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Abstract Over half of global rivers and streams lack perennial flow, and understanding

the distribution and drivers of their flow regimes is critical for understanding their hydrologic,
biogeochemical, and ecological functions. We analyzed nonperennial flow regimes using 540 U.S.
Geological Survey watersheds across the contiguous United States from 1979 to 2018. Multivariate
analyses revealed regional differences in no-flow fraction, date of first no flow, and duration of the
dry-down period, with further divergence between natural and human-altered watersheds. Aridity was
a primary driver of no-flow metrics at the continental scale, while unique combinations of climatic,
physiographic and anthropogenic drivers emerged at regional scales. Dry-down duration showed stronger
associations with nonclimate drivers compared to no-flow fraction and timing. Although the sparse
distribution of nonperennial gages limits our understanding of such streams, the watersheds examined
here suggest the important role of aridity and land cover change in modulating future stream drying.

Plain Language Summary A majority of global streams are nonperennial, flowing only part
of the year, and are critical for sustaining flow downstream, providing habitat for many organisms, and
regulating chemical and biological processes. Using long-term U.S. Geological Survey measurements for
540 watersheds across the contiguous United States, we mapped patterns and examined the causes of
no-flow fraction, the fraction of each climate year with no flow, no-flow timing, the date of the climate
year on which the first recorded no flow takes place, and length of the dry-down period, the average
number of days from a local peak in daily flow to the first occurrence of no flow. We found differences

in patterns of no-flow characteristics between regions, with higher no-flow fraction, earlier timing, and
shorter dry-down duration in the western United States. No-flow fractions were greater and less variable
in natural watersheds, while no-flow timing was earlier and dry-down duration was shorter in human-
modified watersheds. Aridity had the greatest effect on intermittence across the United States, but unique
combinations of climate, biophysical, and human impacts were important in different regions. The
number of gages measuring streamflow in nonperennial streams is small compared to perennial streams,
and increased monitoring is needed to better understand drying behavior.

HAMMOND ET AL.

1of 11


https://orcid.org/0000-0002-4935-0736
https://orcid.org/0000-0001-8287-1923
https://orcid.org/0000-0003-1710-1548
https://orcid.org/0000-0003-1773-6236
https://orcid.org/0000-0001-6529-7886
https://orcid.org/0000-0003-0570-988X
https://orcid.org/0000-0002-8735-5757
https://orcid.org/0000-0002-3296-1864
https://orcid.org/0000-0001-8991-2679
https://orcid.org/0000-0002-6666-8930
https://orcid.org/0000-0002-5804-0510
https://orcid.org/0000-0002-2630-8287
https://orcid.org/0000-0002-0707-3283
https://orcid.org/0000-0003-1390-6736
https://orcid.org/0000-0003-2143-1187
https://orcid.org/0000-0001-8301-5301
https://orcid.org/0000-0002-7211-4758
https://orcid.org/0000-0002-5706-7439
https://orcid.org/0000-0002-3552-3691
https://orcid.org/0000-0002-6376-0061
https://orcid.org/0000-0002-0451-0564
https://doi.org/10.1029/2020GL090794
https://doi.org/10.1029/2020GL090794
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020GL090794&domain=pdf&date_stamp=2021-01-26

A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL090794

1. Introduction

Nonperennial streams constitute over half of the global stream network length (Datry et al., 2014), and
almost 70% of the network in dry regions of the United States (U.S.; Goodrich et al., 2018; Turner & Rich-
ter, 2011) and Australia (Schneider et al., 2017). They support critical ecological functions and diversity
(Stubbington et al., 2017), including habitat for terrestrial organisms (Dodds et al., 2004, 2019), regulation
of downstream dissolved nutrients (Von Schiller et al., 2011), organic carbon availability (Hale & God-
sey, 2019; Zimmer & McGlynn, ), and regional diversity following alternating wet and dry phases (Bogan &
Lytle, 2011; Crabot et al., 2020).

The streamflow regime—that is, the magnitude, frequency, duration, timing, and discharge variance
(“flashiness”)—is an essential component of the ecological template that defines riverine and riparian eco-
systems (Costigan et al., 2015; Naiman et al., 2008; Poff et al., 1997). Numerous hydrologic metrics sum-
marize hydrograph properties (e.g., Olden & Poff, 2003). Among these, “no flow” is the most commonly
used in classifying nonperennial waters because it affects stream biogeochemistry (Dahm et al., 2003) and
ecosystem processes during flow (Allen et al., 2019; Boulton & Lake, 2008; Jaeger et al., 2014) and drought
(Davey & Kelly, 2007; Ledger et al., 2012; Ludlam & Magoulick, 2009). Although less studied, the timing
and rate of stream drying are also important for policy implications, and their impacts on biogeochemical
(Von Schiller et al., 2011) and biotic processes (Storey, 2016; Vadher et al., 2018). Because drying is becom-
ing increasingly common (Allen et al., 2019; D61l & Schmied, 2012; Jaeger et al., 2014, Pekel et al., 2016;
Perkin et al., 2017) and drying patterns vary in both space and time, there is a critical need to understand
the patterns and causes of nonperennial flow (Vorésmarty et al., 2010).

Both natural and anthropogenic forcings can dry streams (Zimmer et al., 2020). Climate has been iden-
tified as a primary driver of nonperennial streamflow regimes at large scales (Eng et al., 2019; Kennard
et al., 2010). However, the relative importance of additional factors including geology (Lovill et al., 2018),
biophysical characteristics such as vegetation and topography (Dodds, 1997; Katz et al., 2012; Mayer & Na-
man, 2011), and human water use (Datry et al., 2014; de Graaf et al., 2019; D61l & Schmied, 2012; Larned
et al., 2010) is not well understood.

We hypothesize that the wide differences in climate, vegetation, topography, and human water use across
the contiguous U.S. (herein “CONUS”) will result in identifiable differences in the drivers of nonperennial
river flow regimes across broad ecoregions, and that these differences can be quantified using a targeted
subset of available flow metrics. To test this, we (1) identified spatial patterns in no-flow regimes, specifical-
ly the no-flow fraction, timing of first no flow, and the duration of the dry-down period and (2) determined
the regional importance and hierarchy of drivers of these no-flow metrics.

2. Methods

We examined daily streamflow data from 540 nonperennial U.S. Geological Survey (USGS) GAGES-II wa-
tersheds (Falcone, 2011) with at least 10 years of data from 1979 to 2018 and analyzed all available data
within that time frame. This period coincides with the availability of high spatial and temporal resolution
climate data. We selected gages that had an average of at least 5 and no more than 360 days of reported no
flow per year, with less than 10% daily values missing per year. Of the 540 watersheds, 152 are classified as
“reference” by Falcone, 2011, meaning streamflows are minimally impacted by anthropogenic activities,
and 388 are nonreference. We categorized USGS gages into six regions based on U.S. Environmental Protec-
tion Agency (EPA) Level 1 ecoregions (Figure 1a).

For each gage and year, we quantified three metrics characterizing no-flow regimes over the climate year
(1 April to 31 March). We specifically chose the climate year because it best bracketed the occurrence of no
flow while minimizing the number of stations across the domain where zero flow occurs on the start of the
year. The metrics are as follows:

1. No-flow fraction: number of days measuring no streamflow per climate year divided by the number of
days with data for that climate year
2. First no flow: day of the climate year on which the first recorded no-flow observation takes place
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Figure 1. (a) Nonperennial streams measured by USGS reference, nonreference gages from GAGES-II plotted on

EPA Level 1 ecoregions. (b) Principal component analysis of no-flow metrics for all gages. Gages are ordinated in
multivariate space based on three mean annual metrics, shown as arrows that capture proportional loadings of each
metric. Small symbols represent individual gages while large symbols represent centroids for all gages within each
ecoregion. (c) Boxplot comparison of no-flow fraction categorized by the National Hydrography Dataset (NHD) gage-
reach flow classification. One hundred and seventy-five gage reaches used in this study did not have flow classifications
in NHDplusV2 (USGS, 2019). EPA, Environmental Protection Agency; USGS, U.S. Geological Survey.

3. Peak to no flow: average number of days from a local peak in daily flow to the first occurrence of no flow,
herein referred to as the dry-down duration. Only local peaks greater than the 25th percentile of long-
term mean daily flow at each site are considered, and daily flows were rounded to the nearest 0.1 of a
cubic foot per second to avoid uncertainty in zero flow (Zimmer et al., 2020)
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These three metrics describe key aspects of the no-flow regime that influence a stream'’s hydroecological
patterns and processes. Although first no flow is inversely correlated with no-flow fraction (Figure 1b,
r = —0.70), we include both metrics because they have different ecological and management implications.
Annual no-flow metrics are calculated for the climate year (1 April to 31 March) to reduce the likelihood
of no-flow events spanning multiple years (following Dudley et al., 2019; Feaster & Lee, 2017; Smakh-
tin, 2001). We used principal component analysis to summarize and visualize relationships between our
three focal metrics across all gages.

To evaluate potential drivers of no-flow metrics we extracted climatic, physiographic, land cover, and
human alteration characteristics for each watershed. Climate variables included daily precipitation (P),
mean air temperature (Tmean), potential evapotranspiration (PET), Palmer Drought Severity Index
(Abatzoglou, 2013), and snow water equivalent (SWE; Broxton et al., 2019). These were aggregated to cli-
mate year values for 1979-2018; we used the mean annual value for each climate variable in all subse-
quent analyses. We also extracted mean annual precipitation seasonality for water years 1980-2010 (Fal-
cone, 2011). Physiographic characteristics included drainage area and watershed mean values of elevation,
slope, permeability, soil available water capacity, topographic wetness index, depth to bedrock, porosity,
and total subsurface storage (Falcone, 2011; Gleeson et al., 2014; Hengl et al., 2017). Land cover and human
alteration characteristics included percent cover for forested, developed, cultivated, and impervious classes
for the year 2006 (Xian & Homer, 2010) and average annual freshwater withdrawals for the year 2005 (Fal-
cone, 2011). Dam storage is the total volumetric storage of all dams within the watershed from the National
Inventory of Dams in 2010 (US Army Corps of Engineers, 2010).

We developed random forest models relating watershed characteristics to each no-flow metric (Addor
et al., 2018; Konapala & Mishra, 2020) to quantify the drivers of spatial variability in no-flow metrics. Ran-
dom forest models identify the relative importance of explanatory variables and have multiple benefits
over traditional multivariate methods (see Addor et al., 2018). We constructed a total of 42 random forest
models, based on a combination of no-flow metrics (n = 3), spatial domains (n = 7; six regions + national),
and gage type (n = 2; reference gages or all gages; see Supplemental Information). We ranked variables by
mean square error increases if they were removed (incMSE%) to identify primary drivers of no-flow metrics
and the relative importance of climate and watershed properties in controlling no flow. Further detail on all
analyses is included in Text S1.

3. Results and Discussion
3.1. Three Metrics Reveal Spatial Patterns in Mean Annual No Flow and No-Flow Variability

In this study, we calculated a suite of no-flow metrics (Tables S7 and S8) and identified no-flow fraction,
date of first no flow, and peak to zero flow as critical metrics due to their predominance in ecological assess-
ments as well as the hydrograph characteristics they represent. The three no-flow metrics were moderately
to strongly correlated (10.38-0.741), with longer no-flow fraction corresponding to earlier and faster drying.
Using these no-flow metrics, the first two principal components explained 89.6% of the variability in the
data set (Figure 1b); notably, peak-to-zero flow is nearly orthogonal to no-flow fraction and first no flow,
revealing that this metric contains different information and may reflect different drivers of nonperennial
flow.

Mean no-flow fractions were generally lower and the first day of no flow was typically later in wetter areas
of the U.S. (Figures 2a and 2b and Table S1). The dry-down duration had less pronounced spatial patterns,
suggesting that nonclimatic drivers may control this metric (Figure 2c). Areas of the U.S. with lower no-
flow fractions had greater year-to-year variability as revealed by the coefficient of variation (Figures 2d and
Figure S4). Regions with later first date of no flow tended to have lower year-to-year variability (Figure 2e).
Variability in peak-to-no-flow duration was greatest in drier portions of the U.S. and lowest in wetter por-
tions of the U.S. and showed less intraregional variability than the other two no-flow metrics (Figure 2f).
Finally, existing flow categories from NHDPlusV2 (USGS, 2019) compared poorly to observed no-flow frac-
tions (Figure 1c), suggesting the current national best guess of flow condition is inaccurate as evidenced in
prior studies (Fritz et al., 2013; Jaeger et al., 2019) and underscoring the need for improved nonperennial
stream mapping (e.g., Walsh & Ward, 2019) and additional gaging.
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Figure 2. Spatial distribution of mean annual no-flow metrics (a-c) and their coefficients of variation (d-f).

3.2. Differences Emerge From Regional and Human-Modification Separations

Ecoregions exhibited different ranges of values for each metric (Figure 3), highlighting regional variability
in characteristics of nonperennial flow. This variability suggests that Federal policy (e.g., Waters of the
United States [WOTUS] and Clean Water Act [CWA]) has to account for regional variability in no-flow
characteristics for effective implementation at the local scale. For example, gaged streams in Mediterranean
California have higher no-flow fraction and dry earlier and more rapidly than those in the Northern Great
Plains (Table S4), so more streams in California may be affected by policies related to nonperennial flows.

Patterns of no-flow metrics were similar among reference and nonreference gages, however, there were
several key exceptions. Across CONUS, the date of first no flow was 16 days earlier, on average, at nonref-
erence gages than reference gages (mid-July vs. early-August; Figure 3 and Table S1). This pattern did not
hold for all regions, particularly in the Western Desert where reference gages dry in the early spring while
nonreference streams retain water into August, likely reflecting irrigation water through the growing sea-
son. Streams dry down significantly slower in nonreference watersheds across CONUS, and particularly in
Mediterranean California and the Southern Great Plains (Figure 3). Impervious cover was higher in nonref-
erence gages for these regions (Table S1), consistent with previous research that has observed flashier runoff
in human-impacted watersheds (Kaushal & Belt, 2012), although these impacts vary regionally (McPhillips
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Figure 3. Boxplots of no-flow metrics for each ecoregion and sample category: all, nonreference, reference. Vertical
numbers adjacent to boxplots report the number of watersheds in each grouping. Asterisk in the upper left of a panel
indicates a significant difference between reference and nonreference groupings using Wilcoxon Rank Sum test
(p-value < 0.05). For pairwise significant differences between ecoregions, see Table S4. First no flow is based on the day
of climate year (DOCY): day 1 is April 1, 184 is October 1.

et al., 2019). Human-derived impacts that we observed varied with region and metric and highlight the
need for more in-depth understanding of how human modifications impact drying processes. In the next
section, we explore how widespread human alterations to the hydrologic cycle couple with other factors to
drive no-flow characteristics.

3.3. Climate Drives CONUS No-Flow Fraction and Timing While Physiographic Variables Drive
Dry-Down Duration and Regional No-Flow Variability

Across CONUS, climate was a dominant driver of no-flow regimes at reference (Figure 4) and all gages
(Figure 5). The annual ratio of precipitation to potential evapotranspiration (P/PET; herein “aridity”) was
the strongest predictor of all no-flow metrics for reference gages in random forest models (Table S5). For
CONUS, climate explained more variability in no-flow fraction and date of first no flow than in peak-to-no-
flow duration (Figure 5), and within ecoregions, aridity was the dominant driver of no-flow fraction in the
Southern Great Plains and Western Deserts (Figure 5 and Table S5). Other climate variables were important
in other ecoregions: mean annual air temperature was the dominant driver in Mediterranean California and
Western Mountains where higher temperatures correspond to higher no-flow fractions, and snow fraction
(SWE/P) in Eastern Forests where higher snow fractions correspond to lower no-flow fractions. Given that
climate explains most of the variability in no-flow metrics, continued intensification of the hydrologic cycle
may substantially alter regional characteristics of nonperennial systems (Huntington, 2006).

Although climate seems to be the primary driver of no-flow fraction and timing at CONUS scale, noncli-
mate variables explained a greater fraction of variability for peak-to-no-flow duration in all watersheds, in-
cluding reference watersheds with minimal human influence (Figure 5). This is consistent with the absence
of clear regional patterns in peak-to-no-flow duration (Figure 2). Regionally, permeability, depth to bedrock,
mean watershed slope, and drainage area were the most important explanatory variables for peak to no flow
(Table S5). Streamflow dry down involves complex processes (Costigan et al., 2017; Stoelzle et al., 2013),
and watershed structure and subsurface characteristics likely regulate these components of the no-flow
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Figure 4. Explanatory variables in random forest models for no-flow
metrics in CONUS reference watersheds colored by Spearman rank
correlations and sized by percentage increase in mean standard error
(incMSE%) of the model if the explanatory variable is removed. AWC, soil
available water capacity; CONUS, contiguous United States; PDSI, Palmer
Drought Severity Index; P/PET, precipitation/potential evapotranspiration;
P seasonality, precipitation seasonality; SWE/P, snow water equivalent/

precipitation.

analysis by extending the streamflow season (Carlisle et al., 2019).

Natural and anthropogenic drivers of no-flow metrics differ across scales
(Costigan et al., 2015; Snelder et al., 2013), and our analysis may not cap-
ture local effects. For example, local water table fluctuations and shifts in
streambed hydraulic conductivity act at smaller scales than captured by
our analysis (Konrad, 2006; Larned et al., 2010; Morin et al., 2009; Sharma
& Murthy, 1994). Similarly, anthropogenic drivers including groundwater
abstraction, small-scale surface water withdrawals or diversions may not
be captured at watershed scales (Zimmer et al., 2020). Ultimately, inter-
actions between local processes, regional drivers, and climate determine
where and when nonperennial flow occurs (Snelder et al., 2013).

4. Implications, Limitations, and Conclusions

The three metrics used in this study characterize important components of the hydrologic regime of non-
perennial systems, reflect different aspects of flow variability that are important for stream organisms, and
elucidate regional and human-driven patterns. Though climate is the primary driver of no-flow fraction and
timing, we find that physiographic variables control the variability in dry-down durations. Additionally, we
show that the dry-down duration correlates weakly with no-flow fraction and first no-flow timing, suggest-
ing dry-down duration represents distinct hydrologic processes. Overall, we found that no-flow fraction was
similar between reference and human-altered watersheds, while human impacts led to significantly earlier
and more variable first no-flow dates and shorter dry-down durations, especially in Mediterranean Califor-
nia and the Southern Great Plains.

Several factors limit the scope of inference of our study. First, nonreference watersheds were characterized
by larger drainage area, water storage capacity, and permeability than reference watersheds. Nonreference
watersheds were also drier and warmer, with more seasonal precipitation, potentially promoting lower flows
during drier seasons (Costigan et al., 2017; Dettinger & Diaz, 2000). The sample size for reference water-
sheds is considerably smaller than nonreference across all ecoregions, and without a better understanding
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Figure 5. Variable category for the top five predictors in each model for combinations of no-flow variable and sample.
Pie slice size corresponds to the fraction of incMSE% contribution for each category: climate; human alteration; land
cover; topography, soils, and geology. For information on the top five variable hierarchy and incMSE% for each model,
see Table S5.

of how nonperennial stream regimes function in reference watersheds, it remains challenging to decipher
the impacts of human modifications on these systems. Nested measurements within drainage networks
could reveal where streams are gaining or losing flow, and the impacts of local geology and topography
(Kampf et al., 2020; Lovill et al., 2018; Shanafield et al., 2020; Whiting & Godsey, 2016) to clarify these pro-
cesses. Additionally, our work suggests that comprehensive databases of small-scale water infrastructure
would improve our abilities to predict anthropogenic effects on flow regimes beyond the current reference/
nonreference designation.

These limitations highlight an immediate and fundamental need to preserve and extend availability of ref-
erence gage data, particularly in nonperennial rivers, and clarify which ecoregions need additional data.
While the USGS gage network is extensive (Kiang et al., 2013), gage placement is often optimized for flood
control and water supply, and gaging in nonperennial systems is often sparse (Zimmer et al., 2020). Thus,
large-scale studies of streamflow variability have predominantly focused on perennial streams (e.g., Brun-
ner et al., 2020; Vignesh et al., 2015), and less research has incorporated nonperennial streams (Kennard
et al., 2010; Poff, 1996). Therefore, our ability to address changes or alterations to nonperennial stream
protections may be data limited (e.g., Walsh & Ward, 2019), although we still show that changes in the hy-
drologic cycle could drive drying patterns.

Future efforts could examine long-term no-flow trends driven by combined climatic and anthropogenic
changes or analyze subannual patterns to discern differences in drying regimes, both of which have critical
implications for aquatic ecosystems. While cross-disciplinary research on nonperennial streams is burgeon-
ing globally (Busch et al., 2020), additional empirical research is needed to understand flow activation and
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dry-down mechanisms. The significant spatiotemporal variability we observe in no-flow metrics within and
across ecoregions points to the need to advance understanding of spatiotemporal drivers to better manage
these ecosystems. With potential increases in no-flow duration and frequency, improved understanding of
drying and associated ecosystem functions will enable more robust management and regulation of nonper-
ennial waters.
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8VDHI (Hammond, 2020).

References

Abatzoglou, J. T. (2013). Development of gridded surface meteorological data for ecological applications and modeling. International
Journal of Climatology, 33(1), 121-131.

Addor, N., Nearing, G., Prieto, C., Newman, A. J., Le Vine, N., & Clark, M. P. (2018). A ranking of hydrological signatures based on their
predictability in space. Water Resources Research, 54, 8792-8812. https://doi.org/10.1029/2018 WR022606

Allen, D. C., Kopp, D. A., Costigan, K. H., Datry, T., Hugueny, B., Turner, D. S., et al. (2019). Citizen scientists document long-term stream-
flow declines in intermittent rivers of the desert southwest, USA. Freshwater Science, 32, 244-256.

Bhaskar, A. S., Hopkins, K. G., Smith, B. K., Stephens, T. A., & Miller, A. J. (2020). Hydrologic signals and surprises in U.S. streamflow
records during urbanization. Water Resources Research, 56, €2019WR027039. https://doi.org/10.1029/2019WR027039

Bogan, M. T., & Lytle, D. A. (2011). Severe drought drives novel community trajectories in desert stream pools. Freshwater Biology, 56(10),
2070-2081.

Boulton, A. J., & Lake, P. S. (2008). Effects of drought on stream insects and its ecological consequences. In Aquatic insects: Challenges to
populations (pp. 81-102). Wallingford, UK.

Broxton, P., Zeng, X., & Dawson, N. (2019). Daily 4 km gridded SWE and snow depth from assimilated in-situ and modeled data over the
conterminous US, version 1. Boulder, CO: NASA National Snow and Ice Data Center Distributed Active Archive Center. https://doi.
0rg/10.5067/0GGPB220EX6A

Brunner, M. I., Melsen, L. A., Newman, A. J., Wood, A. W., & Clark, M. P. (2020). Future streamflow regime changes in the United States:
Assessment using functional classification. Hydrology and Earth System Sciences Discussions, 24, 3951-3966. https://doi.org/10.5194/
hess-2020-54

Busch, M. H., Costigan, K. H., Fritz, K. M., Datry, T., Krabbenhoft, C. A., Hammond, J. C., et al. (2020). What's in a name? Patterns, trends,
and suggestions for defining non-perennial rivers and streams. Water, 12(7), 1980.

Carlisle, D. M., Wolock, D. M., Konrad, C. P., McCabe, G. J., Eng, K., Grantham, T. E., & Mahler, B. (2019). Flow modification in the Na-
tion's streams and rivers: U.S. Geological Survey Circular, 1461, 75. https://doi.org/10.3133/cir1461

Costigan, K. H., Jaeger, K. L., Goss, C. W., Fritz, K. M., & Goebel, P. C. (2015). Understanding controls on flow permanence in intermittent
rivers to aid ecological research: Integrating meteorology, geology and land cover. Ecohydrology, 9(7), 1141-1153.

Costigan, K. H., Kennard, M. J., Leigh, C., Sauquet, E., Datry, T., & Boulton, A. J. (2017). Flow regimes in intermittent rivers and ephemeral
streams. In T. Datry, N. Bonada, & A. Boulton (Eds.), Intermittent rivers and ephemeral streams (pp. 51-78). Cambridge, MA: Academic
Press.

Crabot, J., Heino, J., Launay, B., & Datry, T. (2020). Drying determines the temporal dynamics of stream invertebrate structural and func-
tional beta diversity. Ecography, 43(4), 620-635.

Dahm, C. N., Baker, M. A., Moore, D. L., & Thibault, J. R. (2003). Coupled biogeochemical and hydrological responses of streams and rivers
to drought. Freshwater Biology, 48(7), 1219-1231.

Datry, T., Larned, S. T., & Tockner, K. (2014). Intermittent rivers: A challenge for freshwater ecology. BioScience, 64, 229-235.

Davey, A. I., & Kelly, D. J. (2007). Fish community responses to drying disturbances in an intermittent stream: A landscape perspective.
Freshwater Biology, 52(9), 1719-1733.

de Graaf, L. E., Gleeson, T., van Beek, L. R., Sutanudjaja, E. H., & Bierkens, M. F. (2019). Environmental flow limits to global groundwater
pumping. Nature, 574(7776), 90-94.

Dettinger, M. D., & Diaz, H. F. (2000). Global characteristics of stream flow seasonality and variability. Journal of Hydrometeorology, 1(4),
289-310.

Dodds, W. K. (1997). Distribution of runoff and rivers related to vegetative characteristics, latitude, and slope: A global perspective. Journal
of the North American Benthological Society, 16(1), 162-168.

Dodds, W. K., Bruckerhoff, L., Batzer, D., Schechner, A., Pennock, C., Renner, E., et al. (2019). The freshwater biome gradient framework:
Predicting macroscale properties based on latitude, altitude, and precipitation. Ecosphere, 10, €02786.

Dodds, W. K., Gido, K., Whiles, M. R., Fritz, K. M., & Matthews, W. J. (2004). Life on the edge: The ecology of great plains prairie streams.
BioScience, 54, 205-216.

Doll, P., & Schmied, H. M. (2012). How is the impact of climate change on river flow regimes related to the impact on mean annual runoft?
A global-scale analysis. Environmental Research Letters, 7(1), 014037.

Dudley, R. W., Hirsch, R. M., Archfield, S. A., Blum, A. G., & Renard, B. (2019). Low streamflow trends at human-impacted and reference
basins in the United States. Journal of Hydrology, 580, 124254.

Eng, K., Carlisle, D. M., Grantham, T. E., Wolock, D. M., & Eng, R. L. (2019). Severity and extent of alterations to natural streamflow re-
gimes based on hydrologic metrics in the conterminous United States, 1980-2014. U.S. Geological Survey Scientific Investigations Report,
2019-5001, 25. https://doi.org/10.3133/sir20195001

Falcone, J. A. (2011). GAGES-II: Geospatial attributes of gages for evaluating streamflow (Digit. Spat. Data set). Reston, VA: U.S. Geological
Survey.

HAMMOND ET AL.

90of 11


https://doi.org/10.5066/P9D8VDHI
https://doi.org/10.5066/P9D8VDHI
https://doi.org/10.1029/2018WR022606
https://doi.org/10.1029/2019WR027039
https://doi.org/10.5067/0GGPB220EX6A
https://doi.org/10.5067/0GGPB220EX6A
https://doi.org/10.5194/hess-2020-54
https://doi.org/10.5194/hess-2020-54
https://doi.org/10.3133/cir1461
https://doi.org/10.3133/sir20195001

/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL090794

Feaster, T. D., & Lee, K. G. (2017). Low-flow frequency and flow-duration characteristics of selected streams in Alabama through March
2014. U.S. Geological Survey Scientific Investigations Report, 2017-5083, 371. https://doi.org/10.3133/sir20175083

Fritz, K. M., Hagenbuch, E., D'Amico, E., Reif, M., Wigington, P. J., Jr., Leibowitz, S. G., et al. (2013). Comparing the extent and perma-
nence of headwater streams from two field surveys to values from hydrographic databases and maps. JAWRA Journal of the American
Water Resources Association, 49(4), 867-882.

Gleeson, T., Moosdorf, N., Hartmann, J., & Van Beek, L. P. H. (2014). A glimpse beneath Earth's surface: GLobal HYdrogeology MaPS (GL-
HYMPS) of permeability and porosity. Geophysical Research Letters, 41, 3891-3898. https://doi.org/10.1002/2014GL059856

Goodrich, D. C., Kepner, W. G., Levick, L. R., & Wigington, P. I, Jr. (2018). Southwestern intermittent and ephemeral stream connectivity.
JAWRA Journal of the American Water Resources Association, 54(2), 400-422.

Hale, R. L., & Godsey, S. E. (2019). Dynamic stream network intermittence explains emergent dissolved organic carbon chemostasis in
headwaters. Hydrological Processes, 33(13), 1926-1936.

Hammond, J. C. (2020). Mean annual no flow, climate and watershed properties for 540 non-perennial USGS gages in the contiguous U.S,
Reston, VA: U.S. Geological Survey data release. https://doi.org/10.5066/P9DSVDHI

Hengl, T., Mendes de Jesus, J., Heuvelink, G. B., Ruiperez Gonzalez, M., Kilibarda, M., Blagoti¢, A., et al. (2017). SoilGrids250m: Global
gridded soil information based on machine learning. PLoS One, 12(2), €0169748.

Huntington, T. G. (2006). Evidence for intensification of the global water cycle: Review and synthesis. Journal of Hydrology, 319(1-4),
83-95.

Jaeger, K. L., Olden, J. D., & Pelland, N. A. (2014). Climate change poised to threaten hydrologic connectivity and endemic fishes in dryland
streams. Proceedings of the National Academy of Sciences, 111(38), 13894-13899.

Jaeger, K. L., Sando, R., McShane, R. R., Dunham, J. B., Hockman-Wert, D. P., Kaiser, K. E., et al. (2019). Probability of streamflow perma-
nence model (PROSPER): A spatially continuous model of annual streamflow permanence throughout the Pacific Northwest. Journal
of Hydrology X, 2, 100005.

Kampf, S. K., Burges, S. J., Hammond, J. C., Bhaskar, A., Covino, T. P., Eurich, A, et al. (2020). The case for an open water balance: Re-en-
visioning network design and data analysis for a complex, uncertain world. Water Resources Research, 56, €2019WR026699. https://doi.
0rg/10.1029/2019WR026699

Katz, G. L., Denslow, M. W., & Stromberg, J. C. (2012). The Goldilocks effect: Intermittent streams sustain more plant species than those
with perennial or ephemeral flow. Freshwater Biology, 57(3), 467-430.

Kaushal, S. S., & Belt, K. T. (2012). The urban watershed continuum: Evolving spatial and temporal dimensions. Urban Ecosystems, 15(2),
409-435.

Kennard, M. J., Pusey, B. I., Olden, J. D., Mackay, S. J., Stein, J. L., & Marsh, N. (2010). Classification of natural flow regimes in Australia
to support environmental flow management. Freshwater Biology, 55(1), 171-193.

Kiang, J. E., Stewart, D. W., Archfield, S. A., Osborne, E. B., & Eng, K. (2013). A national streamflow network gap analysis. U.S. Geological
Survey Scientific Investigations Report, 2013-5013 (p. 79). Retrieved from http://pubs.usgs.gov/sir/2013/5013/

Konapala, G., & Mishra, A. (2020). Quantifying climate and catchment control on hydrological drought in the continental United States.
Water Resources Research, 56, e2018WR024620. https://doi.org/10.1029/2018 WR024620

Konrad, C. P. (2006). Location and timing of river-aquifer exchanges in six tributaries to the Columbia River in the Pacific Northwest of the
United States. Journal of Hydrology, 329(3-4), 444-470.

Larned, S. T., Datry, T., Arscott, D. B., & Tockner, K. (2010). Emerging concepts in temporary-river ecology. Freshwater Biology, 55(4),
717-738.

Ledford, S. H., Zimmer, M., & Payan, D. (2020). Anthropogenic and biophysical controls on low flow hydrology in the southeastern United
States. Water Resources Research, 56, €2020WR027098. https://doi.org/10.1029/2020WR027098

Ledger, M. E., Harris, R. M., Armitage, P. D., & Milner, A. M. (2012). Climate change impacts on community resilience: Evidence from a
drought disturbance experiment. In Advances in ecological research (Vol. 46, pp. 211-258). Cambridge, MA: Academic Press.

Lovill, S. M., Hahm, W. J., & Dietrich, W. E. (2018). Drainage from the critical zone: Lithologic controls on the persistence and spatial extent
of wetted channels during the summer dry season. Water Resources Research, 54, 5702-5726. https://doi.org/10.1029/2017WR021903
Ludlam, J. P., & Magoulick, D. D. (2009). Spatial and temporal variation in the effects of fish and crayfish on benthic communities during

stream drying. Journal of the North American Benthological Society, 28(2), 371-382.

Mayer, T. D., & Naman, S. W. (2011). Streamflow response to climate as influenced by geology and elevation. Journal of the American Water
Resources Association, 47(4), 724-738. https://doi.org/10.1111/j.1752-1688.2011.00537.x

McPhillips, L. E., Earl, S., Hale, R., & Grimm, N. B. (2019). Urbanization in arid central Arizona watersheds results in decreased stream
flashiness. Water Resources Research, 55, 9436-9453. https://doi.org/10.1029/2019WR025835

Morin, E., Grodek, T., Dahan, O., Benito, G., Kulls, C., Jacoby, Y., et al. (2009). Flood routing and alluvial aquifer recharge along the ephem-
eral arid Kuiseb River, Namibia. Journal of Hydrology, 368(1-4), 262-275.

Naiman, R. J,, Latterell, J. J., Pettit, N. E., & Olden, J. D. (2008). Flow variability and the biophysical vitality of river systems. Comptes
Rendus Geoscience, 340(9-10), 629-643.

Olden, J. D., & Poff, N. L. (2003). Redundancy and the choice of hydrologic indices for characterizing streamflow regimes. River Research
and Applications, 19(2), 101-121.

Pekel, J. F., Cottam, A., Gorelick, N., & Belward, A. S. (2016). High-resolution mapping of global surface water and its long-term changes.
Nature, 540(7633), 418-422.

Perkin, J. S., Gido, K. B., Falke, J. A., Fausch, K. D., Crockett, H., Johnson, E. R., & Sanderson, J. (2017). Groundwater declines are linked to
changes in Great Plains stream fish assemblages. Proceedings of the National Academy of Sciences, 114(28), 7373-7378.

Poff, N. L., Allan, J. D., Bain, M. B., Karr, J. R., Prestegaard, K. L., Richter, B. D., et al. (1997). The natural flow regime. BioScience, 47(11),
769-784.

Schneider, A., Jost, A., Coulon, C., Silvestre, M., Théry, S., & Ducharne, A. (2017). Global-scale river network extraction based on high-res-
olution topography and constrained by lithology, climate, slope, and observed drainage density. Geophysical Research Letters, 44, 2773~
2781. https://doi.org/10.1002/2016GL071844

Shanafield, M., Gutiérrrez-Jurado, K., White, N., Hatch, M., & Keane, R. (2020). Catchment-scale characterization of intermit-
tent stream infiltration; a geophysics approach. Journal of Geophysical Research: Earth Surface, 125, e2019JF005330. https://doi.
0rg/10.1029/2019JF005330

Sharma, K. D., & Murthy, J. S. R. (1994). Estimating transmission losses in an arid region—A realistic approach. Journal of Arid Environ-
ments, 27(2), 107-112.

Smakhtin, V. U. (2001). Low flow hydrology: A review. Journal of Hydrology, 240(3-4), 147-186.

HAMMOND ET AL.

10 of 11


https://doi.org/10.3133/sir20175083
https://doi.org/10.1002/2014GL059856
https://doi.org/10.5066/P9D8VDHI
https://doi.org/10.1029/2019WR026699
https://doi.org/10.1029/2019WR026699
http://pubs.usgs.gov/sir/2013/5013/
https://doi.org/10.1029/2018WR024620
https://doi.org/10.1029/2020WR027098
https://doi.org/10.1029/2017WR021903
https://doi.org/10.1111/j.1752-1688.2011.00537.x
https://doi.org/10.1029/2019WR025835
https://doi.org/10.1002/2016GL071844
https://doi.org/10.1029/2019JF005330
https://doi.org/10.1029/2019JF005330

/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL090794

Snelder, T. H., Datry, T., Lamouroux, N., Larned, S. T., & Sauquet, E. (2013). Regionalization of patterns of flow intermittence from
gauging station records. Hydrology and Earth System Sciences, European Geosciences Union, 17, 1685-2699. https://doi.org/10.5194/
hess-17-2685-2013

Stoelzle, M., Stahl, K., & Weiler, M. (2013). Are streamflow recession characteristics really characteristic? Hydrology and Earth System
Sciences, 17(2), 817-828.

Storey, R. (2016). Macroinvertebrate community responses to duration, intensity and timing of annual dry events in intermittent forested
and pasture streams. Aquatic Sciences, 78(2), 395-414.

Stubbington, R., Bogan, M. T., Bonada, N., Boulton, A. J., Datry, T., Leigh, C., & Vander Vorste, R. (2017). The biota of intermittent rivers
and ephemeral streams: Aquatic invertebrates. In T. Datry, N. Bonada, & A. J. Boulton (Eds.), Intermittent rivers and ephemeral streams:
Ecology and management (pp. 217-243). Cambridge, MA: Elsevier Press.

Tashie, A., Pavelsky, T., & Band, L. E. (2020). An empirical reevaluation of streamflow recession analysis at the continental scale. Water
Resources Research, 56, €2019WR025448. https://doi.org/10.1029/2019WR025448

Turner, D. S., & Richter, H. E. (2011). Wet/dry mapping: Using citizen scientists to monitor the extent of perennial surface flow in dryland
regions. Environmental Management, 47, 497-505.

US Army Corps of Engineers. (2010). National inventory of dams, Washington, DC. https://nid.sec.usace.army.mil/

U.S. Geological Survey (USGS). (2019). National Hydrography Dataset (ver. USGS National Hydrography Dataset (NHD) plus
version 2 for the contiguous U.S.). Retrieved from https://www.usgs.gov/core-science-systems/ngp/national-hydrography/
access-national-hydrography-products

Vadher, A. N., Millett, J., Stubbington, R., & Wood, P. J. (2018). Drying duration and stream characteristics influence macroinvertebrate
survivorship within the sediments of a temporary channel and exposed gravel bars of a connected perennial stream. Hydrobiologia,
814(1), 121-132.

Vignesh, R., Jothiprakash, V., & Sivakumar, B. (2015). Streamflow variability and classification using false nearest neighbor method. Jour-
nal of Hydrology, 531, 706-715.

Von Schiller, D., Acuiia, V., Graeber, D., Marti, E., Ribot, M., Sabater, S., et al. (2011). Contraction, fragmentation and expansion dynamics
determine nutrient availability in a Mediterranean forest stream. Aquatic Sciences, 73(4), 485.

Vorésmarty, C. J., McIntyre, P. B., Gessner, M. O., Dudgeon, D., Prusevich, A., Green, P., et al. (2010). Global threats to human water secu-
rity and river biodiversity. Nature, 467(7315), 555-561.

Walsh, R., & Ward, A. S. (2019). Redefining clean water regulations reduces protections for wetlands and jurisdictional uncertainty. Fron-
tiers in Water, 1, 1.

Whiting, J. A., & Godsey, S. E. (2016). Discontinuous headwater stream networks with stable flowheads, Salmon River basin, Idaho. Hy-
drological Processes, 30(13), 2305-2316.

Xian, G., & Homer, C. (2010). Updating the 2001 National Land Cover Database impervious surface products to 2006 using Landsat image-
ry change detection methods. Remote Sensing of Environment, 114(8), 1676-1686.

Zimmer, M. A, Kaiser, K. E., Blaszczak, J. R., Zipper, S. C., Hammond, J. C., Fritz, K. M., et al. (2020). Zero or not? Causes and consequenc-
es of zero-flow stream gage readings. Wiley Interdisciplinary Reviews: Water, 7(3), e1436.

HAMMOND ET AL.

11 of 11


https://doi.org/10.5194/hess-17-2685-2013
https://doi.org/10.5194/hess-17-2685-2013
https://doi.org/10.1029/2019WR025448
https://nid.sec.usace.army.mil/
https://www.usgs.gov/core-science-systems/ngp/national-hydrography/access-national-hydrography-products
https://www.usgs.gov/core-science-systems/ngp/national-hydrography/access-national-hydrography-products

	Spatial Patterns and Drivers of Nonperennial Flow Regimes in the Contiguous United States
	Abstract
	Plain Language Summary
	1. Introduction
	2. Methods
	3. Results and Discussion
	3.1. Three Metrics Reveal Spatial Patterns in Mean Annual No Flow and No-Flow Variability
	3.2. Differences Emerge From Regional and Human-Modification Separations
	3.3. Climate Drives CONUS No-Flow Fraction and Timing While Physiographic Variables Drive Dry-Down Duration and Regional No-Flow Variability

	4. Implications, Limitations, and Conclusions
	Data Availability Statement
	References


