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Introduction- The arid and semi-arid rangelands of the American Southwest are defined by 
inherent water scarcity, characterized by irregular rainfall patterns and the intermittent presence 
of water. This makes water a critical limiting resource for all biological activity within these 
ecosystems. The unique hydrological regime profoundly influences the structure and function of 
these environments, impacting everything from the distribution and composition of vegetation to 
wildlife habitat and overall ecosystem health. 

These landscapes face a complex interplay of challenges, including significant hydrologic 
alterations, ecological degradation, and evolving socio-economic dynamics. Specific problems 
observed include the proliferation of gully and arroyo formation, extensive woody plant 
encroachment, and the decline of native floodplain grasslands. Historical human activities, such 
as past grazing practices and the construction of water control structures, have significantly 
contributed to these alterations, often leading to unintended consequences like disconnected 
floodplains and increased erosion.
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Navigating Water Scarcity and Ecological Change: A 
Synthesis of Modern Hydrologic and Rangeland 

Management in the American Southwest 
Dr. Cameron Dorsett

I. Introduction: The Critical Nexus of 
Water and Rangelands in Arid 

Environments 

he arid and semi-arid rangelands of the American 
Southwest are defined by inherent water scarcity, 
characterized by irregular rainfall patterns and the 

intermittent presence of water. This makes water a 
critical limiting resource for all biological activity within 
these ecosystems. The unique hydrological regime 
profoundly influences the structure and function of these 
environments, impacting everything from the distribution 
and composition of vegetation to wildlife habitat and 
overall ecosystem health.  

These landscapes face a complex interplay of 
challenges, including significant hydrologic alterations, 
ecological degradation, and evolving socio-economic 
dynamics. Specific problems observed include the 
proliferation of gully and arroyo formation, extensive 
woody plant encroachment, and the decline of native 
floodplain grasslands. Historical human activities, such 
as past grazing practices and the construction of water 
control structures, have significantly contributed to these 
alterations, often leading to unintended consequences 
like disconnected floodplains and increased erosion.  

  

The documents collectively demonstrate that 
while aridity is a natural condition, human activities have 
substantially amplified and redirected the impacts of 
water scarcity, leading to more severe and widespread 
ecological degradation, such as arroyo formation and 
floodplain disconnection. For instance, hydrologic 
connectivity issues have become prevalent on the 
Buenos Aires National Wildlife Refuge (BANWR) due to 
the advancement

 

of altered drainage pathways through 
channel incision and arroyo formation. Many of these 
incised channels likely developed as a result of failed 
water retention and diversion structures installed by the 
U.S. Soil Conservation Service (SCS) in the early 1900s. 
This direct causal linkage, repeatedly emphasized 
across the available information, highlights that human 
interventions, even those initially intended for 
conservation or resource management, have become 
significant drivers of the very problems they sought to 

address or mitigate. This implies that effective solutions 
must target both natural processes and the legacy of 
human impact.  

The framing of the problem as a critical nexus of 
interconnected challenges implicitly advocates for an 
interdisciplinary approach to solutions, moving beyond 
siloed management within hydrology, ecology, or socio-
economics. Rangeland ecohydrology, an emerging field, 
specifically deals with the intricate relationship between 
rangeland ecosystems and the hydrologic processes 
that affect them. An integrated framework for science-
based arid land management positions hydrologic 
function as foundational to biotic integrity and the 
provision of ecosystem services. The problems detailed, 
such as failed infrastructure leading to ecological 
decline, the complex impacts of mesquite 
encroachment, and the social aspects of water rights, 
are inherently multifaceted. Therefore, effective solutions 
cannot arise from a single discipline but necessitate a 
synthesis of hydrological science, ecological 
understanding, and socioeconomic realities.  

This review aims to synthesize findings from 
recent research to explore the multifaceted issues at the 
intersection of rangeland ecosystems, hydrologic 
processes, and human management in the American 
Southwest. It integrates insights from detailed 
hydrologic engineering analyses of failed infrastructure, 
modern ecohydrological methodologies for assessment 
and modeling, and the evolving socio-economic and 
policy dimensions of water resource management. The 
goal is to provide a comprehensive, expert-level 
understanding for researchers, land managers, and 
policymakers seeking to foster resilience and 
sustainability in these vital, water-limited landscapes.  

II. Hydrologic Dynamics and 
Infrastructure Challenges 

a) Water Control Structures and Their Vulnerability  
Historically, various water control structures, 

including concrete drop spillways, earthen spreader 
berms, and dirt stock tanks, were constructed on 
rangelands, often with limited hydraulic design 
considerations. These structures aimed to manage 
floodwaters for purposes such as increased forage 
production or livestock watering. However, many have 
failed over the past 60-70 years due to inadequate 
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design and/or a lack of maintenance, leading to 
detrimental outcomes such as increased arroyo 
downcutting and disconnectedness of floodplain 
grasslands.  

b) Case Study: Banwr Spillway Failure  
A detailed hydrologic engineering analysis was 

conducted on a failed concrete drop spillway (broad-
crested weir) at the outlet of the Buenos Aires National 
Wildlife Refuge (BANWR) watershed southwest of 
Tucson, AZ. The primary objective of this analysis was to 
determine the maximum flow the structure could pass 
without failure (discharge capacity) and to identify the 
rainfall recurrence interval and duration that would result 
in a flood magnitude exceeding the spillway's capacity, 
thus likely leading to its failure.  

The methodology involved utilizing high-
resolution remotely-sensed LiDAR data (from 2015) 
obtained from the Pima County Flood Control District 
and the Pima Association of Governments. This data 
was processed in ArcMap 10.5.1 to create a 1-meter 
digital elevation model (DEM). This DEM was then used 
to delineate the watershed, identifying the concrete 
spillway as the outlet or "pour point." The resulting 1501-
hectare watershed was further divided into three sub-
watersheds: A (94.2 ha), B (122 ha), and C (1285 ha). 
Field measurements of the spillway's crest length 
(L=13.4m) and the maximum hydraulic head 
(H=0.95m), representing the depth of the weir "notch," 
were taken using a self-leveling level. These 
measurements were applied to the broad-crested weir 
formula (q=CLH3/2) with a weir coefficient (C) of 1.70, 
yielding a maximum spillway carrying capacity of 21.1 
m³/s.  

Peak runoff rates from the watershed were 
estimated using two distinct methods: the Rational 
Method and the US-Soil Conservation Service (now 
NRCS) Curve Number (CN) Method, implemented via 
the Wildcat5 software. The Rational Method 
(qp=360ciA) required inputs of rainfall intensity and 
storm duration, with runoff coefficients estimated based 
on soil type, basin slope, and area composition. Time of 
concentration (tc) for each sub-watershed was 
calculated using the Kirpich formula. The Curve Number 
Method, the basis for runoff volume estimation and 
hydrograph generation (Q=P+0.8S(P−0.2S)2), utilized 
precipitation depth and a soil water retention parameter 
(S) derived from the Curve Number. Wildcat5 also 
allowed for routing design storms through a small 
upstream reservoir with an average surface area of 
0.427 ha.  

The findings on spillway capacity exceedance 
were significant. Based on the Rational Method, the 
spillway capacity was found to be adequate for runoff 
volumes generated within either Subwatershed A (94.2 
ha) or Sub-watershed B (122 ha) individually, with peak 
runoff rates well below 21.1 m³/s. However, runoff from 

Sub-watershed C (1285 ha) consistently exceeded 
capacity. A 10-year return period rainfall event with a 
duration of 177 minutes (2.95 hours) yielded a peak 
discharge of 22.8 m³/s, surpassing the 21.1 m³/s 
capacity. A 25-year return period rainfall of the same 
duration resulted in an even higher 27.4 m³/s peak 
discharge. When considering the entire 1501-ha study 
site watershed, a 10-year return period rainfall of 177 
minutes generated a peak discharge of 26.4 m³/s, also 
exceeding capacity.  

The Curve Number Method (Wildcat5) results, 
which allow for the generation of runoff hydrographs and 
routing through the upstream reservoir, further confirmed 
the vulnerability of the spillway. For Sub-watershed C, a 
10-year return period rainfall of 24-hour duration, after 
reservoir routing, yielded a peak runoff flowrate of 35.4 
m³/s. For the entire 1501-ha watershed, a 10-year return 
period rainfall of 24-hour duration generated a peak 
flood of 42.0 m³/s, which, even after routing through the 
reservoir, remained significantly above capacity at 41.6 
m³/s.  

The comparison between the Rational Method 
and the Curve Number (Wildcat5) Method results 
highlights that longer-duration, larger-spatial-extent 
storms, even at lower recurrence intervals, pose a 
greater threat to infrastructure than shorter, more intense 
storms over smaller areas. The Rational Method, 
focusing on peak intensity at the time of concentration, 
might significantly underestimate the total volume and 
sustained flow that a structure needs to withstand. For 
Subwatershed C, the 10-year Rational Method peak was 
22.8 m³/s based on a 177-minute duration, whereas the 
10-year, 24-hour Wildcat5 peak after routing was 35.4 
m³/s. This substantial difference (over 50% higher) for 
the same recurrence interval indicates that the longer 
duration and the ability to model the full hydrograph, 
rather than just the peak, capture a more complete 
picture of the flood event's impact. This implies that 
design considerations solely based on peak intensity 
from localized, short-duration storms might be 
insufficient for larger watersheds or regions experiencing 
more prolonged rainfall events, leading to a systemic 
underestimation of flood risk.  

The consistent failure of the spillway under 
conditions involving Sub-watershed C or the entire 
watershed, despite being adequate for smaller sub-
watersheds, points to a fundamental design flaw related 
to the scale of the contributing drainage area. This 
suggests that the original design likely did not 
adequately account for large-scale, spatially extensive 
rainfall events, or that the watershed characteristics 
(e.g., runoff coefficients, land cover) have changed over 
time, altering runoff generation. The inadequacy for 
larger contributing areas implies that the "pour point" 
design was either undersized for the actual area it was 
meant to manage, or that the assumptions about runoff 
generation for the larger areas were incorrect or became 

Navigating Water Scarcity and Ecological Change: A Synthesis of Modern Hydrologic and Rangeland
Management in the American Southwest

G
lo
ba

l 
Jo

ur
na

l 
of
 S

ci
en

ce
 F

ro
nt
ie
r 
R
es
ea

rc
h 

( 
H
 )
 X

X
V
 I
ss
ue

 I
I 
V
er
si
on

 I
 

 Y
ea

r 
20

25

22

© 2025 Global Journals



outdated. This has broader implications for 
infrastructure planning in dynamic rangeland 
environments, where land use changes, vegetation 

shifts, or climate variability can significantly alter runoff 
characteristics over decades, rendering older designs 
obsolete.  

Table 1: Summary of BANWR Spillway Discharge Capacity and Peak Runoff Rates 

Watershed Area (ha) 
Calculated Time 
of Concentration 

(min/hr) 

Rational Method 

Peak Runoff 

(m³/s) 

Wildcat5 Peak 

Runoff (m³/s) 

(Routed) 

Spillway 

Capacity - - 21.1 21.1 

Sub-watershed A

 

94.2

 

65.1 min (1.09 hr)

 

10-yr: 3.24; 25-yr:

 
3.85

 

Not presented

 
(below capacity)

 
Sub-watershed B

 

122

 

46.5 min (0.77 hr)

 

10-yr: 6.11; 25-yr:

 
7.29

 

Not presented

 
(below capacity)

 
Sub-watershed C

 

1285

 

176.9 min (2.95 hr)

 

10-yr: 22.8; 25yr: 
27.4

 

10-yr (24-hr):

 
35.4

 
Entire 1501-ha

 
Watershed

 

1501

 

176.9 min (2.95 hr)

 

10-yr: 26.4; 25yr: 
31.6

 

10-yr (24-hr):

 
41.6

 
Note: Values in bold indicate peak runoff rates exceeding the spillway's capacity of 21.1 m³/s.

 Wildcat5 results for A and B were not presented in the source as they did not exceed capacity

c)
 

Gully and Arroyo Formation 
 The failure of water control structures directly 

contributes to increased arroyo downcutting and the 
disconnectedness of grasslands from their floodplains. 
This process of gully formation, also attributed to 
overgrazing, high-intensity flooding, and failed man-
made structures, has profound and detrimental effects 
on both ground-water and surface-water interactions, as 
well as riparian vegetation. Historical analyses, such as 
those for the San Pedro River, reveal a temporal link 
between arroyo formation, landscape changes, and 
declining groundwater levels, directly impacting 
vegetation dynamics like sacaton and mesquite. 

 The temporal progression of arroyo formation 
and its consequences illustrates a critical negative 
feedback loop: arroyo cutting lowers the groundwater 
table, which in turn disconnects riparian vegetation, 
such as sacaton, from its vital water source. This leads 
to the decline of these grasses and potentially further 
exacerbates erosion, creating a self-reinforcing cycle of 
degradation. Historical depictions show that initial 
conditions (pre-1880) featured a high groundwater table 
supporting sacaton grassland. Subsequent stages, 
including initial downcutting (1880-1920) and widening 
(1920-1940), illustrate the groundwater table dropping, 
leading to the replacement of sacaton grassland by 

barren land or mesquite. This demonstrates a direct 
causal chain: physical alteration (arroyo cutting) leads to 
hydrological change (groundwater decline), which then 
causes ecological change (vegetation shift), which in 
turn can further promote erosion by reducing ground 
cover. This understanding is crucial for comprehending 
the persistence and severity of rangeland degradation. 
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The Universal Soil Loss Equation (USLE: 
A=RKLSCP) is a widely used tool to quantify gully 
formation and sediment erosion, providing a framework 
for understanding the factors contributing to soil loss. 
This equation helps in assessing estimated soil loss 
based on rainfall erosivity, soil erodibility, slope-length 
gradient, cover and management, and erosion control 
practices. 

The decline of sacaton grasslands and the 
proliferation of arroyos are not isolated issues but are 
deeply intertwined through the concept of hydrologic 
connectivity. The incised channels disconnect the 
sacaton floodplain from available runoff, preventing the 
ideal inundation that these grasses require. This implies 
that restoring sacaton and other riparian vegetation 
requires not just planting, but fundamentally re-
establishing the hydrologic pathways and surface
ground water interactions that support them. The 
problem is not merely a lack of water overall, but a 



 

 
 

  

 

 

 

 

b) Woody Plant Encroachment  
Over the last century, woody plant 

encroachment, particularly by mesquite, has 
significantly increased in grassland savannas. This 
phenomenon has complex and often controversial 
effects on the ecosystem water budget.  

Studies on the Santa Rita Experimental Range 
(SRER) utilized a water balance equation 
(dS/dt=P−Q−AET−L) to quantify annual water 
balance, where dS/dt is the change in soil moisture, P is 
precipitation, Q is runoff, AET is actual 
evapotranspiration, and L is percolation. Experimental 
treatments involving mesquite removal showed that 
while removal can decrease watershed runoff, 
differences in soil properties among study sites had a 
greater effect on surface hydrology. This finding is a 
critical nuance, as it implies that broad-scale shrub 
removal might not always yield the desired hydrologic 
benefits if underlying soil degradation or inherent soil 
characteristics are not addressed. This challenges a 
simplistic "remove shrubs to get more water" narrative 
and emphasizes the need for site-specific assessments, 
as the physical characteristics of the soil might be more 
influential in determining water movement than the 
presence or absence of a particular vegetation type.  

While often perceived as detrimental, some 
studies suggest shrub encroachment may not always be 
negative. Research in semi-arid rangelands has shown 
that shrub removal does not always significantly improve 
the water budget. In some cases, shrub encroachment 
can even reverse desertification by creating "islands of 
fertility" with enhanced water budgets. This concept 
introduces a potential positive feedback loop where 
shrubs, despite consuming water, might locally improve 
soil conditions and water retention, thereby facilitating 
other plant growth. This suggests that the ecological 
role of woody plants in arid systems is more complex 
than simply being "water consumers" and might involve 
ecosystem engineering functions that enhance overall 
site productivity and resilience in certain contexts. This 
shifts the perspective from simple eradication to 
understanding the context-dependent functional role of 
these plants, suggesting a need for more nuanced 
management strategies that consider their potential 
benefits.  

c) Wildlife Water Developments  
Since the mid-20th century, thousands of 

artificial water sources, such as guzzlers, stock tanks, 
and modified natural tanks, have been constructed 
across the American West. These developments have, 
in many cases, successfully expanded the distribution 
and abundance of various wildlife species, including 
both game (e.g., deer, elk, quail) and non-game animals 
(e.g., bats, amphibians).  

However, the practice of developing artificial 
water sources is not without its critics and is considered 
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misdistribution of water due to altered flow paths. 
Therefore, effective management must focus on 
restoring this natural hydrologic connectivity, possibly 
through methods like earthen dikes and water 
spreaders, to ensure water reaches the areas where it is 
most ecologically beneficial for floodplain health. 

III. Ecological Responses to Hydrologic 
Alterations

a) Vegetation Shifts and Hydrologic Connectivity 
The American Southwest has experienced 

significant vegetation change, including a notable 
decline in native grasses like Big sacaton (Sporobolus 
wrightii) and Alkali sacaton (Sporobolus airoides), which 
historically dominated riparian floodplains. This decline 
is intimately linked to issues of hydrologic connectivity, 
where channel incision and arroyo formation disconnect 
floodplains from available runoff, thereby preventing the 
crucial inundation necessary for sacaton health. Other 
contributing factors to this decline include past grazing 
methods, agricultural crop conversion, channelization 
for irrigation, and residential development. 

The decline of sacaton grasslands, which 
historically "trapped sediment, spread water like a dam, 
and leveled valley bottoms," represents not just a 
change in species composition but a significant loss of 
natural hydrologic regulation. When these grasses 
decline, the landscape loses a natural mechanism for 
sediment retention and water spreading. This directly 
impacts the ability of floodplains to retain water and 
prevent channelization, thus contributing to the very 
arroyo formation and disconnectedness that initially 
harmed the sacaton. This indicates that the vegetation 
itself acts as an "ecosystem engineer" that actively 
shapes hydrology, and its loss has cascading negative 
effects on water management. 

Modern methods for assessing the ecological 
state of riparian sacaton stands and grasslands include 
the use of State-and-Transition Models (STMs), remote 
sensing, field verification, and consultation of expert 
opinion. STMs, for example, serve to classify vegetation 
by type, state, and canopy cover, aiding in the 
understanding of complex ecological dynamics. 

The acknowledgment of ongoing debate 
regarding the leading cause of these phenomena (i.e., 
humans, climatic factors), alongside evidence of failed 
SCS structures, and overgrazing, suggests that current 
rangeland degradation is a complex outcome of both 
climatic variability and longterm anthropogenic impacts. 
While climate provides the backdrop, human land use 
and infrastructure decisions have profoundly altered the 
system's response to natural climatic events, making the 
problem a socio-ecological one that requires multi-
factor management strategies rather than simplistic 
solutions. 



a "double-edged sword". Concerns have been raised 
about potential negative impacts, including increased 
predation (with sites potentially functioning as "predation 
sinks"), heightened competition between native and 
non-native species, the accelerated spread of disease, 
and direct mortality from animals becoming trapped in 
water structures. The "predation sinks" hypothesis 
suggests that an intervention designed to benefit wildlife 
(by providing water) can inadvertently create an 
ecological trap, where the concentration of animals at 
these sites makes them more vulnerable to predators. 
This highlights the complex and often unpredictable 
consequences of single-species or single-factor 
management interventions in interconnected 
ecosystems.  

While much of the evidence for these negative 
impacts remains anecdotal, it highlights the critical need 
for more rigorous planning, monitoring, and research to 
ensure that wildlife water developments achieve their 
intended benefits without causing unintended harm. The 
prevalence of anecdotal evidence for negative impacts 
suggests a significant gap in rigorous scientific 
evaluation of these widespread interventions. This calls 
for more systematic, long-term monitoring and research 
to move beyond assumptions and inform truly evidence-
based conservation practices, ensuring that 
management decisions are grounded in comprehensive 
understanding rather than limited observations.  

IV. Modern Methodologies for 
Rangeland Ecohydrology and 

Management 

a) Integrated Data Collection and Analysis  
Modern ecohydrology heavily relies on 

advanced technologies for data collection and analysis, 
enabling researchers to bridge the gap of large spatiality 
and investigate water budget changes over extended 
periods.  

High-resolution remotely-sensed LiDAR data 
(flyover in 2015) and available historic aerial imagery 
(dating as early as 1936) are processed in Geographic 
Information System (GIS) software, such as ArcMap and 
Google Earth Pro. This allows for the creation of 1-meter 
digital elevation models (DEMs), precise delineation of 
watersheds and sub-watersheds, and detailed mapping 
of vegetation distribution and soil types. This capability 
enables fine-tuned analysis of hydrologic networks and 
ecological conditions at scales previously unattainable. 
The integration of remote sensing (LiDAR, aerial 
imagery) with GIS for watershed delineation and 
vegetation/soil mapping represents a transformative 
shift from traditional, labor-intensive field surveys to a 
more efficient, large-scale, and spatially explicit 
understanding of rangeland conditions. This enables a 
more precise application of hydrologic models and 
State-andTransition Models (STMs).  

Software packages such as the Automated 
Geospatial Watershed Assessment tool (AGWA), the 
Rangeland Hydrology and Erosion Model (RHEM), 
KINEROS2, the Soil and Water Assessment Tool 
(SWAT), and Wildcat5 are extensively utilized. These 
models predict peak flow, runoff volumes, and develop 
storm hydrographs by integrating spatially explicit land 
cover, soil type, and precipitation datasets. The 
significant reliance on modeling in ecohydrology 
research (34% of studies) indicates a recognition that 
direct experimentation or observation alone is often 
insufficient to fully understand complex, large-scale, and 
long-term hydrologic processes in rangelands. Models 
allow for invaluable scenario testing, such as different 
storm recurrence intervals, land cover changes, and 
management interventions, which would be impossible 
or impractical in the real world, thus informing adaptive 
management decisions more effectively. Models serve 
as virtual laboratories, enabling the exploration of "what-
if" scenarios, which is crucial for developing proactive 
and resilient management strategies in environments 
characterized by high variability and uncertainty.  

b) State-and-Transition Models (STMs)  
State-and-Transition Models (STMs) are a 

fundamental land management approach first 
developed by the Natural Resources Conservation 
Service (NRCS) that aids managers in understanding 
complex ecosystem dynamics, particularly in semi-arid 
and arid lands. They describe non-linear vegetation 
dynamics and ecological shifts between different 
"states".  

STMs are defined by key elements: "states" 
(suites of temporally-related plant communities and 
associated dynamic soil properties), "community 
phases" (distinctive plant communities within a state), 
"transitions" (mechanisms transforming one state into 
another), "triggers" (events initiating transitions), and 
"thresholds" (conditions that distinguish alternative 
states and preclude unassisted recovery of the former 
state). For instance, an STM can depict a shift from 
sacaton grassland to a "Dry" grassland due to 
processes like gullying and altered surface water 
pathways, with repair methods such as water spreaders 
as potential interventions.  

Developing STMs involves an iterative, 
systematic approach, often an eight-step process. This 
generally follows from the creation of basic concepts 
based on literature and expert workshops, to refining 
concepts, categorizing regions based on soils and 
topography, developing inventories of plants and soils, 
housing data in databases, building and analyzing initial 
models, and finally characterizing and monitoring 
"states".  

STMs are often described as "resilience-based," 
illustrating how ecosystems move between current and 
alternative states, potentially crossing "thresholds" 
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guided by positive and negative feedbacks. 
Understanding these thresholds is crucial for preventing 
irreversible degradation, as crossing them implies a shift 
past critical levels of herbivory, vegetation cover, or soil 
loss, disrupting ecosystem dynamics and structure. The 
concept of "thresholds" is critical because it implies that 
degradation is not always linear or easily reversible. 
Once a threshold is crossed (e.g., due to critical soil 
loss or altered hydrologic function), the ecosystem may 
not recover naturally, often requiring costly and active 
restoration efforts. This highlights the importance of 
early intervention and proactive management to prevent 
irreversible shifts, as managing to stay within a desired 
state is far more effective and economically viable than 
attempting to reverse a degraded state through 
expensive restoration.  

Recent advancements integrate remote sensing 
with STMs to link ecosystem services with state 
transitions. This allows managers to evaluate 
management decisions based on the net flow of 

ecosystem services (positive services minus negative 
services), facilitating the development of "best 
management practices" (BMPs) by mapping ecological 
sites and states based on soil type and vegetation 
cover. The integration of remote sensing with STMs to 
link ecosystem services to management decisions 
represents a sophisticated evolution of rangeland 
management. It moves beyond simply tracking 
ecological changes to explicitly quantifying the human 
benefits (or costs) associated with different land 
management choices, providing a stronger economic 
and social justification for conservation and restoration 
efforts. This advancement allows managers to make 
decisions not just based on ecological health metrics, 
but on the value that healthy ecosystems provide to 
society (e.g., water quality, forage, wildlife habitat, 
recreation). This provides a powerful argument for 
sustainable practices by demonstrating their tangible 
benefits to human well-being and economic prosperity, 
thereby engaging a broader range of stakeholders.  

Table 2: Key Concepts and Application of State-and-Transition Models (STMs) 

STM Key Element
 

Definition
 

State
 

A suite of temporally-related plant communities and 
associated dynamic soil properties that produce 
persistent characteristic structural and functional 
ecosystem attributes.

 

Reference State

 

The state supporting the largest array of potential 
ecosystem services and from which all other states and 
phases can be derived; often considered to represent a 
historical or natural range of variability of the set of 
conditions most preferred by a society.

 

Community Phases

 

Distinctive plant communities and associated dynamic 
soil property levels that can occur over time within a 
state.

 

Transition

 

The mechanisms by which one state is transformed into 
another state.

 

Trigger

 

Events, processes, and drivers that initiate a transition to 
an alternative state. Triggers can be indicated by 
changes in plant community patterns that result in 
altered feedbacks or increased risk of sudden transition 
from the at-risk phase.

 

Threshold

 

Conditions defined by vegetation/soil characteristics 
and related processes that distinguish alternative states 
and that preclude autogenic (unassisted) recovery of the 
former state.
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STM Development Process (8 Steps) Key Tasks and Considerations 

1. Develop initial ecological site concepts and STMs 

Review general ecosystem models, conduct literature 
review, hold expert workshops/interviews; specify 

functionally-important soil properties; specify transient 
vs. persistent changes in vegetation; consider scale and 

spatial context in transitions. 

2. Complete low-intensity survey

 

Explore relationships among states, landforms, land 
uses, and soils across the project area; refine strata for 

medium-intensity inventory.

 

3. Hierarchically stratify the region

 

Assemble digital maps and remotely sensed imagery, 
link to low-intensity data; delineate or recognize climate 
zones, soil-geomorphic systems, soil units, states, and 

key differences in patch structure.

 
4. Complete medium-intensity survey

 

Sample vegetation, soils, and indicators across 
soilgeomorphic systems, ecological sites, and state 

strata/gradients and at many points.

 
5. House data in database

 

Database allows soil, landform, and vegetation data to 
be related to one another.

 
6. Conduct exploratory analyses and tests of 

relationships

 

Use scatterplots, model building, quantile regression, 
and multivariate analysis to explore data and to test 

specific propositions derived from ecological sites and 
STMs.

 
7. Refine ecological site and STM concepts

 

Based on analyses and synthesis of literature, modify 
ecological site classes, modify initial STMs, quantify 

characteristics of ecological sites and states.

 

8. Complete high-intensity characterization and initiate 
monitoring

 

Generate statistical samples, especially for reference 
states, and collect precise information on vegetation 

and dynamic soil properties to establish characteristic 
values; monitor points

 

to document dynamics of the 
state.

 

Source:
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c) Experimental Interventions 
To combat groundwater decline and soil 

erosion, past management methods have involved the 
implementation of earthen dikes and water spreaders to 
retain runoff, increase grass production, and enhance 
soil moisture distribution. Furthermore, experimental 
"irrigation" or simulated precipitation pulses have been 
studied to understand vegetation and soil response. 

Precipitation pulses are highly valuable for arid-
land systems, acting as important agents for biological 
activity. One phenomenon that arises due to infrequent 
precipitation pulses is that of hydraulic redistribution, 
which involves plant roots taking up moisture from 
deeper or wetter soil areas and actively redistributing it 
to drier soil zones. This reveals a sophisticated, often 

unseen, mechanism by which plants in arid 
environments actively optimize water use and potentially 
influence soil moisture beyond their immediate root 
zone. This indicates that the role of vegetation in the 
water cycle is not just about passive uptake and 
transpiration, but also active redistribution, which could 
have significant implications for soil health, nutrient 
cycling, and the survival of other plants in water-limited 
systems. This understanding is crucial for developing 
more effective restoration strategies, as it suggests that 
promoting certain plant species might indirectly improve 
overall soil moisture conditions and support other 
vegetation. 

Controlled studies, such as one focusing on 
Mesquite sap flow and soil water content response after 
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a 50 mm irrigation application, showed an initial 
increase in soil water content followed by a plateau. 
Similarly, experimental precipitation addition (39 mm) on 
the SRER resulted in increased soil moisture content 
and decreased soil temperatures in all cases, with 
implications for mesquite establishment. These 
experimental irrigation studies provide crucial empirical 
evidence for how specific precipitation pulses translate 
into measurable soil moisture dynamics and plant 
physiological responses. This data is vital for validating
hydrologic models, calibrating water balance equations, 
and designing effective, targeted water harvesting or 
supplemental irrigation strategies in restoration efforts, 
moving from theoretical understanding to practical 
application. Such controlled experiments are essential 
for establishing cause-and-effect relationships in 
ecohydrology, and this type of data is critical for refining 
predictive models and for developing practical, 
evidence-based interventions, such as determining the 
optimal timing and amount of water needed for 
successful plant establishment or for enhancing soil 
moisture in degraded areas. 

V. Socio-Economic and Policy 
Dimensions of Water Management

a) Evolving Land Ownership and Management 
Paradigms 

A significant trend reshaping the western 
landscape is the transition of ranch ownership from 
traditional ranching families to a new cohort of "amenity 
buyers". These new owners are often not dependent on 
the ranch for income and are drawn to the land primarily 
for its recreational and environmental values. This shift is 
particularly pronounced in high-amenity areas, such as 
southwestern Montana, where world-class fisheries have 
fueled a real estate boom. 

New ranch owners typically bring a different set 
of priorities and approaches to land and water 
management compared to longtime owners. They are 
more likely to engage in practices such as riparian and 
aquatic ecosystem restoration, reallocating water to 
instream uses to benefit fish, and constructing private 
fish ponds for recreational purposes. While restoration 
efforts (e.g., planting willows, restoring natural stream 
channels) can significantly improve habitat and mitigate 
dewatered streams, the proliferation of private fish 
ponds poses a number of risks to native and wild 
fisheries, including the spread of disease and invasive 
species, thermal pollution, and the disruption of natural 
hydrologic processes. 

The contrast between traditional ranching 
practices (e.g., flood irrigation for forage/habitat) and
"amenity buyer" practices (e.g., instream flow 
reallocation, private fish ponds) reveals a fundamental 
tension between different land use values and their 
associated conservation goals. Traditional ranching 

often integrates water management with livestock
production and broader ecosystem services, such as 
maintaining wet meadows, while amenity buyers may 
prioritize specific recreational (fishing) or aesthetic 
environmental values, sometimes leading to unintended 
negative consequences (e.g., from private fish ponds). 
This highlights that "conservation" itself can be defined 
and pursued in conflicting ways, creating challenges for 
integrated land and water management. 

The rise of "amenity buyers" introduces new 
economic drivers into rangeland water management, 
where land value is increasingly tied to recreational and 
aesthetic attributes rather than solely agricultural 
productivity. This can lead to market-driven shifts in 
water allocation and land use that are not necessarily 
aligned with broader ecological sustainability or 
traditional community values, necessitating new policy 
approaches. The economic incentive for land ownership 
has shifted from agricultural production, which 
historically dictated water use under prior appropriation, 
to non-consumptive or recreational uses. This economic 
shift can drive water management decisions, such as 
building private fish ponds, that may conflict with 
existing water rights, ecological needs, or the practices 
of neighboring traditional ranchers. This necessitates 
new policy frameworks that can mediate these diverse 
economic and social pressures. 



Table 3: Comparison of Water Management Practices by Landowner Type in the American West 

Category Traditional Ranching Families Amenity Buyers 

Primary Motivation for Land 
Ownership 

Income from ranching, Cultural 
traditions, Commitment to ranching 

lifestyle 

Recreational/Environmental values, 
Not dependent on ranch for income 

Typical Water Management 
Practices 

Flood irrigation (long-standing 
tradition), Off-stream water and salt 
placement for livestock distribution 

Riparian and aquatic ecosystem 
restoration, Reallocating water to 

instream uses (for fish), 
Constructing private fish ponds 

Key Benefits (Observed/Stated) 

Vital forage for livestock, Habitat for 
wildlife, Groundwater recharge, 

Late-season flows benefiting fish 
habitat, Improved livestock 

distribution, Increased cattle weight 
gains 

Improved fish habitat, 
Aesthetic/recreational value, 

Enhanced riparian health 

Potential Unintended 
Consequences/Concerns 

Perceived as "inefficient" by modern 
standards 

Risks to native/wild fisheries 
(disease, invasive species, thermal 

pollution), Disruption of natural 
hydrologic processes, 

Concentration of animals 
(predation sinks, disease spread) 

Source:   

b) The "Efficiency" Paradox in Irrigation  
Flood irrigation, a long-standing tradition in the 

American West, involves spreading water across fields 
through ditches and pipes, mimicking natural flooding 
processes. This practice plays a crucial role in 
maintaining wet meadows, which provide vital forage for 
livestock and habitat for a wide array of wildlife. It also 
contributes to groundwater recharge and the creation of 
lateseason flows beneficial for fish habitat. However, 
flood irrigation is often perceived as "inefficient" 
compared to more modern techniques like sprinkler and 
center-pivot irrigation, which may use less water overall.  
The definition of "efficiency" in water use is complex and 
often fails to account for the broader social and 
ecological benefits of flood irrigation. Ranchers' 
decisions about which irrigation methods to use are not 
solely driven by economic considerations; they are also 
influenced by a complex web of factors including the 
natural features of the landscape, cultural traditions, the 
availability of skilled labor, and a commitment to the 
ranching lifestyle. The "efficiency paradox" reveals a 
critical disconnect between a narrow, engineering-
centric definition of water efficiency (i.e., minimizing 
water diverted or consumed) and a broader, 
ecohydrological understanding that encompasses 

multiple ecosystem services. Optimizing for one metric 
(water volume saved) can inadvertently degrade other 
valuable ecosystem functions (e.g., groundwater 
recharge, wetland habitat, late-season stream flows), 
leading to unintended negative consequences. A purely 
volumetric definition of "efficiency" is insufficient for 
complex ecological systems. This highlights that policies 
promoting "efficiency" without considering the full suite 
of ecosystem services provided by traditional practices 
might lead to a net loss in overall environmental and 
social value, necessitating a more holistic definition of 
water use efficiency.  

The influence of cultural traditions and 
commitment to lifestyle on rancher decisions suggests 
that purely economic or technical solutions to water 
management challenges will likely face significant 
resistance and may ultimately fail. Effective policy and 
management strategies must integrate socio-cultural 
considerations and engage landowners in a way that 
respects their values and practices, rather than 
imposing top-down, technology-driven solutions. Even if 
a technological solution, such as sprinkler irrigation, is 
technically "more efficient," it might not be adopted if it 
conflicts with deeply held values or practical realities of 
the ranching community. This implies that successful 
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water management requires a participatory approach 
that understands and addresses these socio-cultural 
dimensions.  

d) Water Rights and Allocation  
The legal framework governing water use in the 

American West is largely based on the doctrine of prior 
appropriation, which grants water rights to those who 
first put the water to a "beneficial use," historically 
meaning diversion for agriculture and other consumptive 
uses. However, in recent decades, there has been a 
growing recognition of the value of instream flows for 
recreation, wildlife, and ecosystem health.  

While states like Montana have begun to create 
legal mechanisms for reallocating water from 
consumptive to instream uses, the process remains 
legally and socially contentious. As the values and 
priorities of landowners and society continue to evolve, 
there is a growing need for more flexible and adaptive 
legal and institutional frameworks for managing water in 
the West. The tension between the historical "prior 
appropriation" doctrine (focused on consumptive use 
and diversion) and the emerging recognition of 
"instream flows" for ecosystem health represents a 
fundamental legal and philosophical conflict in Western 
water law. This conflict directly impedes adaptive 
management and highlights the inertia of legal systems 
in responding to evolving ecological understanding and 
societal values. A legal system designed for one set of 
values (resource extraction/consumption) struggles to 
accommodate new values (ecosystem health, non-
consumptive uses). This legal inertia creates significant 
barriers to implementing modern ecohydrological 
principles, as the existing framework is not inherently 
designed for ecosystem services or adaptive 
management.  

The legal and social contentiousness of water 
reallocation implies that future water management 
solutions in the West will require significant stakeholder 
engagement, negotiation, and potentially new 
governance models that can bridge the gap between 
historical rights and contemporary ecological needs. 
This moves beyond a purely scientific or technical 
problem to a complex socio-political challenge. Water 
scarcity in the West is not just a physical or ecological 
problem but a deeply entrenched socio-political one, 
involving competing interests, historical entitlements, 
and deeply held values. Therefore, effective solutions 
must involve collaborative governance, conflict 
resolution, and policy innovation that can facilitate 
equitable and sustainable water allocation.  

VI. Conclusion: Towards Integrated and 
Adaptive Rangeland Water 

Management 

This synthesis underscores that rangeland 
water management in the American Southwest is 

characterized by profound and intricate 
interdependencies between hydrologic processes, 
ecological functions, and socio-economic dynamics. 
Failed infrastructure can exacerbate arroyo formation, 
directly leading to significant vegetation shifts like the 
decline of native sacaton grasslands. Woody plant 
encroachment, while often viewed negatively, has 
complex and context-dependent effects on water 
budgets. Furthermore, even well-intentioned 
interventions like artificial wildlife water developments, 
while offering benefits, pose significant ecological risks. 
The evolving landscape of land ownership, driven by 
new economic motivations, and the contentious nature 
of water rights further complicate effective management.  
Effective and sustainable rangeland management 
necessitates a holistic and interdisciplinary approach. 
This involves leveraging modern methodologies such as 
integrated remote sensing, GIS, and advanced 
hydrologic modeling for precise data collection, spatial 
analysis, and predictive capabilities. State-and-Transition 
Models (STMs) are crucial tools for understanding non-
linear ecological shifts, identifying critical thresholds, 
and informing proactive management strategies to 
prevent irreversible degradation of ecosystem services.  

a) Recommendations for Future Research, Policy, and 
Management  

To navigate these complex challenges and 
foster resilience in the American Southwest's 
rangelands, the following recommendations are put 
forth:  

i. Research  
Future research must prioritize rigorous, long-

term monitoring and evaluation of all management 
interventions, moving beyond anecdotal evidence to 
robust scientific validation. This includes a more 
nuanced understanding of the ecological impacts of 
practices like shrub removal, considering soil-vegetation 
interactions, and a comprehensive assessment of the 
full spectrum of benefits and risks associated with 
wildlife water developments. Further investigation into 
the diverse motivations and constraints of different 
landowner types is also vital to inform effective 
engagement strategies.  

ii. Policy  
Policy frameworks need to evolve to be more 

flexible and adaptive, specifically addressing the legal 
and social contentiousness inherent in water reallocation 
processes. The definition of "water efficiency" must 
expand beyond narrow volumetric metrics to 
encompass the broader ecological and social benefits 
provided by various water management practices, 
including traditional ones. This requires a re-evaluation 
of legal doctrines like prior appropriation to better 
accommodate contemporary ecological values and the 
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evolving understanding of water's role in ecosystem 
health.  

b) On-the-Ground Management  
Practical management should prioritize 

restoring hydrologic connectivity to support native 
vegetation like sacaton, potentially through targeted 
interventions such as water spreaders that consider 
specific soil properties and the context-dependent 
ecological role of woody plants. Collaborative 
approaches involving diverse stakeholders, including 
traditional ranchers, amenity buyers, government 
agencies, and researchers, are essential to bridge 
differing values and ensure sustainable and equitable 
outcomes for water and land resources. This integrated 
approach recognizes that water scarcity is not merely a 
physical problem but a deeply entrenched sociopolitical 
one that requires shared governance and adaptive 
strategies.  

The analysis implicitly argues for a fundamental 
paradigm shift in rangeland management: from reactive, 
single-issue interventions to proactive, integrated, and 
adaptive strategies that explicitly acknowledge the deep 
interconnectedness of water, land, and human systems. 
This requires a continuous feedback loop between 
scientific understanding, policy development, and on-
theground practice, fostering resilience in the face of 
ongoing environmental and social change. The future of 
rangeland management depends on moving beyond 
addressing symptoms to transforming the underlying 
governance and management systems to be inherently 
adaptive, interdisciplinary, and responsive to the 
dynamic interplay of natural and human forces.  
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