RESEARCH

'.) Check for

HYDROLOGY

More flow upstream and less flow downstream:
The changing form and function of global rivers

Dongmei Feng™ and Colin J. Gleason?

We mapped daily streamflow from 1984 to 2018 in approximately 2.9 million rivers to assess recent
changes to global river systems. We found that river outlets were dominated by significant decreases
in flow, whereas headwaters were 1.7 times more likely to have significantly increased flow than
decreased. These changes result in a significant upstream shift in streamflow experienced by about 29%
of the global land surface. We found the most changes in the smallest steams in our study: increases
in erosion potential (approximately 5% increase in stream power), flood frequency (approximately
42% increase in 100-year floods), and likely nutrient dynamics (altered seasonal flow regimes). We
revealed these changes using “detail at scale” by mapping millions of individual rivers. Widely adopting
this approach could reveal other changes to the hydrosphere.

ivers are dendritic and hierarchically

organized systems (I). Flowing from

headwater to mouth, rivers regulate the

transport and processing of water, en-

ergy, sediment, and nutrients, all of which
affect humans and ecosystems. Along the course
of a river, the continuous gradient of physical
and hydrological conditions (often called the
river “regime,” e.g., flow, slope, and sediment
particulate size) creates a variety of environ-
ments that provide different socioeconomic
functions and support ecological communi-
ties (2). For example, headwaters are typically
steep and fast-flowing streams carrying rela-
tively coarse particulate matter (3). As rivers
move downstream, their channels become wider
and flatter and particulate matter is typically finer
compared with their upstream counterparts
(4). In response to these distinct hydrogeophys-
ical and biochemical conditions, different dom-
inant ecological communities form in rivers of
different longitudinal locations, for example,
invertivorous species in headwater streams,
piscivorous and insectivorous species in mid-
sized reaches, and planktivorous species in
downstream waters (2). Rivers of different sizes
also provide different socioeconomic services,
e.g., recreational functions and community wa-
ter needs from small rivers and energy, trans-
portation, and irrigation supply from medium
and large rivers. Therefore, the diverse ecolog-
ical and socioeconomic services that a river
system can offer at any one place is the in-
tegrated teamwork of all rivers before and
after it, from headwater to river mouth, and
sometimes over thousands of kilometers. A
full understanding of river systems and their
service capacity requires a global account of
the physical conditions of all rivers, not just
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those that are easy to measure for geograph-
ical or political reasons.

River flow rate (also known as streamflow or
discharge), defined as the water volume pass-
ing through the cross-section of a channel in a
given time period with a unit of length®*time™
(e.g., cubic meters per second), is one of the most
important measurements of a river. Flow rate
reflects a river’s carrying capacity and regulates
the exchange of nutrients, carbon, and energy,
thereby controlling the functionality of a river
system (5, 6). The distribution of river flow across
ariver system largely defines hydrological and
ecological heterogeneity. Any shift in flow dis-
tribution across or along its hierarchical net-
work may cause the overall continuum response
to be shifted, ultimately affecting the ecological
and socioeconomic functionality of the entire
river system (2). We have established the neces-
sity of understanding rivers as connected sys-
tems from source to sea, but current knowledge
of global river flow, especially recent spatiotem-
poral changes, does not capture this continuum.
Therefore, although we generally understand
the total flux of water and its recent changes
from the land surface to the global ocean (7),
we do not yet know the spatiotemporal patterns
and gradients that comprise this bulk number
and are essential for human society and ecosys-
tems (8). In this study, we integrated primary
satellite data and hydrologic models to com-
prehensively investigate the spatiotemporal
distribution of daily river flow for ~2.9 million
river reaches from 1984 to 2018 by creating the
Global River Discharge Reanalysis (GRDR) data-
set (9) (see the supplementary materials for de-
tails about how the GRDR was generated and
for an evaluation of its efficacy). With this new
global river product, we have quantified river
flow and its recent temporal change across the
full spatial distribution of nearly all mapped
rivers globally.

To contextualize global streamflow relative
to the continuum from sea to source, a stan-
dard device designed to understand rivers by
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their position in that continuum is needed.
We used the classic Strahler stream order (SO)
system for this purpose (10). SO assigns a nu-
merical order to all streams, starting from
1 for headwaters and hierarchically increas-
ing downstream with each tributary junction.
Theory suggests that the number of streams,
sub-basin areas, and flow all scale geometri-
cally by SO within a basin (1, 12). Organizing
by SO introduces some challenges, including
that “headwater” [SO = 1 (SO1)] in a global river
network has in actuality numerous streams
above it defined by the scale at which the net-
work was made (13), and rivers of the same SO
are not directly comparable across basins with
different total orders. However, SO elegantly
defines longitudinal relationships in basins as
an underused device badly needed in global
hydrology, and we used it here to reveal and
contextualize changes in global rivers.

Results

We found that, on average, global rivers ex-
ported 101.96 km? of water into the ocean per
day during the study period, but annual mean
streamflow increased in headwater reaches
and decreased in downstream sections glob-
ally, with substantial regional variations (Fig. 1).
In the most upstream rivers (SO1) over all
global basins, 17.1% showed significant in-
creases in mean streamflow, whereas 9.9%
showed significant decreases (Fig. 1A). By
contrast, in the most downstream river reaches
(SO = 8), the significant increasing and de-
creasing changes were 11.9 and 44.2%, re-
spectively (Fig. 1H). Aggregated globally, the
annual flow in SO1 rivers showed a signifi-
cant increase (Fig. 1A, inset plot), mainly due
to increases occurring from December to
May (fig. S5), whereas total flows in SO6 and
SO = 8 rivers showed significant decreases
(Fig. 1, F and H, inset plots) that were less
seasonally dependent (fig. S5). In general,
the changes in flow shifted from significant
increases to significant decreases when moving
from headwaters to the outlets, with generally .
higher decrease rates in more downstream
rivers, although some changes were insignif-
icant (e.g., SO2 to SO5).

The maps in Fig. 1 were rendered from mil-
lions of individual river reaches, although that
level of detail is not visible at this mapping
scale. Changes in river streamflow showed sub-
stantial regional differences (Fig. 1). For ex-
ample, for rivers of SO1 to SO3, central Africa,
Europe, central Asia, western US, and southern
South America were dominated by decreases
in streamflow, whereas high mountain Asia
(HMA), western and southern Africa, and the
Arctic were hotspots of increasing trends, con-
sistent with previous studies (14-18). Both in-
creases and decreases were found in all regions
mentioned above, but we highlight only the
dominant signals due to the mapping scale
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Fig. 1. Dominant changes in annual mean streamflow shift from increase to decrease as rivers go from headwaters to the mouth. (A to H) Maps showing
the temporal change rate (%/year) of annual mean streamflow in river reaches with SO of 1, 2, 3, 4, 5, 6, 7, and =8, respectively, during 1984 to 2018. Lines
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in red (blue) shades indicate significant (P < 0.05) decreasing (increasing) trends. Only significant changes are shown in the maps. Inset plots show the temporal
changes in the total river flow carried by rivers of each SO. Solid black line is the time series, and the green dashed line is the fitted trend line at a 95% confidence
interval (gray shading). The numbers under the inset plots are the change rate (%/year + SE) of the total flow carried by a given SO, with bold brown indicating

significant trends (P < 0.05) and black indicating insignificant trends (P = 0.05). The numbers in the top right of each subplot indicate the total number of reaches

quantified for each SO.
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Fig. 2. Validating streamflow trend signals from GRDR using in situ daily observations from 8155 ground-based gauges. Blue (red) dots are increasing
(decreasing) trends in streamflow for which GRDR agrees with gauge observations; gray dots are trends for which GRDR does not agree with gauge observations. The
accuracy, defined as the rate of agreement with the directionality of trends (increase or decrease) in flow between GRDR and gauges, and the number of gauges
evaluated (N) are indicated in the plot for each SO. All trends regardless of significance levels are shown in this figure, and the overall accuracy is 71.3%. The overall
accuracy for only significant trends is 84.5% (results are shown in fig. S4).

limit. We also acknowledge that our results may
not accurately capture the signals of some highly
regulated rivers (e.g., the Colorado River), al-
though GRDR improves streamflow simulation
in regulated rivers (fig. S1).

We confirmed that GRDR’s results are also
evident in global in situ gauges, lending confi-
dence to our findings. We compared change rates
in streamflow between GRDR and gauge ob-
servations at 8155 gauges with at least 20 years
of gauge data to ensure the reliability of trend
signals (Fig. 2). We found that GRDR and gauges
agreed with directionality of trends (increase
or decrease) in flow for 71.3% of these gauges
(Fig. 2), and for the 1777 gauges with signifi-
cant trends in flow, the agreement was 84.5%
(fig. S4). The gauge record does not contain
enough samples to confirm within-basin trends
and globally aggregated signals as shown in
Fig. 1, because only a small portion (0.3%) of
global rivers were represented by gauges here.
This lack of gauge representation is one of the
motivations for GRDR.

Feng et al., Science 386, 1305-1311 (2024)

To generalize these changes in absolute stream-
flow and to consider basins as individual sys-
tems rather than aggregate across basins as in
Fig. 1, we created the longitudinal hydrologic
distribution index (LHDI) as a relative metric
of streamflow shifts. LHDI calculates the dis-
tance between the centroid of basin flow and
the basin outlet in units of SOs (see details in
the supplementary materials). An increase
or decrease in LHDI suggests an upstream or
downstream shift in river flow distribution,
respectively. Although LHDI has an abstract
physical meaning (e.g., how many SOs from
the outlet is the balance point for total basin
flow?), it allows us to precisely and consistently
categorize the changes in streamflow that we
found above and assess their differences in
space and time. LHDI also crucially allows us
to quantitatively compare changes between
basins to assess differences in flows indepen-
dently of the number of SOs in a particular basin.
LHDI shows a dominant upstream shift in
streamflow in GRDR across global river basins

13 December 2024

(Fig. 3, A and B), consistent with results from
other global discharge products (fig. S9) and
the cross-basin SO trends shown in Fig. 1. It
also suggests that 29% of the global land sur-

face has seen a significant upstream shift in .

flow (Fig. 3A). Comparing Figs. 1 and 3 shows
that the dominant global basin signal is indeed
“upstream” whether in absolute or relative flows.
We have repeated these analyses using topo-
logical distance from outlet to ensure that the
SO unit did not induce these results and ar-
rived at the same conclusions, as reported in
the supplementary materials (figs. S10 and S11
and table S1). The relative LHDI is subject to
upstream shifts where upstream rivers might
not have increased actual flows. Consider the
Plata, mapped in Fig. 1 as having dominant de-
creases in streamflow for SO1 to SO3. However,
Fig. 3 shows the Plata as strongly shifting up-
stream in LHDI. In cases such as this, the
dominant basin signal is a loss in downstream
flow, which shifts the LHDI upstream without
lower-order streams increasing flows.
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Fig. 3. Changes in the LHDI consistent with climate variations and human
regulation levels. (A) LHDI change rates (x107 SO/year) in basins with the
outlet SO = 5 (in total 1384 basins) during 1984 to 2018. Only basins with
significant changes (P < 0.05) are shown in color in the map. Large basins with
significant changes in LHDI are denoted with the trend slopes (x10™* SO/year +
SE). The histogram legend shows the distribution of significant changes in

LHDI across all basins shown in the map. LHDI indicates how far the longitudinal
center of a basin is from its outlet; an increase in LHDI (green shades in the
map) therefore suggests an upstream shift whereas a decrease in LHDI (brown
shades in the map) suggests a downstream shift. (B) Time series (solid line)
and fitted trend lines (dashed line, trend slope + SE, SO/year) at a 95%
confidence interval (shading) of LHDI, LPDI, and LSMDI when all global rivers are
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aggregated. LPDI and LSMDI are similar to LHDI, but for precipitation and
snowmelt, respectively. ***P < 0.001 for significant trends. The global upstream
shift in discharge is concomitant with the significant upstream shifts in
precipitation and snowmelt. (C) Comparison of regulation levels of different
categories between upstream and downstream shift basins. ***P < 0.001, **P <
0.01, and *P < 0.1 for significant differences in mean regulation levels. In each
boxplot, the top end of the whisker, the top and bottom of the box, and the
thick solid line in the box are the maximum, 75th percentile, 25th percentile, and
median regulation levels, respectively, excluding the outliers (dots). Only basins
with significant changes in LHDI are considered. Upstream shift basins have more
human regulation impacts than downstream shift basins. See the supplementary
materials for the definitions of LHDI, LPDI, LSMDI, and regulations.

We found that global river flows are in-
creasing in the headwaters while at the same
time decreasing downstream, which is leading
to an apparent upstream shift (Figs. 1 and 3B).
This global upstream shift in the centroid of
river streamflow is concomitant with upstream
shifts in precipitation and snowmelt (Fig. 3B).
Using a longitudinal precipitation distribution
index (LPDI) and longitudinal snowmelt dis-

Feng et al., Science 386, 1305-1311 (2024)

tribution index (LSMDI), we found that global
LPDI and LSMDI have also been shifting up-
stream (Fig. 3B), mainly due to increases in
precipitation and snowmelt in high-elevation
rivers (fig. S12) and consistent with atmospheric
warming (15, 19). However, we did not find a sig-
nificant correlation between the magnitudes of
changes in LHDI and those of LPDI and LSMDI
across basins, implying that upstream shifts are
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the result of interactions of multiple hydrologic
components that vary in space and time.

We also found that basins with an upstream
shift in streamflow have higher levels of human
regulation than rivers with a downstream shift
(Fig. 3C). The mean total regulation level is 8.3
and 5.0% for upstream and downstream shift
basins, respectively, and similar patterns can be
found for specific types of regulation such as
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river fragmentation, water consumption, and
urbanization (Fig. 3C). The total regulation
level indicates an integrated impact of various
human activities, and downstream rivers are
generally more regulated (fig. S13). Going fur-
ther, we queried databases of human water use
covering our study period. However, such long-
term human regulation data are difficult to
create; only a few studies provide such products
(20-22), and these are gridded at much larger
areas than GRDR streams or tied to incomplete
databases of global reservoirs. Nevertheless,
it is important to contextualize shifts in flows
with human water use. Using published water
use data (20), we did not find significant rela-
tionships between water withdrawal changes
and streamflow shifts (fig. S14 and table S2).
Another recent study (23) did quantify global
river storage and storage variability for our
same basins and study period. As with water
use, we did not find notable correlation with our
results. Therefore, we argue that the streamflow

>

shifts identified in our study are likely a com-
bined result of climatic and anthropogenic im-
pacts rather than being due to a single factor, as
supported by the results shown in Fig. 3, B and
C; figs. S12 to S14; and table S2. Nevertheless, the
tendency of river systems to increase flows up-
stream and decrease them downstream is clear
for relative and absolute flows in both the GRDR
and the gauge record (Figs. 1 to 3).

Implications

These increases in flow in upstream rivers have
important consequences for human and nat-
ural systems. River flow controls stream power, a
measure of the ability of the stream to move
sediment (particularly bedload; see the supple-
mentary materials for the definition of stream
power). Stream power varies directly with
streamflow and therefore shows similar pat-
terns of changes: Lower-order rivers increase
stream power, whereas higher-order rivers de-
crease it (Fig. 4, A and B, and figs. S15 to S18).
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If the increased stream power in these upstream
rivers occurs concurrently with increased trans-
portable sediment supply, then cascading en-
vironmental and socioeconomic consequences
are to be expected. A notable example is HMA,
where accelerated glacial melt and permafrost
destabilization, along with more frequent rain
events, have significantly increased sediment
supply to rivers (15, 24-26). The increased stream
power that we found in HMA upstream rivers
(Fig. 1) combines with the increased sediment
supply to substantially enhance riverine sedi-
ment transport (15, 27), which results in reduced
hydropower capacity due to trapping and/or
siltation (28) and increased pollutant transport
to the downstream freshwater ecosystem (24, 29).
In HMA, hydropower features prominently in
the economic development of places such as
Nepal, Bhutan, and Pakistan (30-32). These ex-
isting and/or planned hydropower facilities
are placed in zones of most potential: the steepest
mountain streams at low SO (33). Hydropower |
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Fig. 4. Magnitudes and temporal changes of stream power and flood frequency vary substantially across SOs. (A) Total stream power produced by rivers

of a given SO, with error bars indicating the annual variability during the study period. (B) Change rates of the total stream power for each SO during the study
period, with green (brown) bars indicating increasing (decreasing) changes. (C) Magnitude distributions of 100-year floods of rivers across SOs. (D) Change rates of
the frequency of 100-year floods during the study period. Error bars in (B) and (D) are 1 SE of the estimated change rates. ***P < 0.001 and *P < 0.1 in (B) and (D)
for significant change rates. See the supplementary materials for the definitions of stream power, 100-year floods, and flood frequency.
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turbines are highly sensitive to sediment, and
mountain systems, particularly those in HMA,
already require settling basins and siltation
management to prevent accelerated wear on
turbines (28, 34). Increased stream power also
indicates higher bank erosion potential, which
could result in geomorphic changes. This in-
creased bank erosion that we predict from GRDR
is confirmed by widespread river widening in
HMA revealed by long-term satellite data for
the same period as this study (18).

Moreover, stream power controls the max-
imum size of particles that a river can move.
The stream power generated by SO1 headwaters
increased by 4.9% from the start to the end of
the study period (Fig. 4B). Such increases may
therefore have changed the sediment size dis-
tribution along riverine gradients by trans-
porting larger particles farther downstream.
Because headwater streams are hotspots for
biogeochemical activities due to their close
connection to hillslope and groundwater sys-
tems (35-37), changes in the erosion power in
these watercourses may affect the entire river
metabolism by altering the sources of sediment,
carbon, and nutrients (6, 36). In contrast to the
upstream increase in stream power, downstream
rivers have experienced significant decreases
in the erosion potential (Fig. 4B). Previous studies
reported that sediment export to the coast has
been declining significantly due to sediment
trapping behind dams, adversely affecting the
development of deltas and associated ecosys-
tems (38-41). The results from our study sug-
gest that recent declines in sediment export
due to trapping have been exacerbated by de-
creased stream power in middle to downstream
rivers that slows bedload transport (Fig. 4B).

Our results also highlight another conse-
quence of increased headwater flows for human
and natural systems: flooding. We quantified
the frequency of 100-year floods in rivers across
orders and found that the occurrence of 100-year
floods has increased by 42.0 and 20.0% during
the study period for SO1 and SO2 rivers, re-
spectively (Fig. 4D). By contrast, there were no
significant changes in 100-year flood occur-
rence in downstream rivers (SO = 3) (Fig. 4D).
Previous studies have shown both increases
and decreases in flood occurrence in rivers
(42-45), although the warming climate enhan-
ces extreme precipitation events globally (46).
Our study shows that changes in floods vary
across the longitudinal locations, with the
most upstream rivers experiencing the most
significant changes (Fig. 4D). Although flood
magnitudes in headwater streams are subs-
tantially lower than those in larger downstream
rivers (Fig. 4C), the interaction with floodplains
is more active and intense in headwaters com-
pared with downstream. Therefore, increases
in flood frequency in small rivers may have
profound ecological and societal impacts given
that they are more closely connected with nat-
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ural riparian zones (24), and many human
settlements are close to these rivers that often
have less flood protection than more densely
developed downstream settlements (47). More
frequent flood pulses in upstream rivers mean
a likely increased exchange of carbon and
nutrients between river and floodplains and
enhanced natural hydrologic connectivity to
headwaters, which potentially affect ecolog-
ical productivity (48-51). One prominent exam-
ple is the Amazon headwaters, where increased
streamflow has enhanced the spawning migra-
tion behavior of the goliath catfishes by providing
improved hydrologic corridors to the spawn-
ing ground (49). This has important implica-
tions, not only for ecosystems, but also for local
economies such as fisheries and food production
(49). Similar analyses as in HMA and Amazon
discussed above are possible in almost any other
global region, although the context of GRDR’s
results depends both on the changes that GRDR
reveals and the specific relationships among hu-
mans, ecosystems, and rivers in each location.

Beyond our findings of changes in stream-
flow patterns, flooding, and likely sediment
transport, this study also represents a techni-
cal advance and a potential paradigm shift in
studying global hydrology. Although GRDR is
predominantly model driven, the billions of
primary data points generated from satellites
within GRDR show rivers as they are, not as
idealized representations of themselves. Data
assimilation allows near optimal use of these
observations, together with global hydrologic
models, to fuse daily meteorological data with
intermittent satellite observations at scale. Our
validation (figs. S1 to S3) proves that GRDR is
more accurate than current global hydrologic
modeling without satellite augmentation and
allows us to clearly define the global riverine
water cycle in sharp relief. GRDR provides es-
sential data for enabling or updating the esti-
mates of critical river variables such as carbon
emission (5, 52) and riverine carbon flux (53)
and could therefore improve our understanding
of global river processes (6). As riverine satellite
data proliferate—for example, the Surface Water
and Ocean Topography (SWOT) mission was
purpose-built for monitoring global rivers and
now is in orbit (54)—we expect many more
studies like ours to reveal further changes to
the hydrosphere and their consequences for
humans and ecosystems that are an accurate
expression of individualized river hydraulics
and hydrology at global scales. The “detail at
scale” that we have shown here bridges long-
standing divides between primary measure-
ment and modeling in hydrology and is only
possible with modern remote sensing and
computational resources. Future studies should
use this framing, in which global hydrology
is cast as a collection of millions of individual
rivers, to further our understanding of all global
rivers. Doing so will reveal changes in the form
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and function of our global hydrosphere beyond
those that we have identified here.
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