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Figure 2. Distribution of dams in (a) the world and (b) the United States. Colors indicate the year of construction, and the marker size indicates the storage
capacity W;. The U.S. hydrologic regions (HUC) are illustrated in (b). Time series of twentieth century reservoir storage capacity expansion in 10 water
resources regions of the United States (Graf, 1999) are illustrated in (c).

was estimated assuming a global population of 56.5 million people (Kaack & Katul, 2013) and an average
per capita water use of 50 L/day (Cohen, 1995). Equation (4) was fit to the data using nonlinear regression
(nlinfit, MATLAB).

3. Results and Discussion

3.1. Reservoir Storage Capacity Growth in the World and the United States

The distribution of reservoir construction date and volume across the world and in the United States is illus-
trated in Figures 2a and 2b. Punctuated equilibria in water resources systems expansion, like those predicted
from equation (1), are clearly shown in time series of reservoir storage capacity (Graf, 1999; Figure 2c). To
quantify the rate and magnitude of water resources systems expansion, the time intervals between expansion
periods, analogous to 7, and the magnitudes of storage capacity expansion, analogous to A, were estimated
at the regional, national, and global scales.

Interval durations between expansion periods represent the time lag between the initial public perception of
a water scarcity crisis and the implementation of a solution or, alternatively, the time needed to accumulate
sufficient social and financial capital to execute a series of projects. Across nations and watersheds, interval
durations are clustered within a relatively narrow range, approximately 5 to 20 years, but may be as long as 70
years (Figures 3a and 3b). China and the United Kingdom exhibit longer average interval times compared to
the United States, India, and Brazil. The similarity between China and the United Kingdom is notable given
their substantial differences in population and geography. Across the U.S. regional watersheds, relatively
large outliers are found in the Lower Colorado, New England, Souris-Red-Rainy, and Upper Mississippi
regions; whereas relatively small outliers are found in the Arkansas-White-Red, South Atlantic-Gulf, and
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Figure 3. Estimates of interval duration between storage expansion (a,b) and volume added during expansion (c,d) for twentieth century reservoir storage
capacity development in (a,c) United States, China, India, Brazil, United Kingdom, and sub-Saharan Africa and (b,d) the 15 water resources regions of the
United States. Circles indicate mean values, while error bars indicate +1 standard deviation for each country or region. The dashed line indicates the median,
and the colored regions indicates the 25% and 75% quantiles across the 5 countries and the 15 water resources regions. Region abbreviations are AWR
(Arkansas-White-Red) CA (California), LCO (Lower Colorado), LMS (Lower Mississippi), MA (Mid-Atlantic), MO (Missouri), NE (New England), OH (Ohio),
PNW (Pacific Northwest), RG (Rio Grande), SAG (South Atlantic Gulf), SRR (Souris-Red-Rainy), TN (Tennessee), TXG (Texas Gulf), and UMS (Upper

Mississippi).

Tennessee regions. Variability in interval times between regions and countries may indicate variability in
economic or political drivers that determine when a new reservoir can be constructed.

Expansion volumes represent the increase in capacity at each innovation period and may be related to stor-
age cost or surface water availability (Graf, 1999). Across countries, average expansion volumes range from
0.6 (United Kingdom) to 150 (sub-Saharan Africa) km?® (Figure 3c). Sub-Saharan Africa had the largest
average expansion volume, owing to a small number of large reservoirs (see Figure 2). The average expan-
sion volume across all U.S. regional watersheds was 13 km? (Figure 3d), approximately equal to the volume
of the Roosevelt Reservoir behind Grand Coulee dam. In general, expansion volumes are consistent with
total reservoir storage within each region, as reported by Graf (1999). For example, the Missouri and South
Atlantic-Gulf regions experienced much larger expansion volumes than the other regions. These are the two
regions with the largest area, number of dams, and storage volume (Graf, 1999). This may indicate higher
surface water availability and, therefore, socio-hydrological regimes that rely heavily on surface water.

Empirical interval durations and expansion volumes varied over time (Figure 4). At the country level, no
clear trends were identified, while in the U.S. regions, expansion volumes exhibited a peak in the middle
of the twentieth century, whereas interval durations decreased consistently. Implications of such temporal
variability on system stability can be characterized by further analysis of equation (1) with B(t—s) = Bé(t—7).
Stability of the steady state W = K depends on the parameters r and B. When B < 0, the system loses
stability as = increases through two successive dynamical regimes: a stable limit cycle and oscillations to
finite-time death (Yukalov et al., 2009). Further, the steady state may be destabilized by increasing expansion
volumes over time. In this case, the system shifts to faster-than-exponential growth, revealing a finite-time
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Figure 4. Trajectories of interval duration between storage expansion (a,b) and volume added during expansion (c,d) over time for twentieth century reservoir
storage capacity development in (a,c) United States, China, India, Brazil, United Kingdom, and sub-Saharan Africa and (b,d) the 15 water resources regions of

the United States.

singularity that fingerprints the existence of a future regime shift. Therefore, the risk of destabilization is
larger in more rapidly growing systems and systems with longer delays. Both interval durations and expan-
sion volumes have decreased over time in recent years, indicating a stabilizing behavior in the coupled
socio-hydrological dynamics of reservoir storage capacity growth in the United States (Figure 5a). A similar
saturation trend was found at the global scale and for sub-Saharan Africa, while countries such as Brazil
and China were still in a growth phase.

The observed sigmoidal growth in reservoir capacity expansion is consistent with many social, economic,
and physical factors that have contributed to a decreased rate of expansion in recent history. As reservoirs are
constructed, there is necessarily a decrease in the number of undammed rivers and available dam sites. Sec-
ond, growing public perception of the negative ecological impacts of dams, including sediment and pollutant
trapping and impeded fish migration, caused decreased public support for reservoir construction and even
strong campaigns for dam removal (Doyle et al., 2008). Finally, the advent of new technologies to increase
water system resilience, such as water reuse, groundwater storage, and desalination, as well as green energy
substitutions for hydropower, has provided alternatives to the traditional reservoir solution.

3.2. Scaling of Water Resources System Capacity With Population

Per capita water storage and water withdrawals showed varying trends across countries and the world
(Figure 5). Globally, per capita water storage and water withdrawals increased until the 1980s and then
decreased. A similar trend occurred in the United States, while in sub-Saharan Africa, the decline began
in the 1960s. This trend indicates that the rate of population growth is now faster than the rate of water
resources system capacity growth. In contrast, reservoir storage capacity in countries such as China and
Brazil continues to grow in both absolute (Figure 5a) and per capita (Figure 5b) terms. Sub-Saharan Africa
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