the functional, compo-
sitional, and structural properties of a healthy site, that at-
risk sites can be restored using natural processes, and that
restoration of unhealthy sites requires outside inputs. Her-
baceous plant cover on the healthy AOS site showed a
significant response to the first reintroduction of fire. The
quantity and homogeneous distribution of herbaceous biom-
ass on the site was sufficient to carry the fire and lead to the
desired reduction of herbaceous cover. One growing season
following the fire, herbaceous plant cover was not signifi-
cantly different on the two treatments, indicating a rapid
recovery on the burned plots. On this site, fire is easily
reintroduced and could be used to increase landscape-scale
habitat diversity by creating a mosaic of different succes-
sional patches.

The at-risk BW site has not responded as rapidly to
prescribed fire treatments. The first fire resulted in a non-
significant decline in herbaceous plant cover on the burned
plots probably because of the patchy nature of the vegeta-
tion/fuels matrix. A substantial portion of the decline in
herbaceous plant cover on this site was due to a drought in
the winter 0f 1995/96. Compounding drought stress with fire
could have had disastrous results, however, herbaceous
cover on both treatments recovered within one growing
season which would indicate that this system is very resil-
ient to both drought stress and fire. The second fire, despite
the less than optimal burn conditions, resulted in a signifi-
cant reduction in herbaceous plant cover. We plan to use this
2-3 year cycle of fire and recovery as a test of the restoration
potential of the site. However, because this site is not
functioning as a healthy grassland, it will take some time for
natural processes to affect restoration, if at all.

A good test of the Rangeland Health Model would have
been a prescribed burn in untreated pinyon-juniper. Unfor-
tunately, these projects were not originally designed as a
test of the Rangeland Health Model, consequently we did not
consider using fire as a restoration technique in the un-
healthy pinyon-juniper site. Subsequent interpretation of
the model indicates that we would have been wasting our
time and resources. Although the thinning treatment is
more expensive and time consuming the results have been
very encouraging. We believe that the herbaceous plant
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community has recovered to the point where we can now
reintroduce fire. The timing for reintroduction of fire can be
critical in this system. A window of opportunity exists
between burning too soon and burning too late. Burning too
soon can result in hot fires that kill herbaceous plants
because the slash has not had time to decompose. Burning
too late can result in fires that are not hot enough to kill the
cohort of seedling and resprouting trees that are released
following the thinning treatment. We believe that the appro-
priate time to burn this site is in the next 1-3 years. Of course
this window will be different for different sites and/or envi-
ronmental conditions.

Conclusions

Middle Rio Grande upland ecosystems evolved with fire.
Restoration and maintenance of their function, composition,
and structure will require the use of fire. The potential for
successful reintroduction of fire back into upland ecosys-
tems depends upon the status of the system and the distur-
bances acting onit. The process of objectively identifying and
distinguishing between disturbances and problems and de-
termining ecosystem status can lead to insights on appropri-
ate management actions. These objective determinations
are best made through the use of data derived from monitor-
ing appropriate abiotic, ecological, and social indicators.
Appropriate monitoring procedures and programs would
provide data for these pretreatment determinations as well
as for evaluation of management treatments and progress
toward goals.
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Effects of Livestock Grazing on Morphology,
Hydrology and Nutrient Retention in Four
Riparian/Stream Ecosystems, New Mexico,

USA

James R. Thibault
Douglas L. Moyer
Clifford N. Dahm
H. Maurice Valett

Michael C. Marshall

Abstract—Land-use practices such as livestock grazing influence
the structure and function of riparian/stream ecosystems. In New
Mexico, four streams were selected to determine the impact of
moderate livestock grazing on morphology, solute transport, and
nutrient retention. Each stream contained a reach currently ex-
posed to grazing and an exclosed, ungrazed reach. Channel width/
depth ratios and in-stream standing stock of plant biomass were
greater in the grazed reaches. Solute transport was determined by
injecting a conservative tracer (NaBr) and applying a one-dimen-
sional transport with inflow and storage (OTIS) model. Grazed
reaches exhibited enhanced transient storage, represented by a
larger cross-sectional area of storage zone relative to wetted chan-
nel area (AJ/A). The extent of nutrient retention was determined by
co-injecting a reactive tracer (NaNO3) with the conservative tracer.
Nitrate uptake lengths were shorter in grazed reaches, an indica-
tion of more effective nutrient retention. Our results suggest that
moderate livestock grazing alters channel structure and vegetation,
influencing ecosystem-level processes.

Riparian/stream ecosystems are three-dimensional inter-
faces that connect terrestrial and aquatic ecosystems. The
riparian component extends laterally to the limits of flood-
ing and vertically to the canopy of streamside vegetation; the
aquatic system includes stream surface water and shallow
groundwater (Gregory and others 1991, Malanson 1995).
Riparian vegetation provides numerous ecosystem func-
tions, including habitat, nutritional resources, and bank
stabilization (Crawford and others 1993). Riparian vegeta-
tion also has a role as a dispersal site and corridor for biota
(Gregory and others 1991). As a whole, riparian/stream
ecosystems are valuable resources that contribute to water
quality and supply terrestrial and aquatic wildlife habitat
and recreational uses.
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Anthropogenic disturbances have greatly altered the struc-
ture and functioning of these ecosystems, affecting native
communities and influencing biodiversity and successional
processes. A disturbance is an episode that disrupts an
ecosystem, altering resources, substrate availability, or the
physical environment (White 1979). While disturbances can
promote diversity, it may be at the expense of existing native
communities (Hobbs and Huenneke 1992). Alternatively,
many ecosystems rely on disturbances to maintain indig-
enous communities. Disturbances can thus be viewed as
potentially destructive or beneficial. Human-induced dis-
turbances often impart protracted adverse effects to natural
ecosystems, such as eutrophication. Processes such as pro-
ductivity and nutrient cycling respond directly to human
modification (Vitousek 1994). For example, Likens and
Bormann (1995) found that clearcutting a forest was fol-
lowed by increased nitrate leaching in its catchment. The
loss of nitrogen from the upland system and subsequent
loading to the stream could be viewed as a destructive
ecological disturbance.

In western North America, riparian/stream ecosystems
have been subjected to various anthropogenic disturbances
such as livestock grazing, agriculture, mining, industrial
and urban intrusion, and river regulation (Crawford and
others 1993, Malanson 1995). Livestock grazing is the most
extensive land management practice in this region
(Fleischner 1994). Previous research has addressed the
impacts of grazing on particular components of riparian/
stream ecosystems, including vegetation, erosion, geomor-
phology, water quality, and fish habitat (Moyer 1998 and
references therein). However, effects of grazing are less
understood from the perspective of the ecosystem as a
whole, where nutrients can be regarded as an organizing
focus (Krebs 1994). Nutrients regulate rates of important
ecological processes, including primary productivity and
decomposition (Meyer and others 1988). Stream productiv-
ity is dependent on both allochthonous inputs of nutrients
and nutrient cycling within the ecosystem (Mulholland and
others 1995).

In lotic systems, dissolved nutrients are not cycled in
place, but are transported downstream with other solutes.
The uptake and release of nutrients by biota in streams is
described as nutrient spiraling (Newbold and others 1981).
Thus, stream nutrients undergo both hydrologic export and
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Figure 1—Study site locations, New Mexico, USA.

biological retention (Valett and others 1996). Solutes are
also retained hydrologically in flowpaths moving at slower
velocities than those predicted by advective transport in the
thalweg of a stream (Morrice and others 1997). Hydrologic
retention can be determined by the injection of a conserva-
tive tracer into the stream. Injection data are incorporated
into a transport model that calculates hydrologic param-
eters such as advection, dispersion, and transient storage
(Bencala 1984, Stream Solute Workshop 1990, Runkel and
Broshears 1991). Nutrient retention in streams has been
measured as nutrient uptake length, the average down-
stream distance a dissolved nutrient molecule travels before
it is utilized by biota (Elwood and others 1983). Nutrient
uptake length is inversely related to uptake rate. In a given
system, shorter uptake lengths indicate more efficient
nutrient cycling.

To maintain ecological functioning and thus support mul-
tiple-use status in riparian/stream ecosystems, it is essen-
tial to comprehend the movement and retention of sol-
utes, particularly nutrients (Newbold and others 1981,
Stream Solutes Workshop 1990). Our research studies the
effects of livestock grazing on riparian/stream ecosystem
structure and function by examining solute dynamics. In
particular, we investigate the influence of moderate live-
stock grazing on channel morphology, solute transport, and
nutrient retention.

Study Sites

Four streams in the Rio Grande catchment of New Mexico
were used as research sites (fig.1, table 1). The Rio Penasco
(RP) is located in the Lincoln National Forest in the Sacra-
mento Mountains of southern New Mexico. Chihuahuefios
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Creek (CC) and the Rio las Vacas (RLV) are situated in the
Santa Fe National Forest in the Jemez Mountains of north-
ern New Mexico. The Rio de Don Fernando (RDF) is located
in the Carson National Forest in the Sangre de Cristo
Mountains of northern New Mexico. Study sites are de-
scribed in more detail (catchment size, elevation, lithology,
stream sediments, and riparian and upland vegetation) in
Moyer (1998).

Each site is comprised of a riparian/stream section sub-
jected to moderate grazing (grazed) and a nearby section
exclosed from grazing (ungrazed) by the U.S. Forest Service.
The management history of many grazing sites is unknown,
and grazing intensities have been qualitatively defined in
several ways (Fleischner 1994). Although our sites are
defined as moderately grazed by the USFS, grazing intensi-
ties are not well known. At RP, approximately 250 head of
cattle are moved through a 111 ha allotment (~2.3/ha) each
November, while 40 to 50 cows pass through an 81 ha CC
allotment (~0.5/ha) during July to October. At RLV, roughly
40 head of cattle graze on a 60 ha allotment (~0.7/ha) from
June to October. At RDF, about 15 cows graze on a 20 ha
allotment (~0.8/ha) from July to October (Moyer 1998).

Table 1—Description of the four riparian/stream research sites in New Mexico.

Stream Reach Base flow Exclosure

Site order length (m)  discharge (L/s) age (yrs)
Rio Penhasco 1 120 5 6
Chihauhuehos Creek 1 200 18 5
Rio las Vacas 3 400 70 12
Rio de Don Fernando 1 120 5 9

USDA Forest Service Proceedings RMRS-P-7. 1999



Methods

Field work was carried out from June to August 1997. At
each site, paired reaches (grazed, ungrazed) were estab-
lished. Reach lengths were based on stream discharge (table
1, Moyer 1998). Along each reach, five sampling transects
were situated at equal intervals, oriented perpendicular to
the longitudinal axis of the stream (Moyer and others 1998).
Morphologic, hydrologic and nutrient transport features
were examined at each site.

Morphology

Wetted width and average depth of the stream were
measured at each transect (Rosgen 1994). Values were used
to determine the mean width to depth ratio (w/d) for each
study reach. We also measured wetted perimeters and
calculated ratios of wetted perimeter to wetted width. Stream
beds consisted of patch types dominated by bare (unvegetated)
sediments, macrophytes, sedges, and filamentous algae
(Moyer 1998). The percent of stream area occupied by each
patch type was assessed. Total standing stock of aboveground
vegetative biomass was calculated using ash-free dry mass
concentrations (Benfield 1996) from stream samples and the
area of the channel covered by the respective patch types.
The percent of riparian area covered by herbaceous and
woody vegetation was measured using 1 m? quadrats. Sev-
eral additional measurements were made, including chan-
nel gradient and sinuosity, dominant sediment type, poros-
ity, total suspended sediments, and subsurface biomass.
These are described in Moyer (1998).

Hydrology

In lotic ecosystems, the transport and retention of solutes
are determined by hydrologic factors, i.e., solutes flow with
the water. Retention occurs when water moves into slower
moving zones relative to the main body of water, where it can
be considered temporarily stored (Bencala and Walters
1983, Webster and Ehrman 1996). Transient storage zones
include shallow groundwater and surface water environ-
ments such as pools and backwaters (Moyer and others
1998, Webster and Ehrman 1996). When a solute pulse is
transported downstream, some of the solute mass passes
into transient storage zones, temporarily decreasing the
concentration in the active channel (Runkel and Broshears
1991). Hydrologic parameters were investigated by employ-
ing a conservative (nonreactive) solute to act as a tracer with
which to formulate data and construct a solute response
curve. A concentrated solution of sodium bromide (NaBr)
was injected upstream at a constant rate, elevating the
stream Br- concentration slightly above background levels.
At the downstream end of the reach, Br- concentration was
monitored using an Orion 290A ion selective electrode.
Surface water samples were collected (1) as the pulse
arrived (the rising limb of the solute response curve), (2) once
it reached and maintained a plateau concentration, and
(3) after the injection was terminated and stream Br- con-
centrations approached background levels (during the fall-
ing limb of the curve). Samples were analyzed in the lab for
Br~ using a Dionex DX-100 Ion Chromatograph. Solute
injections are described in more detail in Moyer (1998).

Data from the injections (Br~ concentration vs. time) were
plotted as a solute response curve and fit to a hydrologic
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model of one-dimensional transport with inflow and storage
(OTIS; Runkel and Broshears 1991). This model computes
values for five hydrologic variables: advective velocity (bulk
fluid motion), dispersion (solute spreading), lateral inflow
(inputs of unlabeled water), transient storage (temporary
storage of solutes in slow-moving compartments), and the
storage zone exchange coefficient (rate of exchange between
the storage zone and the channel flow) (Runkel and Broshears
1991). Stream discharge, determined by separate injections
atthe top and bottom of each reach, is entered into the model.
Assuming a steady state discharge for the entire reach, a
best-fit line through the Br~ response curve is iteratively
adjusted by manipulating the following parameters: stream
cross-sectional area (A, m2), dispersion coefficient (m?/s),
storage zone cross-sectional area (A, m2), and the storage
zone exchange coefficient (s71) (Bencala and Walters 1983,
Stream Solute Workshop 1990, Moyer 1998). Several hydro-
logic characteristics were derived based on these param-
eters, including the area of the storage zone relative to the
cross-sectional area of the stream channel (A /A, for example
Bencala and others 1993). We also determined the hydraulic
retention factor (R;,), which describes the amount of time a
parcel of water spends in the storage zone per meter of
stream (R}, = A/stream discharge, Morrice and others 1997).

Nutrient Retention

Nutrient retention was measured by the nutrient uptake
length. A reactive tracer, nitrate (as NaNOj), was co-in-
jected with the NaBr solution. A reactive solute reacts
biotically and/or abiotically in the ecosystem, whereby its
concentration is subject to change as it is transported down-
stream (Stream Solute Workshop 1990, Webster and Ehrman
1996). Once the injected Br-reached plateau concentration,
samples were collected at each transect and analyzed for
NOs3-N concentrations via colorimetric methods (Wood and
others 1967) on a Technicon AutoAnalyzer II. NO3-N values
were corrected for dilution and background concentration,
natural log transformed, and regressed against distance
downstream. Nutrient uptake length was calculated as the
negative inverse of the relationship between these two
parameters (Newbold and others 1981, Webster and Ehrman
1996, Moyer 1998). Nitrate retention methods are discussed
in greater detail in Moyer (1998).

In addition to the injections, surface waters were sampled
for background levels of biogeochemically active solutes,
including NO3-N, ammonium (NH4-N), and soluble reactive
phosphorus. These data, along with N:P ratios, are pre-
sented in Moyer (1998) and Moyer and others (1998).

Statistical Analyses

Statistical analyses were performed to uncover significant
differences for a given variable between grazed and
ungrazed reaches, both within and across study sites. Non-
parametric t-tests were used to identify differences between
each reach for each variable. Pearson Correlation Analy-
ses were used to reveal relationships between the differ-
ent variables. Step-wise multiple linear regressions were
used to create predictive models for key morphological,
hydrological, and nutrient retention parameters. Additional
information pertaining to the statistical analysis of this
research is presented in Moyer (1998).

125



Results

Morphology

Mean w/d ratios were lower in ungrazed reaches at all 4
sites, with significant differences at CC and RLV (P = 0.012
and 0.022, respectively, fig. 2). Wetted perimeter to wetted
width (wp/ww) ratios were 1.5, 1.8, and 1.1 times lower in
grazed reaches at RP, CC and RLV, respectively. At RDF,
the wp/ww ratio was greaterin the grazed reach. Aboveground
organic matter was greater in the grazed reaches at RP,
RLV, and RDF (fig. 3). Significant differences occurred
between grazed and ungrazed reaches at RP and RLV (n =
3,P=0.0018 and n = 3, P =0.039, respectively). A step-wise
multiple linear regression indicated that within each reach,
aboveground organic matter was best predicted by w/d ratio
(R% =0.95, P = 0.0001). Riparian vegetation was generally
more extensive along ungrazed reaches. Ungrazed reaches
contained greater areas of either herbaceous or woody ripar-
ian vegetation at all sites (table 2).
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Figure 2—Comparison of wetted width to wetted depth
ratios for ungrazed and grazed reaches of Rio Pehasco
(RP), Chihuahuenos Creek (CC), Rio las Vacas (RLV),
and Rio de Don Fernando (RDF). Error bars are stan-
dard errors of the mean. Asterisk denotes significance
atp <0.05.
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Figure 3—Comparison of total aboveground ash-free
dry mass (plotted on logarithmic scale) within ungrazed
and grazed reaches of Rio Pehasco (RP), Chihuahuehos
Creek (CC), Rio las Vacas (RLV), and Rio de Don
Fernando (RDF). Error bars are standard errors of the
mean. Asterisk denotes significance at p < 0.05.
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Table 2—Percent cover by riparian patch-types from grazed (G) and ungrazed
(U) reaches at the four research sites. Data are means = standard
errors.

Percent Percent Percent
Site bare soil herbaceous cover woody cover

Rio Penhasco-G 28.8 + 55 712+ 55 0.0
Rio Pehasco-U 59+ 4.0 941 + 40 0.0
Chihauhuehos Creek-G 492 + 6.6 50.8 + 6.5 0.0
Chihauhuehos Creek-U 134 = 43 86.6 + 4.3 0.0
Rio las Vacas-G 46.8 = 11.2 53.2 = 11.2 0.0
Rio las Vacas-U 491 + 83 471+ 9.8 25+ 15
Rio de Don Fernando-G ~ 27.5 = 9.1 70.6 =+ 9.3 1.9+19
Rio de Don Fernando-U  43.9 = 9.7 49.4 = 10.0 6.7 £ 2.3

Hydrology

The average area of the storage zone relative to the cross-
sectional area of the channel (A/A) was 45 percent smaller
in ungrazed reaches across all sites (fig. 4). A step-wise
multiple linear regression indicated that within each reach,
total aboveground organic matter was an important predic-
tor of transient storage (as AJ/A, R2 = 0.94, P = 0.0001).
Hydrologic retention varied between grazed and ungrazed
reaches. Hydraulic retention factors (Ry, s/m) were 5.6, 1.3,
and 1.4 times greater in grazed reaches at RP, CC, and RLV,
respectively. At RDF, Ry, in the ungrazed reach was twice
the value found in the grazed reach. Based on cross-site
comparisons of Ry, grazed reaches demonstrated on aver-
age 303 percent more hydraulic retention than ungrazed
reaches.

Nutrient Retention

Grazed reaches generally exhibited more efficient nutri-
ent retention compared to ungrazed reaches. Nitrate uptake
lengths were shorter in all 4 grazed sites, with significant
differences at RP and RDF (P = 0.0001 and 0.0068, respec-
tively, fig. 5, Moyer 1998). A step-wise multiple linear
regression indicated that the area of stream channel devoid

I Ungrazed
[ Grazed
0.3
<\Cm 0.2
< J
N ﬂ I_l
RP cC RLV RDF

Figure 4—Comparison of area of the storage zone normal-
ized to stream area (A /A) for ungrazed and grazed reaches
of Rio Pehasco (RP), Chihuahuehos Creek (CC), Rio las
Vacas (RLV), and Rio de Don Fernando (RDF).

USDA Forest Service Proceedings RMRS-P-7. 1999



of aboveground vegetation (bare patch-type) was the single
most important variable for predicting NO3-N uptake length
(R2=0.97, P =0.0001, fig. 6). Complete, extensive morpho-
logical, hydrological and nutrient transport experimental
data and analyses resulting from this research are pre-
sented in Moyer (1998) and Moyer and others (1998).

Discussion

Grazed stream channels exhibited mean w/d ratios 150 to
500 percent greater than those in ungrazed reaches (fig. 2).
Wider, shallower channels are typical of streams exposed to
livestock grazing (Duff 1979, Fleischner 1994). Ratios of
wetted perimeter to wetted width indicate less channel
complexity in grazed reaches, likely diminishing aquatic
habitat variability. Herbaceous and woody riparian vegeta-
tion covered a less extensive area along grazed reaches.
However, in-stream vegetation (sedges, filamentous algae)
was more abundant in grazed compared to ungrazed chan-
nels, which were characterized by extensive bare patch-
types (Moyer 1998). Channel width exerts a positive influ-
ence on the amount of in-stream organic matter. Trampling
andloss of riparian vegetation increase w/d ratios and create
less stable stream banks (Moyer and others 1998). As a
result, in-stream vegetation becomes more abundant, com-
posed mostly of vascular hydrophytes (for example sedges,
Moyer 1998). Plants of this type are known to colonize
disturbed streams, and are typically succeeded by riparian
vegetation such as willows and cottonwoods, which help
fortify channel structure (Hendrickson and Minkley 1984,
Moyer 1998). Our grazed study reaches appear to be main-
tained in a state of early secondary succession (Moyer 1998)
due to the seasonal disturbance imposed by grazing.

Stream hydrologic retention was also influenced by graz-
ing. Conservative tracer injections demonstrated a greater
capacity for transient storage in grazed reaches (fig. 4).
Transient storage (as Ay/A) was best predicted by the amount
of in-stream vegetation. Mulholland and others (1994) also
report a positive relationship between AJ/A and in-stream
organic matter (as periphyton biomass). Wetted channel
width was also an important influence on solute retention

Il Ungrazed
10000 — [J Grazed

g ] ®
b
g 1000 5
= x
E
o
=) 100 o
[0} 3
=
R
Z

10 -

RP CC RLV RDF

Figure 5—Comparison of nitrate uptake length for ungrazed
and grazed reaches of Rio Peh asco (RP), Chihuahueh os
Creek (CC), Riolas Vacas (RLV), and Rio de Don Fernando
(RDF). Asterisk denotes significance at p < 0.05.
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Figure 6—Relationship between nitrate uptake length
(plotted on a logarithmic scale) and percent bare sedi-
ment. Data are from ungrazed (n = 4) and grazed (n = 4)
reaches.

(data presented in Moyer 1998). These findings suggest that
channel structure and in-stream vegetation exert strong,
retentive influences on the movement of water through the
ecosystem.

Nutrients are taken up more rapidly by the biotic commu-
nity in grazed reaches, indicated by shorter uptake lengths
(fig. 5). Uptake lengths are well correlated with the area of
stream bed represented by bare patch types (fig. 6). The
results suggest that nutrient uptake length is influenced by
the amount of in-stream vegetation. Taken together, in-
stream vegetation and the hydraulic retention factor (R},)
account for 99 percent of the variability associated with
nutrient uptake (Moyer 1998). Hydrologically, it appears
the two factors combine to slow the movement of water,
allowing the stream community a greater opportunity to
utilize the passing nutrients (Moyer and others 1998). Up-
take length is inversely related to stream width, and should
decrease as a channel widens (Stream Solute Workshop
1990). A significant, positive correlation exists between
aboveground organic matter and w/d. The higher w/d values
in grazed reaches may contribute to enhanced nutrient
retention by promoting the growth of in-stream vegetation
and by the increased sediment area with which solutes can
come in contact. The successional state of in-stream biota
also affects the potential for solute uptake (Grimm 1987).
Nutrients were retained more efficiently in the early second-
ary successional stage typical of grazed reaches. Efficient
nutrient retention also is typical during rapid regrowth of
disturbed forest ecosystems (Vitousek and Reiners 1975). As
succession proceeds, retention efficiency generally declines
(Vitousek and Reiners 1975).

Long-term monitoring of riparian/stream ecosystems fol-
lowing the attenuation or elimination of livestock grazing
would enable researchers to consider the effects on succes-
sion with more accuracy. Studies could occur on a seasonal
basis to include active and dormant grazing intervals, as
well as the effect of higher stream discharges (for example
during spring runoff). Additionally, a more quantitative,
precise definition of grazing intensity would be useful. The
effects of moderate grazing versus overgrazing could be
compared, enabling researchers to provide land managers
with more accurate information (for example the expected
effects of a particular grazing regime on a riparian/stream
ecosystem).
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Conclusions

With respect to ungrazed riparian/stream ecosystems,
stream channels are wider and less complex in moderately
grazed systems. In addition, in-stream vegetation is more
abundant in grazed streams. As a result, nutrients are
retained to a greater degree compared to ungrazed sites
characterized by less in-stream vegetation and more estab-
lished riparian vegetation. The effects of grazing on ecosys-
tem-level processes in streams have not been well studied.
At the present time we know of no analogous study with
which to compare our research. It is uncertain how alter-
ations to hydrology and nutrient retention affect the ecosys-
tem within and downstream of grazed areas. A knowledge of
nutrient cycling is an important component in the manage-
ment of ecosystems, particularly in lands mandated for
multiple-use. Land-use decisions such as livestock grazing
have the potential to modify nutrient dynamics. The impacts
of these changes in nutrient dynamics on riparian/stream
ecosystems remain to be determined.
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Establishing Riparian Vegetation Through
Use of a Self-Cleaning Siphon System

Mark D. Ankeny

L. Bradford Sumrall

Kuo-Chin Hsu

Abstract—Storm water or overland flow can be captured and
injected into a soil trench or infiltration gallery attached to a siphon
and emplaced adjacent to a stream or arroyo bank. This injected
soil water can be used by stream side vegetation for wildlife habitat,
bank stabilization or other purposes. The siphon system has three
hydrologically-distinct flow regimes: (1) infiltrating flow, (2) cycling
outflow, and (3) constant outflow. These flow regimes are dependent
upon infiltration gallery design, soil hydraulic conductivity, and
rainfall intensity. The design is low-cost and is predicted to be self-
cleaning and low maintenance.

Soil functions as a plant growth medium, a regulator and
partitioner of water flow, and as a buffer of environmental
change. A National Research Council report (1993) reviews
soil’s role in the hydrologic cycle. Rainfall in terrestrial
ecosystems falls on the soil surface where it either infiltrates
the soil or moves across the soil surface into streams or lakes.
The condition of the soil surface determines whether rainfall
infiltrates or runs off. Ifit infiltrates the soil, it may be stored
and later taken up by plants, move into ground waters, or
move laterally through the earth, appearing later in springs
or seeps. This partitioning of rainfall between infiltration
and run-off determines whether a storm results in a replen-
ishing rain or a damaging flood. The movement of water
through soils to streams, lakes, and ground water is an
essential component of recharge and base flow in the hydro-
logical cycle (Stephens, 1995).

Current engineering practices in the Southwest often
reduce infiltration and increase runoff by collecting and
conveying storm water quickly and efficiently for ultimate
discharge to an existing surface water course. The goals of
this management strategy are to reduce hazards to the
public and minimize property damage. Although this strat-
egy maximizes the objectives in terms of safety and risk
reduction, it prevents the beneficial use of storm waters
through recharge. Conveyance times are minimized while
flow rates are maximized to remove it from highways,
streets and public areas. With concern growing over the
availability of water supplies for public and industrial use,
alternative uses of storm water must be considered, and if
practical, implemented. One such strategy is to recharge
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vadose zone aquifers through the use of a sub-surface siphon
system to increase recharge and storage (Ankeny and
Sumrall, 1998).

The operational objective is to maximize long term water
recharge in an infiltration gallery while minimizing long
term maintenance requirements. The objectives of the
analysis for this structure is multi-fold and includes: (1) deter-
mination of hydraulic parameters governing system opera-
tion, (2) quantification of water velocities within the system
needed to entrain sediment carried into the system, and
(3) quantification of the recharge potential of the system
through various storm events.

Physical Design

The siphon system is schematically illustrated in figure 1.
The siphon behaves as a standard siphon and cycles (drains)
as the water level exceeds the critical head in the siphon.
After the drainage cycle, the siphon breaks and the siphon
reservoir refills. The siphon reservoir consists of the drain-
age pipe, the large air-filled pores in the gravel backfill, and
the air-filled pore space in the surrounding soil (fig. 2). As the
siphon refills, water infiltrates into and is redistributed by
the soil.

The siphon system consists of a perforated pipe buried in
a gravel-filled trench (fig. 2). The perforated pipe is bedded
at a nominal slope toward the discharge with an ascending
limb angled upward at the terminal end. This upward
angled non-perforated portion is formed into a radius of
approximately 180 degrees forming an inverted P-trap. This
radius is directed downward for discharge. The system
operates passively by capturing a point source flow such as
a storm drain inlet or other concentrated flow source.

When the siphon cycles, water velocity in the drainage
pipe increases, silt in the overlying gravel is back flushed,
and water in the drainage pipe reaches entrainment velocity
for silt and clay deposited during the infiltration phase of
the cycle. Thus, a siphon can take a linear input of water,
sediment, and potential energy and turn it into a nonlinear
system that retains a large fraction of the water and poten-
tial energy while discharging the sediment and part of the
water.

Water Flow

TOUGH-2, a multiphase, multidimensional flow and
transport code (Pruess 1991) was used to model trench
infiltration across a range of soil types and hydraulic heads.
Output from this model was used as input for a spreadsheet
application to model the infiltration gallery/siphon system.
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Figure 1—Siphon/infiltration gallery schematic.
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Figure 2—Siphon/infiltration gallery cross section.
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The equation governing siphon operation is the energy
equation developed by Bernoulli.

2 2

—i+V—i+Zi =5+V—"+Zo +h,

Y 2g Y 2g
where Z = elevation of the pipe (m) subscripts: P is pressure
(N/m?2), g is fluid density (kg/m3), V is fluid velocity (m/sec),
g is the gravitational constant (m/sec2), and h;is the head
loss within the system (m). Head loss is system dependent
and includes friction losses and pipe bends. The subscripts
“1” and “0” refer to inlet and outlet values, respectively. This
governing equation is used to calculate flow within the
spreadsheet model.

In addition to standard hydrologic modeling, the siphon is
governed by logical statements embedded within the spread-
sheet code to start and stop the siphon based upon water
level in the system and upon the previous status of the
siphon.

Three flow regimes exist for an infiltrating siphon system:
(1) infiltrating inflow, (2) cycling outflow, and (3) continuous
outflow, figure 3 shows siphon behavior under the three flow
regimes.

The results shown in figure 3 are for a 50 meter long by
0.2 meter wide by 1.75 meter deep soil trench backfilled with

coarse gravel placed over a 0.10 meter diameter perforated
pipe. Porosity of the gravel is 35 percent. The siphon empties
into an arroyo 1.5 meters below the bottom of the trench. The
soil used for calculations is a loamy sand with a permeabil-
ity of 4.1%10° m/s. The rational method is used to estimate
runoff and a runoff coefficient of 0.90 is used. Rainfall
intensity is varied from a drizzle (1 mm/hr) in figure 3a to a
light rain (56 mm/hr) in figure 3b and to a downpour (50 mm/
hr) in figure 3c. Each rainfall intensity results in a different
flow regime.

In infiltrating inflow (fig. 3a), infiltration into the trench
bottom and walls exceeds inflow. All water infiltrates, and
trench water level is less than the water level needed to
activate the siphon (critical head).

In cycling outflow (fig. 3b), when inflow exceeds trench
infiltration capacity, the water head in the trench exceeds
the critical head, and the siphon is activated. For flow to
stop, the rate of outflow must exceed the sum of inflow and
infiltration up until the point at which the trench is emptied
of water. At this point, air entering the pipe through the
inlet or through the perforations is able to break the water
column and stop the siphon.

In continuous outflow, an equilibrium is reached between
inflow and outflow (fig. 3c). Water level in the trench and
infiltration from the trench are constant.
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Figure 3—Flow regimes: infiltrating inflow is shown in 3a; cycling outflow is shown in 3b (next page), and continuous

outflow is shown in 3c (next page).
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All of these flow regimes potentially can be seen in a single
rainfall event. Figure 4 schematically shows rainfall inten-
sity over the course of a typical southwestern thunderstorm.
Rainfall starts, quickly builds to maximum intensity, and
then slowly tails off. Runoff and erosion intensity follow a
similar qualitative pattern. At low rainfall intensities with
low sediment inputs, all water infiltrates. As the rainfall
intensity increases, sediment input increases, the cycling
threshold is reached, and the system starts to cycle. If
rainfall intensity increases sufficiently, sediment concen-
trations may increase, and a continuous outflow flow regime
can be established. As rainfall decreases, the system will
then revert to cycling outflow, and finally, to infiltrating
inflow regimes.

Sediment

Sediment accumulation varies with flow regime. Under
infiltrating flow, all water infiltrates and sediment accumu-
lates in the system. However, because infiltrating flow
generally occurs during low rainfall intensity events, little
sediment enters the system.

During cycling flow, sediment accumulates during the
infiltration phase of the cycle and is flushed during the
siphon phase. Design parameters must be set to ensure an
adequate velocity to entrain sediment in the perforated pipe
and to back flush the overlying gravel backfill. The water

velocity obtainable in the system defines the particle size
that can be entrained and removed. This velocity sets the
upper limit on particle size that can be accommodated by the
system.

During constant outflow, little sediment is likely to accu-
mulate in the pipe. However, sustained unidirectional flow
into soil is likely to result in some soil plugging and perme-
ability decline. The time frame is likely to be empirically
dependent upon soil properties, sediment flux, and particle
size distribution.

Vegetation/Siphon System
Interactions

Root systems can increase soil saturated hydraulic con-
ductivity over an order of magnitude (Prieksat and others
1994). Increased root biomass results in more root channels
as well as an associated increase in faunal activity creating
wormholes and other channels. These preferential flow
paths increase saturated hydraulic conductivity. In arid
and semi-arid systems, plant growth is usually limited by
water availability. Because plants maintain fairly constant
root:shoot ratios, root mass and soil hydraulic conductivity
are often directly correlated with water availability. Thus, a
potential positive feedback loop exists where increased wa-
ter availability from the siphon system increases plant and
root mass which increases soil hydraulic conductivity which,
in turn, increases water recharge and water availability.

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

Storm rainfall or runoff intensity
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Figure 4—Changes in siphon system behavior over the course of a rainstorm.
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These soil-plant-water relationships can be exploited in a
siphon system. By increasing water availability, both root
growth and hydraulic conductivity of the infiltration sys-
tem can improve over time. This is particularly true of
finer-textured semi-arid and arid soils where little
macroporosity exists. Addition of plant roots and water leads
to new macropore channels. The reduced carbon released by
these roots ultimately results in soil aggregation. These soil
aggregation processes are driven by reduced carbon from
plants and can be used to combat the natural tendency of
pressurized particulate-containing water to plug infiltra-
tion systems.

Siphon/Riparian Zone
Interactions

Most previous buffer zone and riparian zone research
(primarily from the Northeast and the Midwest) has oper-
ated on the premise that vegetation is necessary to establish
control of run-off. In the western U.S., establishment of
vegetation is often problematic due to intermittent water
supply. Thus, contrary to what is typically found in the
eastern U.S., runoff must be controlled to (re)establish
vegetation in arid and semi-arid areas. Runoff control can
provide water for establishment of vegetation. One problem
is obvious: to obtain the benefits of vegetated buffer zones in
arid and semi-arid areas, we need effective methods to
convert transient runoff into a steady water source for
establishment of vegetation.

Healthy riparian areas provide numerous benefits when
viewed as a component of the basic hydrologic unit, i.e., the
watershed. Woody riparian species provide channel and
bank stability and thus prevent incisement of the channel.
Local ground-water levels are maintained due to slow re-
lease of bank storage. Natural fluvial processes create chan-
nels which efficiently transport water. Water quality is
improved where sources of sediment from destabilized banks
are eliminated. Shading reduces extreme fluctuations in
temperature and evaporative losses from perennial streams.
Additionally, riparian zones can attenuate high flood flows
while promoting sediment deposition and ground water
recharge. These attributes optimize the hydrologic response
of a watershed with regards to the storage and discharge of
water.

From a soil science perspective, grazing and cropping
practices have often reduced soil water storage capacity and
increased run-off. A common result has been lowering of
local water tables with permanent stream reaches becom-
ing intermittent. From a hydrological perspective (Munzel
1983), these same agricultural practices lead to an exag-
gerated seasonal flow regime and increase the frequency,
severity, and unpredictability of high-volume flows.

Subsurface flow, including that from recharge galleries,
generally provides a more constant source of water than
surface flow. Obligate phreatophytes, such as cottonwoods,
require a constant source of water for survival. Facultative
phreatophytes, such as salt cedar (Tamarix sp.), tolerate
drier periods. In southwestern riparian zone forests
(bosques), replacement of native vegetation (such as willow

134

and cottonwood) by exotics (such as salt cedar and Russian
olive) has occurred with watershed degradation over time.
The recharge component of the water balance considered
critical for maintaining base flow in streams is therefore
important in maintaining desired vegetation.

Surface waters have been diverted and infiltrated for
thousands of years in various parts of the world (Bruins and
others 1986). Wills (1988) summarizes much of the litera-
ture on prehistoric southwestern U.S. agriculture and water
harvesting. The primary objective of water harvesting is
short-term water storage in the soil profile for crop growth.
In the southwest, Native American farmers place fields to
optimize water and sediment trapping (Nabhan 1984).
These relationships among soil, vegetation, and erosion/
deposition are eloquently discussed by Jenny (1980). Soils
derived from aeolian deposits, alluvium and colluvium are
generally considered unsuitable for agriculture because of
their high infiltration rates (Tabor, 1995). This characteris-
tic of rapid infiltration, however, appears to improve the
suitability of these soils in siphon systems and in arroyo
bank stabilization.

While water erosion processes are complex, as evidenced
by an abundant and growing amount of technical literature,
the principals of erosion control are often stated as these
relatively simple principles: Plant, plant residue, or mulch
cover should be increased in intensity or in time to decrease
energy and volume of run-off water. In the west, local
increase of recharge also may facilitate erosion control. The
rationale is this: Increased recharge results in increased
bank vegetation, and increased bank vegetation reduces
bank erosion. Bank erosion is a major contributor to the
sediment load in many western streams. Thus, increased
recharge from siphon systems is likely to reduce bank
erosion on appropriately selected stream banks.
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Vegetation Classification on the Middle Rio

Grande

Joanne Mount

Abstract—This on-going study will provide data on changes in
vegetation in the Middle Rio Grande since 1984.

One of the first activities of the Bosque Initiative was a
pilot project initiated in June of 1995 by the Army Corps of
Engineers to determine if there had been a change in stand
structure and species composition of the Bosque since 1984.
It was decided from this project that significant change had
occurred to warrant further investigation of the entire Middle
Rio Grande.

This project includes vegetation between the levees from
Cochiti Dam to Elephant Butte Reservoir and the entire
flood plain from the south boundary of Bosque Del Apache
National Wildlife Refuge to }dry land road.~ The riparian
forest consists of approximately 42,020 acres and is 232 river
miles in length.

There are two main objectives. The firstis torecord change
in stand structure and species composition since the 1984
Hink and Ohmart Middle Rio Grande Biological Survey. The
Hink and Ohmart Biological Survey was done toidentify the
major types of riparian habitat and to characterize the
vegetation and terrestrial vertebrate communities of each
type.

The second objective of the this project is to update
information on stand structure and species composition of
the riparian vegetation and to produce a map that will be
available to cooperating agencies. These include:

Bosque Improvement Group

U.S. Fish and Wildlife Service

Rocky Mountain Research Station

U.S. Forest Service, Region 3

Bureau of Reclamation

Army Corps of Engineers

Isleta Pueblo

Santa Ana Pueblo

Middle Rio Grande Conservation District
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Aerial photography was flown May 1995, October 1996
and May 1998 at a scale of 1:400. Stand structure and
vegetation composition are evaluated using the same meth-
odology Hink and Ohmart used in the 1984 Middle Rio
Grande Biological Survey. Six categories areidentified based
on height of overstory and understory vegetation volume.
Polygons are field verified for accuracy using a standard
50x25 meter rectangular plot with a 25-meter line transect.
The species composition is evaluated from a threshold of 25
percent or more.

Vegetation polygons are delineated and transferred to
Orthophoto base maps. These base maps are projected in
UTM (zone 13), datum:NAD 27, spheroid:Clark 1866, at a
scale of 1:400. The base maps are edited using Unix LT4X
and are then imported into ARC/INFO. The finished product
will be available in an ARC/INFO data base. The river will
be represented by three reaches: Albuquerque, Isleta and
Socorro.

Results will provide participating river management agen-
cies a valuable diagnostic tool that describes the existing
vegetation composition and stand characteristics of the
Middle Rio Grande from Cochiti Lake to Elephant Butte
Reservoir.
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Restoration Efforts in the Rio Grande Valley

State Park

Ondrea C. Linderoth

Abstract—Restoration techniques for riparian habitats in the
Southwest are being widely studied. Efforts for natural regrowth of
native species are a high priority. Techniques for native cottonwood
(Populus fremontii) regeneration are being investigated in the
Rio Grande Valley State Park. Experimentation with flooding of
riparian zones using different techniques is beginning to show
promising results.

The Rio Grande Valley State Park (RGVSP)is a 5000 acre
park in the greater Albuquerque area of New Mexico (fig. 1).
The Park is managed by the City of Albuquerque, Open
Space Division (OSD) in coordination with the Middle Rio
Grande Conservancy District. Other agencies with juris-
diction of the river area include the Bureau of Reclamation
and the Army Corp of Engineers. These agencies, as well as
others, have collaborated on many projects to restore and
enhance the bosque in this stretch of the middle Rio Grande.
Different techniques for restoration in the Park are being
coordinated and/or implemented by OSD.

Cottonwood Pole Planting

The cottonwood pole planting program which is imple-
mented by the OSD, Operations & Maintenance Section, has
been successfully running for the last ten years. This pro-
gram continues to grow in size and success every year.
Monitoring of these poles has shown an approximate 90
percent success rate. Almost 1000 poles are planted in the
State Park every year. An estimated 10,000 poles have been
installed to date.

Methods for installation include the “use of young trees
(2-4 years) found growing in riparian areas which can be
transplanted or utilizing young trees grown by nurseries for
installation” (Barron, 1995). This young stock is utilized
when dormant and placed in pre-drilled holes in the riparian
area. The holes must be drilled to the groundwater table. A
single pole is placed into the hole and pushed through until
it is touching the water. Poles are then protected using
woven wire wrapping. This material protects the young
tree from potential predators such as beaver.
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Experimental Microirrigation
Project

Open Space is working in coordination with the USDA,
Natural Resource Conservation Service (NRCS), Plant Ma-
terial Center on an experimental plot in the RGVSP. NRCS
established an experimental microirrigation site on the
west side of the river near the Calabacillas Arroyo and has
been monitoring the site since 1997. This is a one-acre study
site with approximately three fourths of the site being
enclosed by a fence. The site is irrigated through a well
system utilizing three types of microirrigation. Weed control
was performed by hand and “cottonwood seedlings were
sprayed monthly from August to October 1997 to control
cottonwood leaf beetle” (USDA, NRCS, 1997).

The site has proven to be successful in generating native
cottonwood seedlings by keeping the soil moist during seed
dispersion. “Over 12,500 seedlings were established at this
one-acre site by October 1997" (USDA, NRCS, 1997). Due to
this success, an additional site is being created on the east
side of the river.

Ground Level Manipulation

A new concept that was implemented during the restora-
tion of a burned site was to include sculpting of the ground
level to partially inundate the area with ground water when
the riveris running high. This area, called the Zoo Burn site,
islocated on Tingley Drive on the east side of the river behind
the Zoo. This treatment allowed the cottonwoods, willows,
seepwillows, and other species that were planted at the
Zoo Burn site to be closer to the water source and establish
more successfully. The area is partially flooded during high
water and native wetland species have been planted and
established in this ‘moist soil’ area. The site is now in its
second season and all species that were planted as well as
volunteer native species are thriving. Because of the ‘wet-
ness’ of the site, migratory bird species are also attracted to
the area and sandhill cranes have been viewed in the area.
Though no statistical or definitive information has been
collected at this time, observation of the progress of the sight
seems to show that his type of restoration is very successful.

Exotic Species Removal

Removal of exotic speciesis another management tool that
is being implemented in the RGVSP. In coordination with
the U.S. Army Corps of Engineers and the USDA Natural
Resource Conservation Service, a salt cedar removal project
was implemented in 1997 as mitigation for the Middle Rio
Grande Flood Protection: Bernalillo to Belen, New Mexico
levee rehabilitation project. Within the RGVSP, the project
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Figure 1—Location map: Rio Grande Valley State Park, Albuquerque, NM.

took place on the west side of the river between Alameda
Blvd. and La Orilla channel. Three areas were treated for
removal of salt cedar and follow up spraying of Tamarisk
(Tamarix pentandra) seedlings as mitigation for the reha-
bilitation project; one at the La Orilla channel outfall, and
two on the east side of the river south of Paseo del Norte.
These areas have recently been replanted in 1998 with
native species.

The plan for this mitigation is spelled out in the Fish and
Wildlife Mitigation Plan of the Final Environmental Assess
non-native species within the project area. The techniques
followed for removal are as follows: Sites were chosen where
large patches of the exotic species, Tamarisk, existed. The
site was then cleared and grubbed “to remove the roots and
discourage re-sprouting” (ACOE, 1996). Follow up included
herbicide treatment of sprouts and removal of dead and
down material prior to replanting. The material that was
removed was burned on site. Replanting using cottonwood
poles occurred during the dormant season (January-April)
following the removal of Tamarisk. The mitigation will
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occur over a three year period with 10 sites identified
throughout the RGVSP and the Corrales Bosque Preserve
just north of and adjacent to the RGVSP.

Created Wetlands

The Alameda Wetland project is currently under construc-
tion at the Alameda/Rio Grande Open Space property at
the north end of the RGVSP. This property was jointly
purchased by the City of Albuquerque, Open Space and
Bernalillo County. Construction of a parking lot was com-
pleted in 1997 by Bernalillo County. The second phase of
activities for the site is the implementation of a created
wetland. The project is being constructed by the Bureau of
Reclamation, with additional funding from the U.S. Fish
and Wildlife Service for the liner, and Intel providing fund-
ing for wetland and upland plant species. Open Space is
planning and overseeing project implementation while pro-
viding additional funding. Open Space will manage and
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maintain the wetland once it is completed. This will be a
five acre wetland created for increased habitat near the
RGVSP riparian zone.

Over the last 60 years, the Middle Rio Grande bosque has
lost approximately 85 percent of its wetland areas. This as
well as the increased population in the Albuquerque area,
has created pressures on habitat and the wildlife that dwell
within. Opportunities for projects of this kind will continue
to be investigated in the RGVSP to meet Open Space goals
to increase wildlife habitat.

Albuquerque Overbank Project

Open Space is one of the participants involved in a multi-
agency project to manipulate the riverbank to encourage
overbank flooding and, in turn, potentially foster natural
cottonwood generation. The Albuquerque Overbank Project
has been implemented in coordination with the Bureau of
Reclamation (lead agency), Middle Rio Grande Conservancy
District, University of New Mexico, New Mexico Natural
Heritage Program, and Open Space. The site is approxi-
mately 3 acres in size and is located on the west side of the
river north of Rio Bravo Blvd. The area has been successfully
prepared for natural overbank flooding by removing existing
non-native vegetation including Russian Olive (Elaeagnus
angustifolia) and Tamarisk (Tamarix pentandra). It was
felt that there was a need for action due to the decline of the
“ecological health of the bosque as reflected by exotic species’
invasions and reduced native stand vigor” (BOR, 1998).
From this, the need is to then understand how to reestablish
a healthy native riparian habitat. This is one of the few
geographical areas in the RGVSP that allowed an opportu-
nity for overbank flooding without threat to private home
sites.

The project is currently being monitored for vegetation
populations and species diversity, groundwater level and
nutrient analysis, soil analysis, and s