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Abstract: As the centerpiece of ecosystems and human societies, river basins are complex social—
ecological systems (SESs) that depend on the natural flow regime and the hydrologic variability to
adapt to changes and absorb disturbances. Anthropogenic and climate change disturbances
destabilize river systems. Therefore, a resilience question arises: What is the carrying capacity of a
river basin, i.e.,, how much disturbance can a river basin take until the system undergoes a regime
shift? To answer this question, this study aims to identify regime shifts, thresholds, and the carrying
capacity of the transboundary Rio Grande-Rio Bravo (RGB) basin using 110 years of monthly
streamflow data. To address this research question, first, gauged (regulated) and naturalized
streamflow data is collected; if naturalized flows are not available, they are calculated through
streamflow naturalization. Second, streamflow standardization is estimated using the streamflow
drought index. Third, a regime shift assessment is performed using Fisher Index, and fourth, the
nonparametric Mann-Kendall test is used to assess the Sustainable Regime Hypothesis which
evaluates regime shifts and alternative regimes. Results demonstrate that resilience thresholds are
surpassed, and regime shifts, including early warning signals, occurred in multiple locations of a
transboundary basin. The present study highlights the importance of assessing the carrying capacity
of a river basin; hence, evaluating regime transitions, including identifying early warning signals
and thresholds, is critical in managing for sustainability and ecological resilience of SESs. Looking
ahead, the integration of ecological resilience theory into water management has the potential to
recognize the sustainable carrying capacity of river basins at the local, regional, and international
scale.

Keywords: carrying capacity; ecological resilience; early warning signals; regime shifts; resilient
flow regime; river basins; thresholds

1. Introduction

River basins are resilient and dynamic social-ecological systems (SESs) defined by
the natural flow regime paradigm. This concept recognizes the attribute of flow variability
as the master variable that sustains the ecological integrity of ecosystem structure and
functions [1]. The temporal variability of the natural flow regime underpins ecological
resilience [2,3] by providing riverine systems with the capacity to adapt and thrive, absorb
perturbations, reorganize, and retain its identity to flow-related disturbances. However,
the near-ubiquitous anthropogenic activities in river systems (e.g., reservoirs, agricultural
expansion, land-use change, water compacts, and treaties) and the accelerated climate
changing conditions (e.g., extreme events such as droughts and floods) cause severe
consequences in the variability of the natural flow regime [4]. When environmental
variation is lost, ecological resilience erodes, and the capacity of rivers to support
biological, biogeochemical, and geomorphic processes declines [3]. For example, flow
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releases from reservoirs that suit the agricultural growing season or comply with water
treaties do not always correspond with the timing of the natural flow regime. These flow
disturbances will modify the quantity and timing of flows, which are vital flow attributes
for the lifecycle of native species [5,6] (e.g., fish spawning and vegetation recruitment),
including floodplain connectivity, channel morphology, water quality, and nutrient
cycling[7]. The persistent anthropogenic forcing can lead to hydrological consequences,
destabilizing river basins worldwide and bringing the system to the point of an ecological
threshold. A point at which, if crossed, an abrupt change in an ecosystem quality,
property, or processe occurs [8]. Studies suggest that once a threshold is attained, stream
ecological health may decline precipitously [9]. The ecological attributes that confer
resilience to a system depend on the magnitude of the disturbance, the temporal and
spatial scale where it occurs, and the resilience safeguards that it possesses.

In hydrology, identifying thresholds in rivers would provide relevant information
about the sustainable carrying capacity of river basins, the maximum number of
anthropogenic disturbances that a hydrologic area can withstand before shifting to an
unattainable state. Depending on the relative strength and severity of disturbances, a
stressed system may respond by remaining in the current state or shifting (smoothly or
abruptly) to a new state if a threshold is crossed. This new potential state, a long-term
system reorganization, is known as a regime shift [10,11]. The mechanisms that cause
regime shifts, including the types of regime shifts in a system, are useful evidence of the
relationship between the response (e.g., flow regime) and control variables (e.g., flow
regulation) [12]. For instance, abrupt regime shifts will a exhibit nonlinear relationship or
positive feedbacks between the response and the control variables, while cascading
regime shifts happen when a regime shift in a system changes key variables that make
another system undergo a regime shift [13]. Adapting to a new state following a regime
shift means that variables in the systems will likely undergo significant change, tipping
into a new equilibrium. As resilience of natural ecosystems research continues to unfold,
understanding and identifying regime shifts and the capacity of a river basin to absorb
and recover from perturbations has become a critical topic in river basin resilience,
conservation, and management [14,15]. Numerous studies have strived to improve our
understanding of regime shifts in river basins—for example, the conceptualization of
alternate regimes in a large floodplain-river ecosystem [16] or the long-term hydrological
regime shifts under climatic and anthropogenic pressures, including tropical cyclone
flooding [17] and experimental floods on regulated rivers for improving the ecological
integrity [18,19]. These studies support the need to broaden our conceptualization of river
basin ecosystem dynamics, resilience, and regime shifts. Moreover, recent research has
focused on devising early warning signals for anticipating such abrupt ecological
transitions and the evidence of early warning signals before regime shifts signal for
systems approaching a tipping point [20] due to critical slowing down or a flickering
phenomenon. Resilience theory predicts that approaching critical thresholds in natural
systems may result in an increasingly slow recovery from small perturbations, a
phenomenon called critical slowing down [21], which provides signals for loss of
resilience before the occurrence of regime shifts. Strong perturbations may cause the
system to “flicker” [22,23], occurring when a complex system starts moving back and forth
between two alternative attractors. Long time series and high resolution are required to
capture the internal dynamics of early warning signals in systems [20,23]. Understanding
the conditions under which critical thresholds are approaching and likely to be crossed
and the mechanisms that underlie threshold behavior and regime shifts are critical given
the significant effects on ecosystem functions and services in freshwater systems [24].
Quantitative approaches to identify early warning signals, thresholds, and regime shifts
require a strong focus on ecological resilience assessments. In hydrology, ecological
resilience principles to assess freshwater systems [3] include key aspects to assess
resilience, such as temporal variability, spatial heterogeneity, hydrologic connectivity,
and decision-making actions. Other measures rely on considering ecological resilience as
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an emergent property of complex systems that decompose into attributes or surrogates of
resilience: alternative regimes, thresholds, scales, and adaptive capacity [25]. However,
quantifying and applying the concept of resilience has been challenging, and current
approaches are correlative and limited to the local scale of ecosystems [15,26,27], or the
qualitative treatment of resilience rather than quantitative facets has limited its
applicability [25]. To advance in closing knowledge gaps of freshwater resilience, this
study evaluates thresholds, early warning signals, and regime shifts of a transboundary
river basin, using streamflow. The novelty of this study is that it uses a simple and
reproducible assessment that can be applied to river basins at multispatial scales—
including at the transboundary, sub-basin and basin wide scales—for quantifying and
characterizing the resilience surrogates of thresholds and regime shifts through the lens
of temporal variability using long-term streamflow data. The assessment includes five
steps. First, gauged data is collected for desired control points in a river basin. Second,
naturalized streamflow data is calculated from the collected gauged data using a mass
water balance. Third, naturalized and gauged (regulated) streamflow data is standardized
using the Streamflow Drought Index (SDI). Fourth, regime shifts are detected through the
Fisher information (FI) method. Fifth, FI results are evaluated using the nonparametric
Mann-Kendall test and the Sustainable Regime Hypothesis. To the knowledge of the
authors, this is the first study that tests the suitability of FI in identifying regime shifts,
early warning signals, and critical slowing down for river basin flow regimes.

The case study is the Rio Grande/Rio Bravo (RGB) basin given its social-ecological
complexity. Its binational character includes two countries and eight states with
distinctive political, institutional, and legal frameworks which account for the growing
water demand and economic development. The region also possesses a mosaic of unique
ecosystem landscapes, which makes it an ideal study area to perform this analysis. Under
this premise, interesting research questions arise: (1) Can we quantify how many
anthropogenic disturbances a river basin can absorb until reaching a resilience threshold?
(2) If a threshold is crossed and a regime shift occurs, can we identify when it happened?
and (3) Can we recognize early warning signals for potential regime shifts and/or the
mechanism under which a regime shift occurred? Overall, this study is intended to serve
as a baseline for evaluating thresholds and regime shifts in any river basin worldwide, at
the local, regional, and international scale.

2. Materials and Methods
2.1. Case Study

The transboundary Rio Grande-Rio Bravo (RGB) basin is one of the three largest
drainage basins in North America. It is the fifth longest river in North America (2830 km),
and it extends for approximately 557,000 km?, half of which is located in the United States
and the other half is in Mexico. The richness of the RGB is bound to the basin’s climate,
topography, and hydrology. Snow and hurricane-driven precipitation range from 190 to
2250 mm/year, the average temperature ranges between -2 °C and 25 °C, and in some
areas the annual evapotranspiration can range between 400 and 2400 mm.

The topography varies significantly from the mountains and gorges of the
headwaters to deserts and subtropical terrain in the lower basin. The annual average,
natural supply of the Rio Grande delivered to the Gulf of Mexico was between 10 and 12
km3, and the runoff coefficient varies from 0.05 to 0.5 in the Colorado headwaters to 0.05
to 0.15 in the Rio Conchos Basin headwaters. Its diverse hydrologic regime flows result
from the snowmelt signature, late summer floods from the Rio Conchos, moderate
magnitude floods, and some flash floods from ephemeral tributaries. The region includes
forest and desert, migratory birds, vast areas of grasslands and arid shrubland, rare desert
plants, springs, rivers, streams, and endemic species that support a rich diversity of
species. The water is shared between the states of Colorado, New Mexico, and Texas in
the U.S., and Durango, Chihuahua, Coahuila, Nuevo Leon, and Tamaulipas in Mexico.
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The RGB has two significant headwaters; in the U.S,, they are fed from snowmelt in the
San Juan Mountains of Colorado, and in Mexico, from the tropical monsoons hitting the
Sierra Madre Occidental of Chihuahua (Figure 1). The river originates in the San Juan
Mountains in Colorado, draining into the southern Rocky Mountains and the western half
of New Mexico. When the upper RGB basin reaches the city of Presidio, Texas, it is joined
by the Rio Conchos in Mexico at La Junta de los Rios, which nowadays provides up to 75
percent of the flow at its confluence with the RGB. Approximately 530 km further
downstream, the Pecos River flows into the RGB. Further downstream, the Rio Salado and
the Rio San Juan contribute streamflow from the south until flowing into the Gulf of
Mexico. Except for the snowmelt and tropical monsoons of the headwaters, most of the
river flows through arid regions, including the Chihuahuan Desert, North America’s
largest desert.

2.2. The Anthropocene of the Rio Grande-Bravo

The modern RGB and its streams hardly resemble the original watercourse or
abundance of native species. The collective features of an arid ecosystem, rapid
population growth, a landscape dominated by irrigated agriculture, and infrastructure
development are pushing the limits of environmental sustainability and present a
significant challenge in managing this transboundary basin (Figure 2). The alteration of
the natural flow regime and degradation of these riparian ecosystems had a tremendous
toll on the river. The extent of environmental degradation can be seen most drastically
along the forgotten reach, a 240-km stretch of the river that at times is completely dry due
to upstream diversions. The river corridor has been heavily modified, including the
human-engineered straightening of the mainstem for conveyance and flood protection
(e.g., in Presidio/Ojinaga and El Paso/Cd. Juarez). Channel narrowing and incisions
emerged by the reduced flood flows and encroachment of invasive vegetation (e.g., Big
Bend Reach). Historically, water resources in the basin have been planned to meet human
needs. Irrigation practices introduced by Spanish explorers in the 1600s supplanted pre-
Hispanic flood irrigation [28]. In the U.S., the extent of irrigation activities expanded
during the 19th century after the Desert Land Act of 1877 [29,30], prompting a
disproportionate expansion of agricultural land, water diversions for irrigation and water
consumption. Main irrigation districts include Elephant Butte Irrigation District (36,681
hectares), the Middle Rio Grande Conservation District (36,281 hectares), and the Lower
Rio Grande Valley (300,000 hectares), among others. In contrast, as a result of the Mexican
Revolution in 1917, the Agrarian Reform implemented a prolonged distribution of land,
where more than half of the Mexican territory was assigned to farmers. There are 11
irrigation districts (ID) in the Mexican area of the RGB; the main ones include DR005
Delicias (73,002 hectares) and DR025 Bajo Rio Bravo (201,291 hectares). The total irrigation
area for the RGB comprises approximately 780 thousand hectares (Figure 3), which
accounts for 83% of the surface water in the basin allocated to agricultural use [31].

To impulse the agriculture sector, the proliferation of dams in the RGB reached a
maximum capacity of 33,037 million cubic meters (mm?) shared almost equally among
both countries; the U.S. reached a total reservoir capacity of 16,948 mm? and Mexico 16,089
mm? (Figure 4). The first large reservoirs started in 1916 with Elephant Butte (capacity
6455 mm?) and La Boquilla (capacity 3177 mm?). Since then, 27 big dams have been
constructed in the basin, including two international dams: Amistad (capacity 2926 mm?)
and Falcon (capacity 2013 mm?). The development of irrigation districts and water
infrastructure has fostered the growth of important cities, industries, and rural areas in
the basin. Today an estimated 10.4 million people inhabit the RGB. For instance, surface
water rights in both countries are over-appropriated: there are more rights to water than
is normally available [32]. All of these anthropogenic pressures have reduced the natural
flow of the river by over 95% [33]. Furthermore, climate change is already affecting the
RGB streamflow timing and volume through changes in air temperature, snowfall and
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snowpack, rainfall, and increased evapotranspiration rates [34], adding pressures on
water availability and threatening the environment, society, and the economy of the RGB.

|
|

| — Rivers
/\ CREoR e © Mainstem control points
/ Rio Chamz @ Sub-basin control points

- [ Sub-basin delineation
NEW |

MEXICO | Elevation (masl)

4153

p A

TEXAS

Devils River

Pecos River,

CHIHUAHUA

Rio/Conchos /Above Amistad

Pinto Creek

Rio'Salado

RiolSanfJuan

‘Anzalduas

Py
5

(> COAHUILA

-0 100 200 300 lg
| Eaaam s~
, \\/:\] \J\\\:—r,

< L
= \\é NUEVO
“ LEON

./
\ - S TAMAULIPAY/
X A

Figure 1. Mainstem and Subbasin control points, sub-basin delineations and main rivers of the Rio
Grande-Bravo basin.
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Figure 3. Accumulated agriculture hectares (thousand hectares) in the Rio Grande-Bravo Basin
(grey) and the portions of the United States (green) and Mexico (blue).
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Figure 4. Total reservoir storage capacity (mm?) in the Rio Grande-Bravo Basin (33,037 mm?) and
the portions of the United States (16,948 mm?3) and Mexico (16,089 mm?).

2.3. Methodology Overview

The methodology to evaluate thresholds, early warning signals, and regime shifts of
a river basin using streamflow includes five steps: (1) data collection, (2) streamflow
naturalization, (3) streamflow standardization, (4) regime shift assessment and (5) testing
of the Sustainable Regime Hypothesis. See methodology flowchart in Figure 5 and used
software in Supplementary Materials.
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Figure 5. Methodology flowchart to assess thresholds, regime shifts, and early warning signals in a
river basin.

2.3.1. Streamflow Data Collection

Eight control points are selected for this case study, four located in the mainstem of
the RGB, namely San Marcial, El Paso, Above Amistad, and Anzalduas, and four located
at the outlets of the sub-basins of the Rio Conchos, Pecos River, Rio Salado, and Rio San
Juan. We considered that these control points represent the overall condition of the whole
RGB basin (Figure 1). For each control point, gauged streamflow data (referred as
regulated streamflow in this study) was retrieved from 1900 to 2010 at a daily and monthly
scale. Depending on the location of the control point, regulated streamflow data was
collected from the Mexican National Water Commission (Comisiéon Nacional del Agua
[CONAGUAY]), the International Boundary and Water Commission (IBWC), and the US
Geological Survey (USGS) gauge station data. Naturalized flows from 1900 to 1943 and
from 1950 to 2008 were obtained from several research studies, including [33,35-38].
Period gaps for naturalized flows were estimated using the streamflow naturalization
method.

2.3.2. Streamflow Naturalization

Naturalized streamflows represent historical natural hydrology that would have
occurred in the absence of anthropogenic impacts. In this study, estimating daily
naturalized flow consists of removing anthropogenic impairment such as reservoir
development, water supply diversions, return flows, stream losses, water imports and
exports, and other factors from regulated streamflow [39]. Streamflow naturalization uses
a mass balance Equation (1) to estimate the natural flow by accounting for the system’s
inflows, outflows, and change of reservoir storage for the desired time frame. Outflows
were estimated using Equation (2) and include consumptive losses involving agricultural
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water demands obtained by the Agricultural Statistics of the Irrigation Districts in Mexico
(Estadisticas Agricolas de los Distritos de Riego), urban and industrial water uses
obtained by CONAGUA. Evaporation and stream losses were retrieved by the Mexican
National Data Bank for Superficial Waters (Banco Nacional de Datos de Aguas
Superficiales (BANDAS)) and IBWC. Then, inflows were estimated using Equation (3),
and data sources include return flows, precipitation in the reservoir, and streamflow gains
obtained by IBWC. Finally, for the change of reservoir storage in Equation (4), data was
retrieved by BANDAS and IBWC.

where Q7' is the natural flow, G, is the observed/gauged flows, 0, is the outflows, I,

is the inflows, and AS; is the change of reservoir storage at a given monthly time step .
Ot: ADt+UDt+ IDt‘I' SLt+ Evt (2)

where 0, is the outflows, AD, is the agriculture diversions, UD; is the urban diversions,
Al is the industrial diversions, SL; is the streamflow losses, and Ev; is the reservoir
evaporation at a given monthly time step .

I, = Ry + P, + SG, 3)

where I, is the inflows, R, is the return flows from agriculture, urban, and industrial
diversions, P, is the reservoir precipitation, and SG, is the streamflow gains at a given
monthly time step ¢.

ASt = St - St—l (4)

where AS; is the change of reservoir storage and S, is the reservoir storage at a given
monthly time step ¢.

Natural streamflow completion techniques such as the QPPQ method [40] were used
to fill gaps when ungagged data was incomplete for specific periods. Gaps were estimated
by transferring streamflow data at reference gauges with complete data to ungauged or
incomplete gauges. The reference gauge should be unaltered and similar to the incomplete
gauge location. The QPPQ method uses flow duration curves and relies on the assumption
that exceedance probabilities are equivalent between the reference gauge and the
incomplete data gauge, and then it transfers the flow at the incomplete control point using
the estimated flow-duration curves. Lastly, a comparison of the average estimated natural
flows and the available studies of Orive de Alba [38], Loredo-Rasgado [37], and Blythe
and Schmidt [33] were assessed using the statistical analysis from Moriasi et al. [41] to
validate our calculations. The goodness of fit criteria used in this study were the coefficient
of determination (R2), index of agreement (d), Nash-Sutcliffe efficiency (NSE), and
percent bias (PBIAS). In addition, the statistical performance was evaluated using the
criteria in the study of da Silva et al. [42]

2.3.3. Streamflow Standardization

Once the naturalized and regulated streamflow time series were available, the
Streamflow Drought Index (SDI), an approach that characterizes the severity of
hydrological events [43], was used for two objectives: (1) to normalize streamflow across
the basin and allow adaquate comparisons of the naturalized and regulated hydrologic
conditions; (2) to evaluate and illustrate the hydrologic extremes of the basin from 1900 to
2010. For the SDI computations, first, the natural streamflow datasets were aggregated
into a 120-month time window as it represents the system’s memory and captures decadal
changes and characteristic long-term droughts of the RGB. Then, a normality test was
performed in the aggregated natural streamflow using the Kolmogorov-Smirnov (K-S)
test at a 0.05 significance level. To decrease the skewness of the data series, log-normal
distributions were used. After the transformation, the cumulative probability is then
transformed to the standard normal variable with mean zero and standard deviation,
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which resulted in the SDI values for each window. Next, to calculate the regulated SDI,
each regulated streamflow was aggregated using the same window size (120-months);
finally, these volumes were cross-referenced with the closest aggregated naturalized
volume and assigned with its corresponding SDI value. Hydrologic dry states are values
between 0 and -3, and wet states between 0 and 3. [43] Eight hydrologic SDI states are
considered in this study, defined 0 to —0.5 as moderately dry, -0.5 to -1 as dry, -1 to -2 as
severe drought, and from -2 to -3 as extreme drought. While wet states are values
between 0 and 3, classes range from 0 to 0.5 as moderately wet, 0.5 to 1 as wet, 1 to 2 as
severe wet, and 2 to 3 as extremely wet.

2.3.4. Regime Shift Analysis

The quantitative indicator Fisher information (FI) was used to identify regime shifts
and detect early warning signals that capture shifting dynamics. FI is a key method in
information theory developed by Fisher [44] that offers a means of measuring the amount
of information about an unknown parameter based on current observations [45]. This
approach collapses the behavior of one or multiple variables of a complex system into an
index, showing the overall system dynamics, regimes, and regime shifts [10,46]. FI is a
well-established indicator that has been applied extensively to social-ecological systems
[47] including analysis of regime shifts in the sustainability of a regional system [48-51],
in water supply systems [52], and recently to detect precipitation and streamflow changes
contributed by climate change and land management practices in agricultural watersheds
[53]. This study takes a step forward into testing the suitability of FI of social-ecological
systems by presenting the first application of FI for assessing river basin flow regimes.

To calculate FI values, we used the python package csunlab/fisher-information [54]
and the natural and regulated SDI values as the input data. The general methodology to
compute FI follows four steps: (1) create time series windows, using two parameters to
move through the data: time windows and a window step; (2) bin points into states within
each window by establishing a level of uncertainty for each variable using a size of state,
which establishes the size of the area used to bin points into states; (3) generate probability
density functions for each time window using the binned points; and (4) calculate FI
values as the amplitude of the probabilities for each state [49]. For this analysis we used a
window of 12 (twelve calendar months), a window increment of 1 month, and a size of
the state of 3. Then, smoothed annual FI values are presented to focus on dynamic order
trends and not monthly or seasonal fluctuations. Lastly, to find an increasing or
decreasing trend, the nonparametric Mann-Kendall test uses equation (5) with a
confidence level of 95%. This nonparametric test has been used to detect FI patterns [45]
and changes in climatic and hydrologic time series. Therefore, this test was applied to the
natural and regulated FI values and to find if the natural system has remained time
invariant or changed over time due to climatic pressures in the natural flow regime.

S= ¥ T=iv1 sgn(Xj _Xi) ®)
where the Xj are the sequential data values, # is the length of the data set, and
1if6>0
sgn(@)4 0if 6 =0
-1if6<0

Finally, to evaluate regime shifts in the RGB, the FI results and the Mann-Kendall
trends were assessed using the Sustainable Regime Hypothesis [10,55] patterns
summarized in Figure 6.
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(1) A system is considered an orderly dynamic
= regime when a non-zero FI remains nearly
constant over time (e.g., d(FI)/dt = 0).

(2) A steady decrease in FI indicates that the
system is losing its order, functionality, stability
= ~eos_,~o-~~,| and the patterns are breaking down. This
declining trend may provide warning of an
imminent regime shift.

Years
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2 ~sSoo~o-s-| regimes a denotes a regime shift

Years

Figure 6. F1 patterns of the Sustainable Regime Hypothesis. The dotted line indicates a natural
system’s regime, and the solid line indicates a regulated system’s regime. The blue shaded region
denotes the boundaries for a regime shift, estimated as the two-standard deviation from the natural
system’s mean FI [56]. The subfigure (1) indicates an oderly dynamic system, (2) a steady decrease
in FI of the regulated system, (3) a steady increase in the regulated system, and (4) a sharp increase
in the regulated system.

Overall, FI values can increase, decrease, or remain stable over a time period. It can
also undergo a sharp decrease or increase, indicating a regime shift. In this study, the
boundaries to detect regime shifts are two standard deviations from the mean FI for the
entire time period, a criteria established by Gonzalez-Mejia et al. [56]. These limits define
the ranges to distinguish a stable regime (within the boundary) from a regime shift
(relatively stable trend outside of the boundary) for both natural and regulated systems.
In addition, early warning signals such as flickering and critical slowing down are
typically evaluated using measures such as lag-1 autocorrelation and variance [26,57], but
in this study, FI was able to detect such evidence.

3. Results
3.1. Streamflow Naturalization Validation

A statistical comparison between the average annual natural flow estimations of our
study and three available studies is shown in Table 1. For the study of Orive de Alba [38],
we compared the period of 1900 to 1943, for the control points of Rio Conchos, Rio Salado,
Rio San Juan, and Anzalduas. Then, we compared the period of 1900-1944 of the control
points of Rio Conchos, Pecos River, Above Anzalduas, Rio Salado, Rio San Juan and
Anzalduas from Loredo-Rasgado [37]. Lastly, we compared the period of 1900-2010 of
the control points of Rio Conchos, Pecos River, Rio San Juan and Anazalduas with Blythe
and Schmidt [33]. Results indicate a very good statistical performance for R?, NSE, d (=0.9)
and for PBIAS (<%10). These values are considered indicative of acceptable estimations of
the natural flow.
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Table 1. Statistical comparison of the estimated natural flows and the available studies of Orive de
Alba [38], Loredo-Rasgado [37], and Blythe and Schmidt [33].

Orive-Alba Loredo-Rasgado Blythe and Schmidt

Goodness of Fit Criteria

1900-1943 1900-1944 1900-2010
Pearson’s Correlation 0.990 0.995 0.996
Coefficient of Determination (R?) 0.995 0.998 0.998
Index of Agreement (Willmott-d) 0.995 0.995 0.995
Coefficient of Efficiency (Nash-NSE) 0.979 0.979 0.979
Percent bias (PBIAS) 3.589 7.131 1.881

3.2. Regime Shifts of the Natural and Regulated Systems

FI results are shown in Figure 7 for the sub-basin control points: (Figure 7a) Rio
Conchos, (Figure 7b) Pecos River, (Figure 7c) Rio Salado, and (Figure 7d) Rio San Juan.
Figure 8 shows the control points located in the mainstem of the RGB: (Figure 8a) San
Marcial, (Figure 8b) El Paso, (Figure 8c) Above Amistad, and (Figure 8d) Anzalduas. Both
figures depict the FI values for the natural (blue line) and regulated (black line)
streamflow systems. The establishment of reservoirs, irrigation districts, and
implementation of management policies (e.g., treaties and compacts) are visualized using
distinctive symbols under the regulated streamflow and the dates of anthropogenic
pressures help to associate them with regime shifts. The +2 standard deviation (SDV)
range (light blue area) from the mean value (green dashed line) of the natural system
indicates the boundaries to distinguish a stable regime (within the boundary) from a
regime shift (relatively stable trend outside of the boundary) for both natural and
regulated systems. The +2SDV sets the baseline limits and helps to detect when regime
shifts occurred (dashed red). In addition, results to examine the Sustainable Regime
Hypothesis and the FI trends from the nonparametric Mann-Kendall test are shown in
Table 2.

Conchos (b) Pecos

0 T T ] T ¥ T ' T T ) T ¥ T Y T 4 T
(C) Salado (d) San Juan
8 - -
K - M
4 S
0 T T ¥ T L T ¥ T T g T ¥ T L T (4 T
1920 1940 1960 1980 2000 1920 1940 1960 1980 2000
Years Years
—— Natural State - Threshold +2 SDV range ®  |rrigation District
—— Regulated State = - Mean FI A Reservoir ® Treaties and Compacts

Figure 7. Analysis of regime shifts using Fisher Index (FI) in four sub-basins of the Rio Grande-
Bravo basin including the control points of (a) Rio Conchos, (b) Pecos River, (c) Rio Salado, and (d)
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Rio San Juan. FI scores of the subfigures scores are shown for the natural (blue line) and regulated
(black line) states, and the thresholds (dashed red line) indicate the year of a regime shift occurrence.
The regulated state includes accumulated perturbations such as reservoirs, irrigation districts, and
treaties and compacts. The +2 standard deviation (SDV) range (blue area) including the mean FI
value (dashed green) indicate the baseline limits to detect regime shifts.
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Fl
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Figure 8. Analysis of regime shifts using Fisher Index (FI) in the mainstem of the Rio Grande-Bravo
Basin including the control points of (a) San Marcial, (b) El Paso, (¢) Above Amistad , and (d)
Anzalduas. FI scores of the subfigures are shown for the natural (blue line) and regulated (black
line) states, and the thresholds (dashed red line) indicate the year of a regime shift occurrence. The
regulated state includes accumulated perturbations such as reservoirs, irrigation districts, and
treaties and compacts. The +2 standard deviation (SDV) range (blue area) including the mean FI
value (dashed green) indicate the baseline limits to detect regime shifts for the regulated system.

Table 2. Sustainable regime null hypothesis evaluation defined by the dynamics of the natural flow
regime.

Sustainable Regime Null Hypothesis

Control Naturalized Regulated
Gauge Station Streamflow System  Streamflow System

Rio Conchos
Pecos River

A system is considered in an orderly Rio Salado
dyn.amic regime when a nonzero FI Rio San ]u.an Accept Accept
remains nearly constant over time (i.e., San Marcial
d(FI)/dt = 0). El Paso
Above Amistad

Anzalduas
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Rio Conchos Accept
A steady decrease ! in FI indicates that Pecos River Reject
the system is losing its order, Rio Salado Accept
functionality, stability, and the patterns Rio San Juan Accept Reject
are breaking down. This declining San Marcial No trend
trend may provide warning of an El Paso No trend
imminent regime shift. Above Amistad Accept
Anzalduas Accept
Rio Conchos Reject
Pecos River Accept
A steady increase! in FI indicates that I,{IO Salado Re].ect
the system is becoming more stable Rio San ]u.an Reject Accept
and organized. San Marcial No trend
El Paso No trend
Above Amistad Reject
Anzalduas Reject
Rio Conchos Accept
Pecos River Accept
Rio Salado Reject
A sharp decrease or increase in FI Rio San Juan . Accept
o . . . Reject
indicates a regime shift San Marcial Accept
El Paso Accept
Above Amistad Accept
Anzalduas Reject

1'The decrease or increase must be greater than two standard deviations from the mean FI for the
entire time period [50]. Mann-Kendall decrease/Increase.

3.2.1. Natural System

The natural system of the RGB remains in an orderly dynamic system with no regime
shifts, denoting stability and equilibrium in the system. The FI values of the natural state
for all control points remained between the +2SDV limit and range between ~1 to 4.5
depending on the control point. The natural system of all control points are resembled in
Figure 6 (1), in which a system is considered an orderly dynamic regime with no steady
or sharp change. There are few instances where the natural system goes out of bounds
and surpasses the +£2SDV limit; however, the FI values return and stabilize within the
+25DV boundaries. These occurrences appear in the control points of Above Amistad and
Anzalduas (Figure 8a,d, respectively), between 1930 to 1950 and in the (Figure 7d) at Rio
San Juan sub-basin between 1900 to the 1930s. In addition, from 1990 to 2010, in the control
points of Rio Conchos, San Marcial, and El Paso (Figures 7a and 8a,b, respectively) a U-
shape form is shown which might indicate a climate perturbation such as an extreme wet
or dry period. As for the nonparametric Mann-Kendall test (Table 2), San Marcial and El
Paso show no trends. Meanwhile, Above Amistad, Anzalduas, Rio Conchos, Rio Salado,
and Rio San Juan indicate decreasing trends, similar to Figure 6 (2), which denotes
warnings for an upcoming regime shift given that the system’s instability is increasing.
Meanwhile, the Pecos River displays an increasing trend, similar to Figure 6 (3), indicative
of the system’s growing stability.

3.2.2. Regulated System

Several regime shifts and early warning signals occurred in the regulated state in
which FI values surpass and remain outside of the £2SDV range. In the six control points
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of San Marcial, El Paso, Above Amistad, Rio Conchos, Pecos River and Rio San Juan
(Figures 7a,b,d and 8a—c, respectively), sudden regime shifts with no rebounds took place
at different times and anthropogenic pressures. Despite the contrasting conditions, the
results from these six control points follow the pattern of Figure 6 (4) which denotes a
sharp increase in FI. Some control points experience two or three anthropogenic
disturbances, including reservoirs and development of irrigation districts, before having
a regime shift (e.g, San Marcial in 1916 and El Paso in 1923), while others need four to
seven disturbances, including several reservoirs, irrigation districts, and treaties and
compacts, prior to a regime shift (e.g., Above Amistad in 1947, the Pecos River in 1949,
Rio Conchos in 1947 and Rio San Juan in 1987). A common aspect of the regulated state is
that regime shifts move the system to an alternative state with higher FI values ranging
between 4 and 6 and that additional disturbances keep the systems in this new regime.
Rio San Juan and Above Amistad showed early warning signals before experiencing a
regime shift. For instance, the Rio San Juan sub-basin underwent a stability period from
1951 to 1970 within the +2SDV range, then moved within the +£2SDV range for a few years
until a regime shift happened by 1987. Two control points showed different behavior from
the rest: Rio Salado and Anzalduas (Figures 7c and 8d respectively). The Rio Salado sub-
basin crosses eight times the +2SDV range starting in 1962, despite having three
anthropogenic disturbances; however, no regime shift takes place. Nonetheless, after the
late 1960s, the system appears to have larger fluctuations that reach both +2SDV limits,
indicating early warning signals for an upcoming regime shift. The Anzalduas control
point shows a particular behavior that differs from the other locations. First, it has been
consistently low since the 1900s, (-2SDV), and it has been high since the 2000s (+25DV); it
is the only control point to surpass the lower and upper boundaries. The differences in
occurrence of regime shifts and early warning signals imply that several factors,
conditions, and mechanisms affect differently the resilience thresholds of the control
points. In addition, results from the nonparametric Mann-Kendall test reveals an
increasing trend in all control points, implying a greater degree of dynamic order.

3.2.3. Sustainable Regime Hypothesis Evaluation

The interpretation of Fisher Information through the Sustainable Regime Hypothesis
(Table 2) exhibits that both natural and regulated systems for all control points are
considered in a dynamic regime. At last, a sharp decrease or increase indicating regime
shifts is not observed in the natural system of any control point, but it did in six control
points in the regulated state. However, the natural system of the Rio Conchos, Rio Salado,
Rio San Juan, Above Amistad, and Anzalduas (Figures 7a,c,d, and 8c,d, respectively)
shows decreasing patterns which may exhibit a warning for an upcoming regime shift
because uncertainty in the system is increasing. In contrast, increasing patterns are present
in all control points of the regulated system, indicating that the system is becoming more
stable and organized.

4. Discussion

Persistent forcing of anthropogenic development, and resource management have a
strong influence on the hydrologic variability of flow regimes and the ecological resilience
of river basins. These interactions can lead to flow disturbances, pushing the system
toward ecological thresholds, and once they are transgressed, regime shifts occur.
Identifying critical aspects of thresholds (e.g., how many anthropogenic disturbances a
river basin can absorb before reaching a resilience threshold) and the mechanisms that
cause regime shifts (e.g., recognition of early warning signals) in rivers would provide
relevant information about the number of shocks and perturbations that a river basin can
cope with before it shifts into a different flow regime. The proposed assessment of this
study was able to detect thresholds, early warning signals, and regime shifts at different
control points using the SDI and the Fisher Information by comparing natural and
regulated streamflow data. The advantages of the proposed assessment rely on the well-
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established hydrologic and statistical methods used in water resources management and
the use of streamflow as the main input data. Streamflow regimes, either natural or
regulated, reflect the hydrologic variability patterns that are determinant to the quality
and quantity of ecosystem services, and the ecological resilience of river basins.
Nonetheless, a limitation of this methodology relies on the availability of complete long-
term streamflow data which can be difficult to obtain in under-monitored river basins.
However, several methodologies can be included in this assessment to reconstruct long
term data, including tree-ring data and stochastic modeling. Despite this, long-term river
flow is acknowledged as the accumulated representation of upstream seasonal variability
and the natural or anthropogenic disturbances suffered by upstream subcatchments [58].
In this study, all of the identified regime shifts and early warning signals occurred in the
regulated streamflow system; therefore, underlying anthropogenic pressures can be
explored to determine or compare the condition of the system in its new state.

4.1. Occurrence of Regime Shifts

The examination of general patterns and mechanisms of regime shifts streamflow
data is key to reveal intrinsic factors of environmental changes that drive the sustainable
carrying capacity of river basins. Focusing on these mechanisms could provide potential
management actions at preventing or reverting such abrupt responses [59]. In this case of
study, we identified three types of regime shifts in the regulated system: (1) abrupt regime
shifts, triggered by human development (e.g., reservoirs, agriculture development, treaties
and compacts, groundwater overdraft, population growth) and by climatic effects (e.g.,
extended drought periods); (2) regime shifts delayed by resilience safequards, traits that
confer resilience to the system and serve as a buffer to disturbances; and (3) cascading
regime shifts, regime shifts caused by a domino effect when systems are dependent on one
another.

4.1.1. Abrupt Regime Shifts

The abrupt nature of change produced by ecological thresholds in systems is
commonly explained by the nonlinear behaviour of an affected ecosystem attribute.
However, abrupt regime shifts are also induced by positive feedback mechanisms, in
which a perturbation in one component of the system causes a change in a second
component, leading to additional changes in the first component [59]. These feedbacks are
commonly triggered by environmental changes which amplify the system responses and
unleash abrupt shifts. In this study, two scenarios showcasing abrupt regime shifts by
positive feedbacks are distinguished: San Marcial and El Paso.

The San Marcial control point (Figure 8a) suffered an abrupt regime shift in 1917 by
the development of reservoirs and agricultural development which are subject to produce
abrupt regime changes due to the underlying instability and the reduction of dynamism
in a system [53,60]. Extensive irrigation developed in the San Luis Valley, at the upper
RGB in Colorado where, initially, 150,000 acres were irrigated in 1880. Later, by 1915,
expansion of irrigated land reached 550,000 acres with continuous growth over the next
decades. To supply the demand, a large network of ditches and canals was built in 1880-
1890 [61]. However, as water demand increased by the expansion of agriculture and
population growth in the San Luis Valley, water supply diminished. As the river became
drier and drier prior to 1904, a plan to compensate for the reduced flows included the
construction of the Rio Grande Reservoir (capacity 64 mm?) built in 1914, which resulted
in a dramatic decline in the nonflood flows of the Rio Grande that formerly reached the
Mesilla and El Paso valleys. The accumulation of anthropogenic pressures above San
Marcial induced the abrupt regime shift of 1916, triggered by the positive feedbacks of
supply—demand cycles, where increasing water supply enabled higher water demand
which quickly counterbalanced the initial benefits of the reservoir. In addition, the
establishment of the irrigation district the Middle Rio Grande Conservation District in
1923 (upstream of San Marcial) created a new level of order that is retained throughout
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the rest of the time period. While additional anthropogenic pressures came in 1935 (e.g.,
the construction of El Vado dam and the diversion dams at Cochiti, Angostura, Isleta, and
San Acacia in several tributaries), the system retained this new regime state after 1916.
The underlying instability and the reduction of dynamism in a system triggered an
alternative stable state to the system.

Other drivers to induce abrupt regime shifts are water resource regulations by
treaties and compacts, as they play important roles in shaping policy and management
actions that influence the trajectory of ecosystem health and resilient systems. The
implementation of treaties could promote ecological resilience or exacerbate pressures,
inducing positive feedbacks and finally causing regime shifts. For example, the Pecos
River experienced an abrupt regime shift in the regulated state by 1949 (Figure 7b), a year
later from the establishment of the Pecos River Compact (U.S. Congress, 1949) between
New Mexico and Texas. The Pecos River Compact purpose is to promote interstate
collaboration and remove the causes of current and future water resources controversies,
yet this water agreement also addresses unappropriated or uncontrolled water uses,
conflicts among water users, and damages to the environment [62]. Under the compact,
New Mexico must deliver to Texas a quantity of water equal to that available to Texas
under 1947 conditions, later identified as a dry year event [63]. Although the Pecos River
Compact sets the 1947 conditions as the beginning of a new era in the basin, clear evidence
of the progressive streamflow depletion was already experienced due to groundwater
overdraft in the Roswell groundwater basin for irrigation purposes. In a 25-year period,
the use of groundwater in this basin increased from 197 mm?3 (2225 hectares) in 1930 to
555 mm? (308,882 hectares) in 1954, reaching a maximum irrigated land of 390,427 hectares
in 1955. Increased pumping in the basin caused a marked decline in groundwater levels
and a corresponding decrease in artesian flows and baseflows [64]. The Pecos River
Compact mandated water deliveries to downstream users in Texas; this action led the
over extraction of groundwater resources from upstream users in New Mexico, causing
surface water depletion. The intensive use of water resources in the basins combined with
the Pecos River Compact delivery conditions created positive feedback in the hydrologic
pressures of the basin that provoked the system’s abrupt regime shift.

4.1.2. Resilience Safeguards: A Buffer to Regime Shifts

Resilience safeguards in this study are seen as natural features or management
practices that confer resilience by counteracting events that affect the integrity of a system
and prevent or delay regime shifts. Two control points, El Paso and the Rio Conchos
(Figures 7a and 8b, respectively), show delayed regime shifts by resilience safeguards.

Treaties, regulations and low diversions can help a system remain in a certain state
until further anthropogenic perturbations cause a regime shift. For example, upstream of
El Paso is the San Marcial control point, which suffered an abrupt regime shift by 1916
from the accumulation of irrigation and reservoir development. The RGB streamflow at
these two control points (San Marcial and El Paso) is a relatively linear course, largely due
to the structural geographic control of the Rio Grande rift. This means that the river has
no further significant tributaries to join the river. Therefore, it was expected to observe a
regime shift in El Paso in 1916, at the same time as the San Maricial and Elephant butte
dam (capacity 6455 mm?) was built. Two reasons delayed the regime shift of the RGB at
El Paso until 1924 (Figure 8b). First, the creation of the Convention of 1906 supported flow
variability at El Paso, this agreement stipulates that the U.S. must deliver 74 mm?/year to
Mexico at the Acequia Madre to support irrigation at El Valle de Juarez region. Second,
flow variability still occurred in El Paso before the establishment of the Middle Rio Grande
Conservation District in 1923, but one year after this irrigation district was established,
the RGB in El Paso experienced a regime shift.

In a river basin, flow regime connectivity and river networks pose another important
natural resilience safeguard to anthropogenic perturbations, as they contribute
significantly to shape the hydrological response of catchments [65] and mediating
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recovery processes. The control point of the Rio Conchos (Figure 7a) is an example of how
unaltered tributaries contribute to the ecosystem functions and processes, retaining
riverine functionality and acting as natural resilience safeguard. In 1916, La Boquilla dam
(2903 mm?) was built to provide hydroelectricity, irrigation, flood control, and later
deliver water for the international Treaty of 1944. Even though La Boquilla is one of the
largest reservoirs in the RGB, the Rio Florido and the Rio San Pedro tributaries
counteracted the flow reduction of the Rio Conchos’ main tributary. These tributaries
supported ecosystem functions that allowed the system to remain in the natural regime
resilient boundaries. However, fragmentation of tributaries and streamflow networks due
to reservoirs and agricultural development provoked imminent abrupt regime shifts.

In the Rio Conchos (Figure 7a), two additional disturbances accumulated, causing a
regime shift in the regulated state of this control point. First, the establishment (in 1932)
and expansion of the irrigation district DR005 Delicias in the Rio Conchos and San Pedro
rivers went from approximately 8000 hectares to 22,000 hectares in 1934, 40,000 hectares
in 1938 and 79,555 hectares in 1941 [66]. This agriculture expansion period aligns with
sharp increases of FI values that surpassed the +2SDV range (FI value 3.43). At this point,
the FI values are increasing and moving upward from the mean FI value of 2.1. Second,
the construction of the Francisco I. Madero dam, built in 1948 in the Rio San Pedro, to
deliver water to the expanded irrigation district caused the regime shift of the Rio Conchos
sub-basin to a new regime. By this point, the main tributaries which served as natural
resilience safeguards were altered and modified, losing their functionality to absorb
shocks and disturbances. After the regime shift, several other anthropogenic
perturbations maintained the system in this new regime including the construction of
three more reservoirs: Luis L. Leon (capacity 832 mm? in 1968), Pico del Aguila (capacity
86 mm? in 1993), and Chihuahua (capacity 37.8 mm? in 1960), and the development of two
irrigation districts DR103 Rio Florido (in 1952), and DR090 Bajo Rio Conchos (in 1955).
Compared to the other control points, the Rio Conchos shows the highest degree of shift
from the respective mean FI values. Higher FI values are generally associated with a
greater degree of dynamic order [67], yet the increase is not an indication that the system
is moving toward a more humanly preferable state [10,56]. In the RGB, the Rio Conchos
is one of the most disturbed systems, and in this case, this new order is not a desirable
one, as the hydrologic variability of the system is imperiled by the multiple diversions
and impoundments.

4.1.3. Cascading Regime Shifts

A cascading regime shift can occur through a domino effect, when feedback
processes of one regime shift affect the drivers of another regime shift [13,68], propagating
to larger scales and creating a one-way dependency between systems [68]. This
mechanism is shown in the control point of Above Amistad dam (Figure 8c), located in
the mainstem of the RGB, which suffered a regime shift in 1948. The main difference
between Above Amistad and the early regime shift behavior of San Marcial (Figure 8a)
and El Paso (Figure 8b) is the influence of two important tributaries that feed the RGB, the
Rio Conchos and the Pecos River. These tributaries provide natural safeguards to
anthropogenic changes upstream of Above Amistad. When San Marcial and El Paso
control points experienced regime shifts before 1920, Above Amistad remained between
the +2SDV range. By 1948, three regulations were passed: the Rio Grande Compact of
1938, the Binational Treaty of 1944, and the Pecos River Compact in 1948. One hypothesis
can be that the regime shift in Pecos River caused the Above Amistad regime shift.
However, the Rio Conchos also experienced a regime shift in 1948, and it is well
documented that the Rio Conchos delivers approximately 70% of its streamflow by this
time [69]. The regime shift of Above Amistad is most likely influenced by Rio Conchos,
given that the Rio Conchos is three times larger in terms of volume than the Pecos River.
Local regime shifts can propagate to larger scales, creating a domino effect and
dependency between tributaries given that regional ecosystems can be transformed by
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water management policies applied to distinctive regions; local management decisions
could have extensive consequences elsewhere, especially in river systems.

4.2. Early Warning Signs for Regime Shifts

Because regime shifts occur in a variety of mechanisms, detecting early signals
indicating that a system is approaching resilience thresholds would be highly valuable for
researchers and managers to predict events before devastating regime shifts. This case
study provides evidence to observe two signaling patterns of early warning signals: (1)
critical slowing down and (2) flickering. Early warning signals such as flickering and
critical slowing down is typically evaluated using measures such as lag-1 autocorrelation
and variance, but in this study, FI was able to detect such evidence.

4.2.1. Critical Slowing Down

Critical slowing down is an indicator of early warning for regime shifts, and this
occurs when a system approaches a threshold and becomes increasingly slow in
recovering from disturbances. This pattern shows as a decrease in rates of change of a
system, and an increase in short-term autocorrelations [20,70]. The sub-basin of the Rio
San Juan (Figure 7d) shows two behaviors that portray signals of critical slowing down.
First, a stable period characterized by lack of variability and dynamism between 1951 to
1970 occurred after three anthropogenic and climatic pressures: (1) the development of
the irrigation districts Las Lajas DR031 in 1947, and part of Bajo Rio San Juan DR026 in
1943; (2) the construction of the Marte R. Gdmez reservoir (capacity 2304 mm?) in 1946;
and (3) the 1950s decadal drought spell, where discharge was reduced by 52 percent [71].
During the stable period, an additional reservoir, La Boca reservoir (capacity 42.6 mm?3),
was built in 1965 to provide water to the increasing population of the Metropolitan Area
of Monterrey. In addition, this sub-basin is the largest domestic water user in the RGB and
between the 1950s and the 2010s the water supply of the Metropolitan Area of Monterrey,
one of the three largest metropolis in Mexico, grew almost 14-fold from 25.3 mm? to 347.0
mm? [72].

This stable period reveals an increasing trend in short-term autocorrelation before
the shift. The slowing down causes the intrinsic rates of change in the system to decrease,
the state of the system at any given moment becomes more and more like the past state
[73]. In addition, this period is characterized by relatively high FI values, which in this
case ranged between 4.3-4.5, almost reaching the upper boundary of the +2SDV range.
Ultimately, after 19 years of the stability, FI values declined to previous levels in 1971.The
impending transition occurred in 1987, when the regulated state shifted to new dynamics
after moving upwards from the regime boundary established. After the shift, E1 Cuchillo
reservoir (capacity 1784 mm?) was built in 1996, likely impeding the already fragmented
system to return within the natural system mean FI range values.

4.2.2. Flickering

Another phenomenon that identifies the vicinity of regime shifts is flickering. This
occurs when a strong disturbance move the system back and forth between two
alternative attractors [73]. Evidence of flickering is shown in the Rio Salado and in the
control point Anzalduas.

In the Rio Salado sub-basin (Figure 7c), flickering was observed from 1960 to 2010,
where the regulated system peaked eight times above the +2SDV range. The main
anthropogenic perturbations of this sub-basin are (1) the construction of the reservoir
Venustiano Carranza (storage capacity 1313 mm?) in 1930, which main use is for mining
and irrigation practices; (2) the development of 30,000 hectares in irrigation district DR004
Don Martin; and (3) the 1944 International Treaty between U.S. and Mexico. Even with
these perturbations, the sub-basin appears to be functioning within the natural system.
However, climate-driven pressures are common in this basin; for example, an
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extraordinary drought period occurred between 1950 and 1957, and a twelve-year
drought spell occurred between 1994 and 2006 [74]. The summing of the anthropogenic
disturbances and the drought event most likely induced the system to show increased
variance and flickering activity. This period shows amplitude of fluctuation, causing an
increase in the distribution variance and the skewness. As the system is driven closer to
the FI ranges, the persisting behavior is indicative of an early warning for regime shift,
given that the system may shift to an alternative state if this condition persisted.

In the case of Anzalduas control point, found at the outlet of the RGB, FI results
(Figure 8d) show how the regulated system starts outside of the lower boundaries of the
-25DV range and remains under the mean FI value of the +2SDV resilient range, but it
never shows a complete shift outside the resilient range. Lower FI values signify unstable
dynamics and loss of resilience, which aligns with the compounding upstream events of
increasing depletion of surface water through impoundments, agriculture, and human-
oriented water management. The upstream—-downstream processes are concentrated at
the mouth of a river basin and can provide an overall overview of the entire dynamics of
a river basin. Instead of an imminent regime shift (e.g., the Rio Conchos and the Rio San
Juan subasins), the RGB shows characteristics of flickering due to the propagation of a
perturbation beyond its original extent in spatially extended ecosystems. This is not an
unexpected result, given that the basin has been modified and exploited prior to the 1900s
in several locations of the RGB. Understanding the upstream-downstream processes in
river basins is essential for water management and planning [75]. It is particularly
important in basins where climatic, geological, and political conditions differ among
regional locations within a river basin; such cases often occur in transboundary basin
configurations. Flickering in this modern system can be considered as a direct warning
that the system is in a vulnerable yet redeemable state, and measures to mitigate future
disturbances and transformation to wundesirable transformation pose complex
management challenges that must be addressed promptly.

5. Conclusions

This study demonstrates the power and utility of the approach for examining aspects
of the ecological resilience of river basins through the assessment of streamflow. Three
research questions are addressed. (1) Depending on the location of the control point
within the river basin, we can quantify the amount of anthropogenic disturbance to be
absorbed until reaching a resilience threshold. (2) Our approach identifies when a regime
shift occurred using long-term natural and regulated streamflow data, the SDI, and the
Fisher Information index. However, depending on resilience safeguards, crossing
thresholds might suffer abrupt or delayed regime shifts at different times, depending on
the amount of accumulated disturbance and the regional location of the control point. (3)
Different mechanisms of regime shifts were identified, including abrupt, cascading,
gradual regime shifts. In addition, early warning signals such as flickering and critical
slowing down were detected using the FI. While the evaluation at each control point
provides an overall assessment of the basin or sub-basin, there may be portions of the
basin that may be (semi-)pristine or intact—mostly areas upstream from major human
alteration (e.g., reservoirs or irrigation districts) or disturbance (land use change).

In terms of future research, the integration of ecological resilience theory into water
management has the potential to recognize the sustainable carrying capacity of river
basins and aim for adaptive management strategies. As river basins cross or approach
critical tipping points, our goals and management strategies should aim to restore or
preserve natural freshwater characteristics while providing ecosystem services for society.
Interesting questions arise that await further investigation. For example, how are
ecological and economic consequences, which have been documented in the RGB, linked
to regime shifts, crossing thresholds, and early warning signals in river basins? There is a
need to further investigate the relationships between regime shifts and ecological-
economic consequences. In addition to assessing natural and regulated streamflow,
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supplemental ecological indicators such as functional flow metrics or indicators of
hydrologic alteration can provide important information on functional flow regime
components; therefore, we can identify key flow metrics to support ecological resilience.
Moreover, we can further investigate if regime shifts are reversible and, if so, which
management practices (e.g., instream flows, environmental flows, key flow metrics) can
shift the system into a resilient flow regime. Evidence of regime shifts and thresholds in
river basins due to increasing interactions of the Anthropocene requires finding common
ground to design a standard assessment for regime shifts in river basins. We propose that
this assessment be further explored and used in different river basins as a leading effort
to include in water management strategies and policy instruments to support and monitor
complex and dynamic social-ecological river basins worldwide.
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