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Abstract

Landscapes receive water from precipitation and then transport, store, mix,
and release it, both downward to streams and upward to vegetation. How
they do this shapes floods, droughts, biogeochemical cycles, contaminant
transport, and the health of terrestrial and aquatic ecosystems. Because many
of the key processes occur invisibly in the subsurface, our conceptualization
of them has often relied heavily on physical intuition. In recent decades,
however, much of this intuition has been overthrown by field observations
and emerging measurement methods, particularly involving isotopic tracers.
Here we summarize key surprises that have transformed our understanding
of hydrological processes at the scale of hillslopes and drainage basins.These
surprises have forced a shift in perspective from process conceptualizations
that are relatively static, homogeneous, linear, and stationary to ones that are
predominantly dynamic, heterogeneous, nonlinear, and nonstationary.

■ Surprising observations and novel measurements are transforming our
understanding of the hydrological functioning of landscapes.

■ Even during storm peaks, streamflow is composed mostly of water that
has been stored in the landscape for weeks, months, or years.
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■ Streamflow and tree water uptake often originate from different subsurface storages and
from different seasons’ precipitation.

■ Stream networks dynamically extend and retract as the landscape wets and dries, and many
stream reaches lose flow into underlying aquifers.

INTRODUCTION

When rain falls or snowmelts, water reaches the living skin of the Earth, the so-called critical zone
comprising soil, bedrock, and life forms ranging from trees to microbes (Grant & Dietrich 2017).
Some of this water evaporates from the surface, some eventually becomes streamflow, some is
eventually taken up and transpired by vegetation, and in between most of it is transiently stored in
the subsurface on timescales ranging from minutes to millennia. How landscapes store, transport,
and partition water among its ultimate fates is consequential for Earth’s climate, for terrestrial and
aquatic ecosystems, for our vulnerability to natural hazards, and for agricultural sustainability and
food security. Thus the hydrological functioning of landscapes has far-reaching implications.

It can also be surprisingly counterintuitive. We all observe precipitation and its consequences
in everyday life, and thus we might assume that the dynamics of water in the terrestrial environ-
ment are straightforward and obvious. But much of the behavior that we observe at the surface is
generated in the complex and spatially heterogeneous subsurface, where our intuition often fails
us.

Here we review key discoveries that have challenged our preconceptions of how landscapes
store and release water and how they partition it among its various fates.We begin by summariz-
ing how isotopic and chemical tracers have led to a new appreciation of the contrasting timescales
of hydrologic response and transport, and new insights into the heterogeneity of aquifer storage
on timescales from days to millennia.We then outline recent evidence that reveals how landscapes
partition precipitation between its ultimate fates as streamflow and evapotranspiration and that
quantifies the seasonal origins of the water that is ultimately used by trees. Last, we summarize
recent insights into connections between landscapes and stream networks, highlighting the dy-
namic extension and retraction of headwater stream networks and the widespread prevalence of
losing stream reaches (which lose flow via seepage into underlying aquifers rather than gaining
flow from them). These examples illustrate how surprising observations and novel measurements
have driven advances in our understanding of the hydrological functioning of landscapes.

TIMESCALES OF HYDROLOGIC RESPONSE AND TRANSPORT

If we venture out into a forest or meadow shortly after a cloudburst, we can often observe streams
surging with flow. It seems intuitively obvious that this rapid response must reflect rainwater flow-
ing immediately to channels via overland flow or fast subsurface flowpaths. This may indeed be
the case in urban settings, agricultural fields, or disturbed landscapes with limited infiltration ca-
pacity. But in most natural landscapes, contrary to our intuition, recent rainfall makes up only a
small fraction of streamflow.

Instead, decades of studies with isotopes and other passive tracers have shown that streamflow,
even during storm events, is usually composed mostly of rain that fell weeks, months, or even
years ago and has been stored within the landscape ever since (e.g., Sklash & Farvolden 1979,
Neal & Rosier 1990, Sklash 1990, Buttle 1994, Kirchner et al. 2000, McGuire & McDonnell
2006, Jasechko et al. 2016, Jasechko 2019). In other words, landscapes respond to recent rainfall
by releasing stored water to streamflowmuch more rapidly than they transmit recent rainfall itself
to streams [even in some catchments dominated by overland flow runoff (Lapides et al. 2022)].
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Figure 1

Effects of 10 simulated rainstorms on future stream discharge (left panels) and future streamflow composition (right panels) in the simple
nonlinear two-box model of Kirchner (2019). The green, purple, orange, and red bands show the runoff response to storms numbered
1, 3, 6, and 8, respectively. Runoff response, shown in panel a, is measured by how much the discharge time series changes when
individual storms are included/excluded from the precipitation time series. Transport response, shown in panel b, is measured by
tracking the water flux that originated as precipitation during each storm; streamflow originating from precipitation before storm 1 is
shown in gray. Panels c and d show runoff and transport response, respectively, for all 10 storms, plotted against a baseline of zero so
that they can be more easily compared. Panels e and f show the runoff and transport responses from panels c and d, expressed in terms of
lag time since the onset of precipitation; the dark blue lines show the ensemble averages of the 10 individual runoff response
distributions and transit time distributions shown in light blue. Each horizontal axis shows the same time interval. The vertical scales
are identical in panels a–c but differ among the remaining panels to show the behavior more clearly. The gray bars along the right edge
of each panel show what the relative sizes of the vertical axes would be if the scales were consistent.

This decoupling of the timescales of hydrological response and transport has been recognized
for at least half a century (e.g., Brown 1961, Hubert et al. 1969, Pinder & Jones 1969, Martinec
1975, Rodhe 1981), but understanding its underlying mechanisms remains a central challenge in
hydrology (Kirchner 2003, McDonnell & Beven 2014).

A simple model of catchment behavior (Figure 1) illustrates the contrasting timescales of hy-
drologic response and transport for four individual storms highlighted in contrasting colors. The
left-hand side of Figure 1 shows how each rainstorm alters the total rate of stream discharge; the
right-hand side, by contrast, shows howmuch each rainstorm’s water contributes to future stream-
flow. In contrast to the short-lived runoff response (left-hand side of Figure 1), the same storms
have much longer-lived effects on the composition of streamflow (right-hand side of Figure 1).
The water from each storm persists in runoff throughout the whole storm sequence, with each
storm mobilizing stored water that fell during previous storms.

Streamflow typically varies as a nonlinear function of catchment storage (Kirchner 2009). This
implies that, as one can see from Figure 1c,d, the response to each storm may depend on fu-
ture precipitation (which spurs the release of water from subsurface storage), as well as on how
wet the landscape already is (and thus on antecedent precipitation). Thus, each storm’s distri-
bution of response times [between when rain falls and when stream discharge subsequently rises
(Figure 1e)] and transit times [betweenwhenwater enters the catchment andwhen it subsequently
leaves (Figure 1f )] will depend on the size and timing of both previous and subsequent storms.
Nonetheless, the averages of these response time and transit time distributions (distributions of
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lag times between water entering the catchment as precipitation and leaving as streamflow) over
many storm events (dark blue lines in Figure 1e,f ) can be considered as signatures of landscapes’
hydrologic behavior.

Until recently, hydrology courses and rainfall-runoff models have mostly overlooked the con-
trast between the timescales of hydrologic response and transport, or, equivalently, between the
celerity with which rainfall-induced perturbations are transmitted through the landscape and the
velocity at which the water itself moves (Beven 2012, McDonnell & Beven 2014). One reason
may be simple pragmatism: Applied hydrology is often concerned with forecasting and managing
streamflow, and when a river creates havoc by overflowing its banks, questions about the age of
the floodwaters will seem pedantic. Instead, the central questions for managing hydrologic haz-
ards such as floods, landslides, and debris flows will focus on how meteorological conditions and
catchment processes combine to create so much streamflow so quickly, no matter what its age
might be.

But understanding and managing these natural hazards requires understanding their under-
lying mechanisms, which in turn requires understanding where, how, and how quickly water is
mobilized from the landscape (Bogaard & Greco 2016). Conversely, understanding where and
how water is retained within the landscape is crucial for understanding water availability for plants
(Allen et al. 2019) and how soil drying amplifies heat waves (Mueller & Seneviratne 2012,Miralles
et al. 2014).Water ages, and the tracers that we use to infer them,provide crucial information about
subsurface hydrologic processes that would otherwise be invisible.

Many different mechanistic assumptions can be encoded in models that, given sufficient pa-
rameter flexibility, will reproduce the observed dynamics of soil moisture and streamflow rather
well (Beven 2012). Thus, models based on these different mechanistic assumptions may all fit the
data well, but theymay also lead to divergent inferences about how these systems will behave in the
future and how they should be managed. Tracers and water ages provide an important constraint
that helps us test whether such models are getting the right answers (i.e., good fits to the observed
data) for the right reasons (Kirchner 2006, McDonnell & Beven 2014). How quickly landscapes
transport water and, conversely, how long they store it, are also important questions for their
own sakes, as controls on the transport and release of nutrients and contaminants (Hrachowitz
et al. 2016) and on rates of chemical weathering and thus long-term geochemical regulation of
atmospheric CO2 (Maher 2010, Maher & Chamberlain 2014).

Isotopic Indicators of Transport Timescales

The contrasting timescales of hydrologic response and transport can be inferred from hydrometric
and isotopic time series, as shown in Figure 2 for theUpperHafren catchment inWales. At Upper
Hafren, as in many catchments, stream discharge responds quickly to rainfall, but isotopic tracers
in rainfall are strongly damped in streamflow (Figure 2a). The water isotopes 2H and 18O follow
the water because they are part of the water molecule itself; thus, if peak flow were composed
mostly of recent rainfall, its isotopic signature would also resemble recent rainfall. Instead, storm-
flow isotopic signatures typically deviate little from a relatively stable background value, implying
that streamflow is a mixture of waters from months or even years of previous rain events.

The fraction of streamflow originating from recent rainfall can be estimated from the change
in streamwater isotopic composition, relative to the prestorm baseline and the rainfall input [hy-
drograph separation (Klaus & McDonnell 2013)]. Tracer time series can also be used to estimate
transit time distributions via many different approaches, including spectral methods and time-
domain convolution fitting (McGuire & McDonnell 2006), as well as through calibration of
catchment mixing models (e.g., Weiler et al. 2003, van der Velde et al. 2015) with their attendant
problems of equifinality and epistemic uncertainty. In the past decade, a major effort has sought to
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Figure 2

Hydrologic response and transport at Upper Hafren, Plynlimon,Wales, as reflected in hydrometric and isotopic time series (data from
Knapp et al. 2019). (a) Hourly streamflow water fluxes respond quickly and sharply to precipitation inputs (dark and light blue,
respectively; left scale), whereas 7-hour deuterium tracer fluctuations in streamflow are strongly damped relative to precipitation tracer
fluctuations (dark and light green, respectively; right scale). (b) Ensemble-averaged runoff response distribution (blue symbols), calculated
from precipitation and streamflow using nonlinear deconvolution (Kirchner 2022), shows that the hydrologic response is much larger
and sharper than the transport behavior reflected in the ensemble-averaged transit time distribution (green symbols), calculated from
tracer concentrations using ensemble hydrograph separation (Kirchner 2019, Knapp et al. 2019). (c) Peak runoff varies nonlinearly with
precipitation intensity and with antecedent wetness; the colored curves (red to blue in order of pre-event discharge, as a proxy for
wetness) show that the runoff response is stronger, and more nonlinear, under wetter conditions. (d) Transport of new water to runoff
varies nonlinearly with precipitation intensity but not with antecedent wetness: curves of different colors (indicating different wetness
conditions) lie on top of one another.

explain nonstationary transit time behavior in terms of storage selection functions, which quantify
the relative mobility of waters of different ages stored within the catchment (Botter et al. 2010, van
der Velde et al. 2012, Benettin et al. 2015, Harman 2015). A still more recent development is en-
semble hydrograph separation, amodel-independent, data-drivenmethod for deconvolving transit
time distributions directly from observational data (Kirchner 2019, Knapp et al. 2019). By analyz-
ing data subsets reflecting different catchment conditions or meteorological forcings, ensemble
hydrograph separation can quantify, directly from data, how transit time distributions and new
water fractions vary with storm characteristics and ambient conditions such as antecedent wetness.

Amid the community’s focus on quantifying timescales of catchment transport, the correspond-
ing timescales of hydrologic response have received relatively little attention recently. For nearly a
century, hydrologic response time distributions have primarily been estimated by unit hydrograph
methods (Sherman 1932, Jakeman et al. 1990, Dooge & O’Kane 2003, Shaw et al. 2011). These
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methods assume linearity (outputs are proportional to inputs) and stationarity (precipitation has
the same effect, no matter when it falls), whereas hydrological systems are typically nonlinear and
nonstationary. However, new methods have recently been developed for quantifying landscapes’
nonlinear, nonstationary response to precipitation directly from observational data using nonlin-
ear deconvolution and demixing (Kirchner 2022), and the first hydrological applications are now
underway.

These nonlinear deconvolution and demixing methods show that the runoff response dis-
tribution for Upper Hafren (blue symbols in Figure 2b) has a much higher, sharper peak than
the ensemble hydrograph separation estimate of the transit time distribution (green symbols in
Figure 2b), illustrating the contrast between the timescales of transport and hydrological response.
Integrating under these curves reveals that for each additional millimeter of rain, on average
0.80± 0.02 mm of additional streamflow leaves the catchment within the following week [roughly
equaling the long-term runoff ratio at this very wet site (Marc & Robinson 2007)], but that only
0.19 ± 0.02 mm of that streamflow is composed of the rainfall in question, with the rest being
mobilized from storage.

The peak runoff response at Upper Hafren varies nonlinearly with precipitation intensity and
antecedent wetness, becoming stronger and more nonlinear under wetter conditions (Figure 2c).
The peak new water contribution of recent rainfall to streamflow also varies nonlinearly with
precipitation intensity but, in contrast to the peak runoff response, it is independent of antecedent
wetness (Figure 2d). Together,Figures 2c and d show that wetter conditions prime the landscape
to more readily release old water from storage, but not to more readily transmit new water to
streamflow. This surprising result is consistent with the findings of von Freyberg et al. (2018) for
the Erlenbach catchment (Alptal, Switzerland) using different methods.Whether this is also true
for other landscapes remains to be seen.

Many mechanisms have been proposed to explain the rapid mobilization of water from catch-
ment storage during storm events, including kinematic waves (Beven 1989), fracture flow in
bedrock aquifers (Worthington 2018), and transmissivity feedback, in which the water table rises
into shallower, more permeable soil layers as the catchment wets up (Bishop et al. 2011). The
challenge for theory, however, goes beyond simply devising hypotheses that can explain how
rainfall-induced perturbations can propagate through the landscape faster than the water itself
flows. An adequate theory needs to explain how landscapes can also retain water for months but
then release it, in large volumes, within minutes or hours after rain falls (Kirchner 2003), promptly
increasing stream discharge by large multiples. A complete theory will also need to explain the
shapes of the response time and transit time distributions (e.g., Figure 2b), and their nonlinear
and nonstationary response to catchment conditions and rainfall intensity (e.g.,Figure 2c,d). Such
a theory remains elusive at present.

Implications of Multiscale Subsurface Heterogeneity

Beyond the timescales of individual hydrologic events, analyses of multi-year tracer time series
have revealed that their power spectra often exhibit fractal 1/f scaling on timescales from hours to
decades. In 1/f time series, spectral power is inversely proportional to the frequency f, and thus each
octave (halving or doubling of frequency) contributes equally to the total variance. Such 1/f time
series are fractal, lacking a dominant characteristic timescale. This fractal scaling—which differs
from the nonfractal scaling of stream discharge itself—holds both for passive tracers such as water
isotopes or Cl− and for reactive solutes spanning the periodic table (Kirchner et al. 2000, Godsey
et al. 2010,Kirchner&Neal 2013,Aubert et al. 2014,Knapp et al. 2019). It can arise from chemical
signals originating across the landscape and undergoing widely varying degrees of either Fickian
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or anomalous dispersion (including both shear dispersion arising from permeability gradients in
the subsurface and effective dispersion arising from differing topographic slopes and transmissiv-
ities in different parts of the catchment) as they are transported toward the stream (Kirchner &
Neal 2013).Other explanations have also been proposed, including velocity and path length distri-
butions in groundwater flow nets (Kollet & Maxwell 2008), matrix diffusion in fractured bedrock
aquifers (Rajaram 2021), and continuous time random walks, which mimic the important mecha-
nism that parcels of water flowing slowly through low-permeability zones will also disperse slowly,
making them particularly persistent (Scher et al. 2002). In-stream dispersion can also lead to ad-
ditional spectral steepening at high frequencies, particularly in large basins (Hensley et al. 2018).
Whatever its origins, the 1/f scaling observed in solute concentrations has the consequence that on
timescales from hours to decades, water quality time series are non-self-averaging: Contrary to the
assumptions underlying conventional statistics, averages taken over longer and longer intervals do
not converge to stable long-term means. This implies that conventional trend analyses will over-
estimate the statistical significance of many water quality trends and greatly underestimate their
uncertainties (Kirchner & Neal 2013).

Young Streamflow from Old Aquifers

Over still longer timescales, stable water isotopes become uninformative and onemust rely instead
on tracers such as 3H, chlorofluorocarbons, and 14C to estimate the long tail of groundwater and
streamflow ages (e.g., Stewart et al. 2010, Frisbee et al. 2013, Cartwright & Morgenstern 2018,
Jasechko 2019). Groundwater can be impressively old; in a global survey, Jasechko et al. (2017)
showed that half or more of total aquifer storage in the upper 1 km of Earth’s crust is significantly
depleted in 14C (half-life 5,730 years) and thus is thousands of years old. Surprisingly, roughly
half of these “fossil groundwater” samples also have measurable levels of 3H (half-life 12.3 years)
and thus must also contain some water that is just a few years or decades old, implying that many
aquifers contain strongly contrasting permeabilities.

This subsurface heterogeneity has the consequence that waters stored in aquifers are typi-
cally much older than the waters that drain from them (Berghuijs & Kirchner 2017). Although
this behavior seems counterintuitive (and is inconsistent with typical modeling assumptions), its
explanation is straightforward: High-conductivity flowpaths flow faster, so they transmit dispro-
portionately more water and this water is disproportionately young.Conversely, the large volumes
of water that are retained in aquifers (rather than transmitted through them) are typically very old,
precisely because they are very slowly recycled to the surface. At the global scale, this mismatch
in water ages is substantial. For example, Jasechko et al. (2016) used seasonal isotopic cycles in
254 global rivers to show that water younger than ∼70 days makes up roughly one-third of global
streamflow but originates from less than 0.1% of global subsurface storage, which on average
is thousands of years old ( Jasechko 2019). As this example shows, streamflow ages cannot be di-
rectly inferred from groundwater ages or vice versa [although they are mathematically related (see
Berghuijs & Kirchner 2017)].

DIFFERENT WATER SOURCES FOR TREES AND STREAMS

Landscape processes partition rainfall and snowmelt between two ultimate fates: “blue water”
that is discharged to streamflow, and “green water” that is evaporated and transpired back to the
atmosphere. Understanding this partitioning is essential to predicting how both blue and green
water fluxes will respond to climate change.Green water fluxes account for about 60% of the total,
but unlike streamflow, they are invisible, spatially dispersed, and difficult to measure and sample,
so their sources and controlling mechanisms have been difficult to pin down.
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Figure 3

Examples of isotope data used to investigate plant water sources. (a) Groundwater and xylem water samples collected by Brooks et al.
(2010), obtained from the database of Evaristo et al. (2015). Groundwater samples tend to plot along the meteoric water line that
characterizes precipitation, while xylem samples plot below this line, indicating evaporative fractionation. (b) Seasonal origin index
(SOI) computed by Allen et al. (2019) for 182 Swiss forest sites, plotted in order of annual precipitation. Isotope values in xylem
samples lie much closer to winter than summer precipitation (shown by blue and gold shading, respectively), indicating that they are
derived primarily from winter precipitation, except at the wettest sites. Panel b adapted from Allen et al. (2019) (CC BY 4.0).

For example, one might intuitively assume that trees growing directly adjacent to a perennial
stream should be drawing on the same water that becomes streamflow. But already three decades
ago, Dawson & Ehleringer (1991) used 2H in xylem water of mature riparian trees to show that
they did not obtain their water from the adjacent stream, nor from nearby soils, but most likely
from groundwater flowing through the underlying bedrock. This study demonstrated that iso-
topic tracers could be used both to identify plant water sources and to overthrow our intuitive
expectations of what those sources should be.

Two decades later, in two contrasting forest sites, Brooks et al. (2010) and Goldsmith et al.
(2012) showed that soil and xylem samples exhibited clear isotopic evidence of evaporative frac-
tionation relative to precipitation, whereas nearby streamwaters showed no such fractionation,
again suggesting clear isotopic differences between the sources of blue and green water (see also
Figure 3a). A subsequent meta-analysis of 47 diverse forest ecosystems showed that this phe-
nomenon is widespread (Evaristo et al. 2015). The isotopic differences between streams, soils, and
xylem waters can vary with landscape and climate characteristics, and may be indistinct in some
sites [e.g., the humid Scottish Highlands (Geris et al. 2015)].

These isotopic differences are often characterized as reflecting “ecohydrological separation”
between “two water worlds” (e.g., McDonnell 2014, Berry et al. 2018). We should not take such
terms too literally. Any water sample from a landscape reflects a mixture of waters with different
origins, flowpaths, and histories. Thus, an isotopic difference between blue water and green water
means only that their distributions of origins, flowpaths, and histories differ somewhat; they may
still largely overlap (e.g., Dubbert et al. 2019). Ecohydrological separation is a question of degree,
and landscapes will encompass not just two water worlds but rather a shifting continuum of water
worlds across space and time.

There may be methodological complications as well. The procedures that are used to extract
water from soils and xylem samples may themselves cause isotopic fractionation,whichmaymimic
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the effects of evaporation (e.g., Orlowski et al. 2016, Chen et al. 2020). Such artifacts do not
necessarily invalidate the use of xylem water isotopes to infer plant water sources, however, as long
as they are small compared to the real-world isotopic signals in the data (Allen & Kirchner 2022).

One might also intuitively assume that trees typically rely on rain that falls during the growing
season (except, of course, in climates where summer precipitation is scarce). But by comparing the
seasonal cycle in precipitation isotopes with xylem water samples from more than 900 trees across
182 Swiss forest sites (Figure 3b), Allen et al. (2019; see also Goldsmith et al. 2022) showed that
except at the wettest sites, trees primarily used water that had fallen as precipitation during the
winter (despite the fact that at most of these sites, more precipitation falls during the summer).
One consequence is that isotopic climate proxies in tree rings may not reflect growing-season
conditions or even annual average conditions.

One might furthermore intuitively assume that trees get their water solely from the soil that
surrounds their roots. But isotopic and ecophysiological data show that unsaturated rock moisture
within bedrock pores and fractures (Rempe & Dietrich 2018) can be the dominant water source
for many trees in climates subject to summer drying (Hahm et al. 2020) and may be essential for
their survival during drought (McDowell et al. 2019). Plant communities that are seasonally reliant
on rock moisture may be extensive. For example, McCormick et al. (2021) estimate that woody
vegetation that accesses rock moisture accounts for more than half of California’s aboveground
carbon storage.

At first glance, the isotopic differences between waters found in trees, soils, and streams would
appear to be paradoxical. How can rainfall get through the rooting zone to become streamflow
without being taken up by trees? And conversely, if near-surface soil waters and xylem waters
show the isotopic effects of evaporative fractionation, why aren’t these same effects found in
streamwaters and groundwaters, which once also flowed through those same shallow soils?

One possible explanation lies in the pervasive multiscale heterogeneity of the subsurface and
the resulting dominance of preferential flow (Figure 4). Simply put, most of the water that drains
through the soil infiltrates rapidly via highly permeable flowpaths and mixes relatively little with
the less mobile water in the soil matrix. Vegetation, on the other hand, is likely to preferentially
use this less mobile matrix water, precisely because it is less mobile and thus more reliably available
throughout the growing season (compared to water in the more permeable flowpaths, which drain
faster between storms,precisely because they aremore permeable).Any isotopic evaporation signal
in the shallow soil matrix may fade with depth if most of the near-surface matrix water is eventually
taken up by vegetation or diluted by new rainfall events (Sprenger et al. 2016).

The apparent paradox of plants preferentially using tightly held matrix water (Berry et al. 2018)
disappears when one considers the temporal context. Plants use highly evolved rooting strategies
to get the water and nutrients they need (Fan et al. 2017), and they need a reliable source of water
throughout the growing season, not just briefly after rain events, when it would be available in
higher-permeability flowpaths.

An even simpler potential explanation for the isotopic differences between trees, soils, and
streams may lie in seasonal variations in precipitation and evapotranspiration rates, and thus in
the contrasting proportions of winter and summer precipitation that eventually become green
and blue water (Kirchner & Allen 2020, p. 29). Consider a hypothetical—but not unrealistic—
scenario in which precipitation rates do not vary seasonally, but evaporation and transpiration
are more prominent during the summer growing season. If the landscape does not store enough
water to average out the seasonal isotopic variations in precipitation, then xylem water will more
closely resemble summer precipitation compared to average streamflow (and will also be more
fractionated by evaporation) simply because precipitation is more likely to be evapotranspired
in the summer than the winter and is more likely to become streamflow in the winter than
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Figure 4

Conceptual illustration of the subsurface structure (a) and water age distribution (b) of a hillslope. (a) The subsurface environment is
usually characterized by macropores and fractures that create heterogeneity at all scales; plants may not root in macropores if they are
not a reliable source of water and nutrients. (b) Subsurface heterogeneity causes large spatial contrasts in water sources (here expressed
through their age, i.e., the time since they entered the system as precipitation). Subsurface heterogeneity and plant rooting strategies
are expected to generate differences in the isotope composition of evaporation (E), transpiration (T), and groundwater recharge/
streamflow (Q). Panel b adapted with permission from Sprenger et al. (2019) (CC BY-NC-ND 4.0).

the summer. Note that this thought experiment does not require physically distinct storages or
pathways for blue and green water. In particular, it does not require ecohydrological separation
between matrix waters that supply vegetation and more mobile waters that supply streamflow.

A variant of this hypothesis may explain the summer use of predominantly winter water in
Allen et al.’s (2019) Swiss forest plots. If interception and subsequent evaporation in the canopy,
leaf litter, and forest floor consume a large enough fraction of summer precipitation, infiltration
(and thus soil water storage in the rooting zone of trees) may be mostly derived from winter
precipitation instead ( Jasechko et al. 2014). This hypothesis is consistent with the trend toward
less reliance on winter water at the wettest Swiss forest sites (Figure 3b).

Several models are available that can simulate the transport and fractionation of water iso-
topes, but few of them have been tested on xylem isotope data (e.g., Knighton et al. 2019, Smith
et al. 2022), and even fewer incorporate preferential flow explicitly (e.g., Sprenger et al. 2018).
Dual-porosity or dual-permeability formalisms (e.g., Šimůnek et al. 2003) can partly account
for preferential flow and isotopic variability in the subsurface, without explicitly representing
subsurface spatial heterogeneity.

As an alternative to the complexity (and assumption-dependence) of simulation models, data-
driven approaches can also be used to characterize plant water sources. For example, the seasonal
origin index (Allen et al. 2019) quantifies the relative importance of winter versus summer
precipitation as origins of soil water and xylem water. Bayesian mixing frameworks (e.g., Stock
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et al. 2018) based on isotope tracer data can help identify plant and stream water sources while
handling the uncertainties that come from sparse and inconsistent tracer data.

Alternatively, instead of asking where blue and green water come from, one can ask where pre-
cipitation goes, using end-member splitting analysis (Kirchner & Allen 2020) to quantify how pre-
cipitation is divided between its ultimate fates as blue and green water. This can be done without
measuring or sampling green water fluxes, so end-member splitting can be applied where fluxmea-
surements and isotopes are available only for precipitation and streamflow, and not for xylemwater.

DYNAMIC CONNECTIVITY BETWEEN LANDSCAPES
AND STREAM NETWORKS

Maps, and most hydrological theories, depict stream networks as static features. But in the real
world, far from being the fixed blue lines that are shown on maps, stream networks dynamically
extend and retract, and connect and disconnect, both seasonally and during storm events, as the
landscape wets up and dries out. Although a few observations of this phenomenon reach back
several decades (Gregory & Walling 1968, Blyth & Rodda 1973, Day 1978), more recent field
mapping studies have highlighted how widespread and dynamic these nonperennial streams are
(Wigington et al. 2005,Doering et al. 2007,Godsey &Kirchner 2014,Mutzner et al. 2016, Jensen
et al. 2017, Zimmer & McGlynn 2018, Pate et al. 2020, Senatore et al. 2021). Far from being
anomalies, nonperennial streams have been estimated to make up more than half of all channels
on Earth by length (Hammond et al. 2021, Messager et al. 2021).

New low-cost sensors that continuously detect the presence of water (Blasch et al. 2002,
Bhamjee & Lindsay 2011, Jaeger &Olden 2012) or streamflow (Assendelft & vanMeerveld 2019)
have revealed how quickly stream networks can expand during rainfall events. The drainage den-
sity (the length of flowing streams per catchment area) of headwater catchments can change by
factors of 2–10 or more (Wigington et al. 2005, Godsey & Kirchner 2014) seasonally or dur-
ing storm events. The flowing stream network can extend far beyond the geomorphic channel
network, or contract to occupy only a small fraction of it (Godsey & Kirchner 2014). The total
lengths of flowing stream networks typically vary as the 0.1–0.5 power of stream discharge (God-
sey & Kirchner 2014, Prancevic & Kirchner 2019, Lapides et al. 2021), although they may remain
nearly constant if stream heads primarily occur at perennial groundwater springs (e.g., Whiting
& Godsey 2016).

Implications of Network Extension and Retraction

As the flowing stream network expands, it comes closer to each point on the landscape (van
Meerveld et al. 2019). This accelerates the runoff response at the catchment scale because hy-
draulic signals propagate much faster (i.e., with higher celerity) along flowing channels than
through hillslope soils or bedrock. The velocity of the water itself is also much higher in flowing
channels, so network expansion also results in faster transport of nutrients and contaminants to
the catchment outlet. Expansion of the stream network not only shortens the average transit time
but also changes the shape of the transit time distribution, making it less uniform by multiplying
the number of points on the landscape that are adjacent to a flowing channel (van Meerveld et al.
2019) (Figure 5b–g). Stream network expansion can also bypass riparian buffer strips and has been
linked to increases in nitrate concentrations (Wigington et al. 2005), changes in dissolved organic
carbon (Hale & Godsey 2019), and accelerated release of CO2 to the atmosphere (Marx et al.
2017, Duvert et al. 2018). The onset of flow in previously dry or disconnected stream sections can
flush out sediment and organic material, leading to high sediment and nutrient fluxes to down-
stream rivers (Hladyz et al. 2011, Fortesa et al. 2021). Rewetting events are also hot moments for
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(Caption appears on following page)
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Figure 5 (Figure appears on preceding page)

Network contraction and disconnection in the Upper Studibach catchment, Alptal, Switzerland. (a) Map of flow states and estimated
flow rates on November 2, 2016, highlighting the variability in flows across the stream network, including gaining and losing reaches, as
well as the dry sections that cause disconnections. Data collected by Rick Assendelft. (b–g) Maps of the flowing stream network (dark
blue) during contrasting wetness conditions (left panels), and calculated transit time distributions (right panels) assuming a subsurface
velocity through the soil of 5 × 10−4 m s−1 and a surface velocity in the stream of 0.5 m s−1. As the flowing stream network expands,
the distances to the stream become shorter, resulting in a shorter transit time and a less uniform transit time distribution because many
more points in the landscape are now close to a flowing stream. Figure adapted from van Meerveld et al. (2019) (CC BY 4.0).

biogeochemical reactions and significantly affect dissolved inorganic carbon and nitrogen fluxes
(von Schiller et al. 2017, Gomez-Gener et al. 2021). Thus, changes in the flowing stream network
can substantially alter both water quantity and quality.

Mechanisms Underlying Network Extension and Retraction

The emergence of surface flow in channels depends on whether the supply of water from upstream
or upslope exceeds the capacity of the subsurface to transport this water downstream or down-
slope (Godsey & Kirchner 2014, Dohman et al. 2021, Warix et al. 2021). The supply of water
varies across the landscape, reflecting both the upslope drainage area and its topographic con-
vergence (Anderson & Burt 1978, Freer et al. 1997, Jencso et al. 2009). The subsurface transport
capacity likewise varies across the landscape, depending on valley slope, cross-valley curvature, and
subsurface transmissivity. These factors can be combined to estimate, directly from topographic
characteristics, how dynamic (or, conversely, stable) stream networks are likely to be (Prancevic
& Kirchner 2019). The spatial patterns of local drainage area and subsurface transport capacity
are durable features of landscape organization, thus explaining headwater stream networks’ hier-
archical dynamics (Botter et al. 2021), in which more persistent stream segments begin flowing
earlier and cease flowing later than less persistent channels.

Connectivity Between Surface and Subsurface Flow Networks

Much of the lateral drainage from hillslopes occurs through discrete preferential flowpaths, in-
cluding old root channels, animal burrows, fracture networks, and zones with coarser, more
permeable material (Figure 4a). Large dye tracing experiments (Sidle et al. 2001, Anderson et al.
2009,Graham et al. 2010) andmodeling studies (Weiler&McDonnell 2007,Nieber& Sidle 2010)
have shown that although the individual preferential flow pathways are often short and physically
disconnected, the water flowing through them will tend to create networks of preferential flow-
paths. These subsurface seepage networks are analogous to surface stream networks and similarly
expand and contract, depending on wetness conditions (Tsuboyama et al. 1994, Sidle et al. 2000).
Flows through these subsurface seepage networks can have a different chemical composition from
the rest of the subsurface (Burns et al. 1998,Welsch et al. 2001, Ploum et al. 2020), and their inter-
sections with the surface stream network can lead to fine-scale patchiness in streamwater quality
(e.g., Zimmer et al. 2013, McGuire et al. 2014).

Bidirectional Connectivity Between Surface Waters and Groundwaters

Textbooks mostly feature gaining streams, which receive flow from their surrounding ground-
waters. Losing streams, which lose flow via seepage into underlying aquifers, are less commonly
depicted. But in the real world, they are not rare; in a survey of 4.2 million wells across the United
States, Jasechko et al. (2021) showed that two-thirds of them had water levels below adjacent
streams, implying widespread potential for streamflow losses to groundwaters. Individual stream
reaches can alternate between gaining and losing conditions, both seasonally and in response to
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Figure 6

Measured streamflow (adjusted for diurnal streamflow variations) in Long Joe Creek, British Columbia, Canada, on June 18 and July
15, 2011 (gray circles), together with the change in streamflow per meter distance between successive measurement locations (bars).
Repeated measurements throughout spring to fall 2011 showed that the patterns of gains (blue bars) and losses (red bars) remained
stable, except that the major gains in the headwater area of the catchment (above km 2.4) decreased after the snowmelt period.
Although the flow decreased by about a factor of five between the two selected dates (note the differences in the vertical axes), the major
inflows and outflows decreased only by about a factor of two. Data collected by Emily Huxter.

hydrological events (e.g., Vidon & Hill 2004, Vidon 2012). Flow and tracer measurements have
also shown that many streams are composed of alternating gaining and losing reaches (e.g.,Covino
& McGlynn 2007, Payn et al. 2009, Dohman et al. 2021) (see also Figure 6).

Many headwater streams can even disappear into the subsurface entirely, where they flow over
coarse, highly permeable substrates or large bedrock fractures (Godsey &Kirchner 2014,Whiting
&Godsey 2016) (for one example, see the red asterisks inFigure 5).This disconnects the upstream
catchment from the downstream network, leading to fragmentation of the in-stream habitat (even
if a subsurface flow connection remains). These disconnections may be persistent, or may tran-
siently appear and disappear in response to seasonal or event-timescale changes in catchment
wetness.

These dynamic and heterogeneous linkages between groundwater and surface water have im-
portant implications for modeling and managing water resources. Losing flow conditions are
rarely represented in hydrological models. Most lumped conceptual (i.e., bucket-type) models
cannot explicitly represent losing-gaining dynamics (but for important exceptions, see Brauer
et al. 2014 and Staudinger et al. 2021). Some model studies, while not directly simulating the
interaction between groundwater and streamwater, have allowed for intercatchment groundwa-
ter flow (Le Moine et al. 2007, Schwamback et al. 2022). Distributed physically based models
can simulate these bidirectional fluxes and the flowing stream network explicitly (Querner et al.
2016,Gutierrez-Jurado et al. 2021), and their calibration can be improved by testing whether they
correctly predict the presence and absence of surface flow (Stoll & Weiler 2010).

At the regional scale, hydrometric and isotopic data show that losing rivers can provide an im-
portant mountain-to-desert subsidy to dryland ecosystems, as they flow from humid headwaters
to arid lowlands and recharge their aquifers ( Jobbágy et al. 2011). A global mass balance study
(Kuppel et al. 2017) shows that this lateral subsidy from humid uplands to arid lowlands supports
a substantial fraction of annual evapotranspiration over large areas of the globe (Fan 2019). Con-
versely, the spatial correlation between groundwater pumping rates and the prevalence of losing
streams ( Jasechko et al. 2021) shows that our use of groundwater comes at a cost to surface flows,
as we draw down water tables and convert gaining streams to losing ones.
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SUMMARY AND OUTLOOK

We have briefly reviewed several surprising observations that have transformed, and continue to
transform, scientific perspectives on the hydrological functioning of landscapes.These include the
following:

■ Streamflow—even during storm runoff—is typically dominated by water that has been
stored in the landscape for weeks, months, or even years, rather than recent rainfall. This
implies that landscapes transmit hydrological signals faster, and with higher fidelity, than
they transmit water itself. Understanding the mechanisms by which landscapes retain water
for so long, but then mobilize it so quickly, remains an important scientific challenge.

■ Power spectra of solute time series exhibit 1/f fractal scaling for elements spanning most
of the periodic table, contrasting with the nonfractal scaling of stream discharge itself. This
implies that the subsurface is pervasively heterogeneous across multiple scales, including the
widely varying path lengths connecting each point on the landscape to the nearest channel.
It further implies that spurious and inconsistent, but visually convincing, trends can readily
arise in water quality time series.

■ Groundwaters can contain a wide spectrum of ages, even within individual samples, and
streamwaters are much younger than the aquifers that feed them. This implies that many
aquifers are dominated by strong permeability contrasts, such that even old groundwaters
could be affected by modern contamination. Aquifer heterogeneity also implies that even in
steady state, aquifers and the waters that flow from them should be expected to yield strongly
contrasting water ages.

■ Tree xylem waters are often isotopically distinct from streamwaters, indicating physical or
seasonal differences in their dominant sources. This implies incomplete mixing between
waters that become streamflow (flowing primarily via higher-permeability subsurface flow-
paths) and those that become evapotranspiration (which are retained, and thus are more
reliably available for plant uptake, in lower-permeability zones of the subsurface). It also
highlights the importance of seasonal differences in the effective precipitation that remains
available for infiltration and plant uptake after losses to interception and evaporation in the
canopy and forest floor.

■ Stream networks dynamically extend and retract, and connect and disconnect, resulting in
nonperennial channels that account for over half of all streams on Earth. This implies dy-
namic variation in the extent and connectivity of aquatic habitats. Stream network extension
also shortens hillslope flowpaths to the nearest stream, shortening timescales of hydrologic
response and accelerating the transport of nutrients and contaminants. The presence or
absence of surface flow reflects the balance between subsurface transport capacity and the
delivery of water from upslope and upstream; thus the extension and retraction of stream
networks dynamically maps out patterns of transmissivity in the subsurface.

■ Losing streams are widespread, with two-thirds of measured groundwater levels lying below
nearby rivers. Losing streams provide an important groundwater subsidy to many dryland
ecosystems that lie downstreamofmore humid headwaters.The prevalence of losing streams
is correlated with groundwater pumping rates, highlighting the importance of managing
groundwater and surface water as interconnected resources (e.g., Winter et al. 1998).

To be clear, the surprises outlined above may not have surprised every hydrologist. With the
benefit of hindsight, for example, one can find early work (e.g.,Hewlett &Hibbert 1967) concern-
ing translatory flow processes that transmit discharge perturbations faster than the water itself
flows (see also the historical account of Beven 2004). But until recently, many hydrology students
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were taught that stormflow is derived from recent rainfall that reaches the stream by overland flow,
and some are still taught this today. Similarly, 50 years ago Blyth & Rodda (1973) asked, “Why
has it largely been ignored that natural drainage networks are dynamic rather than static phenom-
ena?” But it has only recently become clear howmuch these networks extend and retract, and how
widespread and consequential this phenomenon is.Thus,when we characterize these observations
as surprises, we mean that they were surprising to (or overlooked by) substantial fractions of the
research community, not that they were completely unknown.

Many of the surprises outlined above stand in particularly sharp contrast to conceptualizations
of catchments as well-mixed boxes. Such well-mixed boxes may be a legacy of catchment science’s
original emphasis on mass balances (of both water and solutes), for which they provide a simple
first-order framework. Such boxes are also often adopted as a mathematical convenience in hydro-
logical modeling, but the fact that these box models can often be calibrated to perform rather well
(particularly if they are only tested against stream discharge time series) should not be mistaken
as confirmation that they are mechanistically realistic. At the same time, it would be a formidable
challenge (and superfluous for many purposes) to explicitly model the multiscale subsurface het-
erogeneity that underlies many of the phenomena outlined above.Thus, an important challenge is
to develop theoretical frameworks for characterizing this heterogeneity and quantifying its effects
at larger scales, without needing to represent it explicitly.

What can be done to create favorable conditions for future instructive surprises? Tracers, par-
ticularly water isotopes, have spurred many of the surprises outlined above, and their potential
to surprise us has probably not been exhausted. High-frequency tracer measurements, on sim-
ilar timescales to the landscape’s hydrological response, have an important role to play (Rode
et al. 2016). Real-time in situ tracer measurements in soils and plants (Beyer et al. 2020) will aid
us in seeing inside the whole-landscape black box, particularly when coupled with simultaneous
in situ measurements of water fluxes and potentials. The black box can also be cracked open by
tracer experiments targeting individual system components or processes (e.g., Benettin et al. 2021,
Werner et al. 2021). Together with measurement and observation initiatives such as these, analysis
and synthesis tools that can cope with—and even characterize and quantify—the nonlinearity and
nonstationarity inherent in many hydrological systems (e.g., Kirchner 2022) will probably also
play an important role in revealing future surprises.

We close by noting that every one of the surprises outlined here came primarily from observa-
tions and measurements, rather than from theoretical modeling, which tends to encapsulate our
preconceptions rather than overthrow them.We belabor this point in view of hydrology’s declin-
ing emphasis on field observations and growing reliance on models (Burt & McDonnell 2015),
including the tracer-aided simulation models that are increasingly used to interpret the isotopic
dynamics of streamflow, soils, and xylem water. The risk of model-based inference is that, because
simulation models are inherently based on our conceptualization of a system, their behavior will
rarely conflict with our intuition, limiting the chances for instructive surprises. Surprises—and
the insights that come from them—can indeed arise from models, but only within a hypothesis-
testing framework that is carefully designed to avoid confirmation bias (Pfister & Kirchner 2017).
Maximizing the chances for future instructive surprises will require the thoughtful application of
models but will also require adequate support for field measurements and experiments, and for
data-driven analysis of the resulting observations.
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