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Abstract

Processes that drive variability in catchment solute sourcing, transformation,
and transport can be investigated using concentration-discharge (C-Q) rela-
tionships. These relationships reflect catchment and in-stream processes oper-
ating across nested temporal scales, incorporating both short and long-term
patterns. Scientists can therefore leverage catchment-scale C—Q datasets to
identify and distinguish among the underlying meteorological, biological, and
geological processes that drive solute export patterns from catchments and
influence the shape of their respective C-Q relationships. We have synthesized
current knowledge regarding the influence of biological, geological, and meteo-
rological processes on C-Q patterns for various solute types across diel to
decadal time scales. We identify cross-scale linkages and tools researchers can
use to explore these interactions across time scales. Finally, we identify knowl-
edge gaps in our understanding of C-Q temporal dynamics as reflections of
catchment and in-stream processes. We also lay the foundation for developing
an integrated approach to investigate cross-scale linkages in the temporal
dynamics of C-Q relationships, reflecting catchment biogeochemical processes
and the effects of environmental change on water quality.

This article is categorized under:
Science of Water > Hydrological Processes
Science of Water > Water Quality
Science of Water > Water and Environmental Change

Shannon L. Speir and Lucy A. Rose are co-first authors.

WIREs Water. 2023;e1702.
https://doi.org/10.1002/wat2.1702

wires.wiley.com/water © 2023 Wiley Periodicals LLC. 1 of 25


https://orcid.org/0000-0002-3624-0327
https://orcid.org/0000-0001-9908-212X
https://orcid.org/0000-0001-5122-0829
https://orcid.org/0000-0003-1640-685X
https://orcid.org/0000-0001-5651-6100
https://orcid.org/0000-0002-0908-4293
https://orcid.org/0009-0004-4040-6221
https://orcid.org/0000-0002-1284-3836
https://orcid.org/0000-0002-6725-916X
mailto:slspeir@uark.edu
http://wires.wiley.com/water
https://doi.org/10.1002/wat2.1702

20f25 Wl LEY— "g’ WIREs SPEIR ET AL.

W WATER

KEYWORDS

C-Q, cross-scale, high-frequency data, nested temporal scales, time series, watershed

1 | INTRODUCTION

Solute chemical composition and concentrations in stream water reflect catchment and in-stream processes
operating at multiple temporal scales (Likens et al., 1970; Stewart et al., 2022), while stream discharge reflects
catchment-wide processes driving water availability and routing. These processes impart hierarchically nested
temporal patterns (Ryo et al., 2019) on stream chemistry concentration (C) and discharge (Q) across sub-daily to
decadal time steps. Relationships between C and Q (hereafter, C-Q relationships) capture processes across a range
of time scales and can be used as an integrative tool to explore drivers of catchment processes (Chorover
et al., 2017). The C-Q relationship can be used to characterize the sources, mobilization, and transport of solutes at
the catchment scale (Musolff et al., 2021) and provides a valuable link between temporal patterns in the data and
catchment-scale processes (Sivapalan, 2006). However, to better identify driver-response relationships and the
effects of environmental change on catchments and water quality, we must disentangle the inherent hierarchical
complexity in C-Q time series data.

Stream chemistry measurements at catchment outlets have been used to understand linkages between terrestrial
and aquatic processes since the 1960's (Bormann & Likens, 1967; Dale, 1970; Mann, 1969; Odum, 1969; Olsen &
Chapman, 1972). Early biogeochemistry research quantified catchment nutrient retention and loss dynamics by com-
paring nutrient inputs versus outputs (Fisher & Likens, 1973; McDowell & Likens, 1988), focusing on a whole-
ecosystem approach. This approach focused on three key “vectors” of energy and nutrient exchange between terrestrial
and aquatic ecosystems (Likens & Bormann, 1974): biological (organism-driven movement of nutrients and energy),
meteorological (atmospheric transport of water and solutes), and geological (gravitational movement of solutes and par-
ticulates and the mass movement of colluvium). However, this work was limited to both relatively coarse sampling fre-
quencies (weekly to monthly) due to the predominance of grab sampling approaches and annual or shorter time scales
due to the paucity of dedicated long-term study sites. Such logistical barriers precluded the examination of fine
temporal-scale dynamics, as well as the influence of low frequency (i.e., decadal and longer) drivers on catchment C-Q
processes.

More recently, high-frequency sensors have facilitated continuous C-Q measurements at finer time scales
(e.g., every 5-15min) and expanded the scope of inference across sub-daily to multi-decadal time scales (Rode
et al., 2016). Several C-Q publications have used high-frequency sensor data to evaluate short term, event-scale hystere-
sis patterns (e.g., storms; Kincaid et al., 2020; Vaughan et al., 2017) and to examine how C-Q patterns change across
temporal scales (Fazekas et al., 2020; Knapp et al., 2020; Minaudo et al., 2019; L. A. Rose et al., 2018; Speir
et al., 2021). Other analytical methods, such as moving window analysis (Zimmer et al., 2019) and machine learning-
aided classification of C-Q patterns (Hamshaw et al., 2018; Javed et al., 2021; Torres & Baronas, 2021), have allowed
researchers to further characterize the variation in C-Q patterns across temporal scales. Long-term data collection
(e.g., the Long-Term Ecological Research Program, United States Geological Survey, etc.) also allows multi-decadal
evaluation of C-Q patterns (Marinos et al., 2018). Identifying variations in catchment C-Q response across nested
temporal scales is critical to accurately predict river chemistry responses to changing climate and land use (Li
et al., 2022). However, nested temporal scales represent the hierarchical complexity of time series data, where driver-
response relationships can manifest at multiple scales and dynamics occurring at each scale can influence those at
other scales (Ryo et al., 2019).

We have built on the foundational “whole-ecosystem” framework of Likens and Bormann (1974) and the concept of
ecosystem hierarchical complexity presented by Ryo et al. (2019) to interpret catchment processes that modulate C-Q
signals across time scales. Our goals are to:

1. Describe common quantitative metrics of catchment C-Q signals.

2. Synthesize current understanding of meteorological, biological, and geological catchment processes across nested
time scales.

3. Identify approaches to expand scientific inference beyond discrete time scales and investigate cross-temporal scale
linkages using C-Q metrics.
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2 | THE BASICS OF C-Q

Catchment C-Q relationships provide integrated signals of processes reflecting short (e.g., seconds) to long
(e.g., millennia) time scales (Ameli et al., 2017; Evans & Davies, 1998; Herndon et al., 2015) using the hydro-
chemograph (Figure 1a). In addition to their importance for flux estimation (Appling et al., 2015; Cain et al., 2022)
given the ease of computation and increasing availability of paired C and Q datasets, C-Q relationships have long been
used to understand the controls on catchment exports (F. R. Hall, 1970, 1971; Johnson et al., 1969). Interpretations of
C-Q relationships allow for inferences regarding material export controls (transport vs. source limitation; Godsey
et al., 2009, 2019; Musolff et al., 2015), the spatial locations and temporal connectivity of catchment solute reservoirs
(Knapp et al., 2022; Meybeck & Moatar, 2012; L. A. Rose et al., 2018; Underwood et al., 2017; Zhi & Li, 2020), solute
mobilization along slow or fast flow paths (Wymore et al., 2019), and solute retention mechanisms (Abbott et al., 2018;
Frei et al., 2020).

Numerous C-Q metrics exist, each documenting changes in solute concentration across flow conditions. Though
not an exhaustive list, three of the most commonly applied C-Q metrics are the C-Q slope (noted as beta, or b), the
ratio of coefficients of variation for C and Q (CVc/CVq), and the hysteresis index (HI). First, the exponent (b) of
the power-law equation (C = aQ®, where a and b are constants) is often estimated by regressing C on Q (Figure 1b;
Godsey et al., 2009; Musolff et al., 2017). This is commonly done in log-log space, whereby b is represented by the slope
of the C-Q relationship. C—Q responses are typically classified into three groups based on the directionality of b: enrich-
ment (b > 0), dilution (b < 0), and constant (often called chemostatic; b ~ 0). The directionality of b can indicate
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FIGURE 1 (a) A simple changing chemograph (gray) in response to changing discharge (blue) over time (panel inspired by Aguilera &
Melack, 2018). (b) C-Q responses can be quantified by the direction of the slope (b) of the C-Q relationship in log-log space. (c) In addition
to documenting the direction of change, C-Q relationships can be further characterized based on the source of variation, noted here as
CV/CVq. (d) C-Q relationships can also exhibit hysteresis patterns, in simple or complex looped behavior.
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whether the lateral flux of material is limited by solute supply (b < 0) or hydrological connectivity and transport capac-
ity (b > 0; L. A. Rose et al., 2018; Vaughan et al., 2017). Correspondingly, the directionality of b may also reflect the ver-
tical heterogeneity of catchment solute stores, where solutes with greater concentration at depth (e.g., bedrock-derived
solutes) exhibit dilution patterns (Stewart et al., 2022; Zhi et al., 2019) and solutes more concentrated in litter and upper
soil layers exhibit enrichment patterns (Ebeling et al., 2021; Hornberger et al., 1994; Zhi & Li, 2020). However, C-Q
slope directionality can also exhibit segmented behavior, producing distinct C-Q patterns in log-log space at a given
discharge threshold (Meybeck & Moatar, 2012; Moatar et al., 2017). These nonlinear responses indicate a shift in solute
sourcing, transformation, or mobilization of constituents across the full range of Q (Cain et al., 2022; Underwood
et al., 2017).

The ratio of the coefficients of variation for C and Q (CVc/CVg) can aid in distinguishing chemostatic from che-
modynamic behavior (Figure 1c; Musolff et al., 2015). Particularly when considered along with the linear slope (b) of
the log-log C-Q relationship, CVc/CVq can add a more nuanced understanding of concentration responses to changes
in discharge than simple interpretation of b alone. Relatively homogeneous solute stores across a catchment sometimes
manifest as chemostatic behavior, with b & 0 and low CVc/CVq (Basu et al., 2010; Musolff et al., 2017; Thompson
et al., 2011). In contrast, high variability in C relative to variability in Q produces chemodynamic behavior. When high
CV/CVq coincides with a non-zero C-Q slope, this may suggest temporally variable connectivity between solute
source areas and the stream (Basu et al., 2010; Bende-Michl et al., 2013); alternatively, a high CVc/CVq and a log-log
C-Q slope near zero may reflect biogeochemical transformation of reactive solutes (e.g., nitrate, ammonium, phospho-
rus) during transport (Musolff et al., 2015; L. A. Rose et al., 2018; Speir et al., 2021).

When discharge temporarily exceeds baseflow (e.g., in response to rainfall or snowmelt inputs), quantitative metrics
of solute hysteresis can also characterize catchment biogeochemical responses to discharge variability at the event
scales. The relative differences in solute concentrations on the rising versus falling limb of the hydrograph give rise to
hysteresis patterns of clockwise (higher concentrations on the rising limb), counterclockwise (higher concentrations on
the falling limb), or indeterminate directionality (L. A. Rose et al., 2018; Williams, 1989). The magnitude of these con-
centration differences at points of equal discharge on the rising and falling limbs have been quantitatively represented
by the HI, with values ranging from —1 to +1 (Lloyd et al., 2016; Vaughan et al., 2017). The HI is calculated using nor-
malized C and Q values to facilitate comparisons across multiple events and sites; the magnitude of HI reflects relative
differences in concentration on the rising and falling limbs, while negative and positive values indicate counterclock-
wise and clockwise hysteresis, respectively. Zuecco et al. (2016) developed a similarly quantitative index of hysteresis
direction and magnitude to classify hysteresis loops into simple and complex categories. The authors distinguished
among these categories based on dominant hysteresis rotation in multiloop categories and the direction (positive or
negative) of the predominant axis and, based on these characteristics, developed a quantitative index to assess hysteresis
dynamics at the event scale (Zuecco et al., 2016).

It is important to note that C-Q metrics are interrelated and may not be independent of each other; therefore, they
should be interpreted as complementary metrics. For example, the HI can be combined with the power-law equation
for interpretation (House & Warwick, 1998). Additionally, the range of concentration variability is inherently linked to
the quantitative estimation of both b and CV/CV, (Figure 1c; Jawitz & Mitchell, 2011; Musolff et al., 2015; Thompson
et al., 2011), although these metrics offer distinct interpretations of C responses to changes in Q. Given these potential
interrelationships among C-Q metrics, caution and correction procedures should be applied when conducting statistical
analyses on derived metrics (e.g., regressing metrics against each other) because this can involve testing multiple
hypotheses on the same dataset and thereby inflating Type I error (Gordi & Khamis, 2004; Moyé, 1994) and propagating
uncertainty across multiple statistical analyses (Batstone, 2013; Ku, 1966).

3 | METEOROLOGICAL, BIOLOGICAL, AND GEOLOGICAL PROCESSES
INFLUENCING C-Q PATTERNS ACROSS TEMPORAL SCALES

Meteorological, biological, and geological processes influence catchment C-Q patterns by modifying the magnitude and
timing of water and solute fluxes (Likens & Bormann, 1974). These processes drive C-Q responses to varying degrees
depending on the time scale of interest. Examining C-Q responses across a range of time scales provides a more inte-
grated understanding of catchment biogeochemical processes and the effects of environmental change on water quality.
For our purposes, we have adapted the following definitions from Likens and Bormann (1974) to discuss meteorologi-
cal, biological, and geological influences on C-Q relationships (Figure 2):
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FIGURE 2 Examples of the meteorological (blue), biological (green), and geological (purple) processes that influence C-Q relationships.
(a) Conceptual model illustrating the processes discussed in this paper within a catchment. (b-d) Relative influence plots of these processes
across time scales (diel to decadal) for the meteorological (b), biological (c), and geological (d) processes described in (a). While (b-d) overall
illustrates the relative influence of these processes, the color shading in each panel represents the strength of our current understanding of a
process at the specific time scale to influence C-Q relationships (e.g., scientists have a stronger understanding of how meteorological
processes function at shorter time scales [darker color] than at longer time scales [lighter color]). Created with BioRender.com.

1. Meteorological: atmospheric deposition and weather or climate patterns (e.g., precipitation events, droughts).

2. Biological: plant, animal, and microbial processes within the catchment.

3. Geological: weathering, infiltration, and other hydrogeochemical processes shaped by the structure and composition
of material underlying the catchment.

For each of these potential drivers, characteristic C-Q responses reflect predominant catchment processes,
depending on the time scale of a given measurement (Figures 3 and 4). While anthropogenic activities might also influ-
ence catchment-scale C-Q responses, the effects of such activities on C-Q responses are indirect. Rather, anthropogenic
activities, such as agricultural cultivation or highly-engineered urban stormwater systems, exert direct controls on bio-
logical, geological, and meteorological processes through alteration of nutrient availability, or artificially engineered
hydrologic flowpaths as examples. Consequently, the direct effects of anthropogenic activities on these biological, geo-
logical, and meteorological drivers can then indirectly influence observed C-Q responses. Here, we summarize C-Q
responses to meteorological, biological, and geological drivers at several discrete temporal scales, including the
following:

1. Diel: cyclostationary patterns occurring during a 24-h period (Figure 3a,b).

2. Event: responses occurring during a period of elevated discharge above baseflow in response to precipitation inputs
(e.g., rainfall, snowmelt, rain-on-snow, ice melt; Figure 3c,d).

3. Seasonal: patterns determined by the rotation of the Earth around the sun, which drives seasonal variation in light
and temperature or climatic patterns, (e.g., wet and dry seasons; Figure 4a,b).

4. Inter-annual to decadal: multi-year (>1 year) patterns extending beyond the seasonal C-Q signals driven by light,
temperature, or precipitation (Figure 4c,d).

In the following sections, we summarize the relevant meteorological, biological, and geological processes that regu-
late catchment C—Q relationships and highlight characteristic responses to these drivers at short and long time scales.
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FIGURE 3 Hydro-chemographs and log-log C-Q plots at diel and event time scales. (a) The diel hydrograph and nitrate (NO3)
chemograph illustrate a (b) C-Q relationship at the diel time scale (indeterminate hysteresis). (c) The event hydrograph and dissolved
organic carbon (DOC) chemograph (d) illustrate a C-Q relationship of a storm event (counter-clockwise hysteresis). Black regression lines in
(b) and (d) show the power-law equation. Data are from (a and b) Trevor Creek and (c and d) the Kuparuk River (Alaska, USA; provided by
A.J. Shogren; Shogren et al., 2021; Zarnetske et al., 2020).

At the shorter time scales of individual events, metrics such as the log-log C-Q slope (b) and HI can determine how
meteorological and geologic processes lead to enrichment, dilution, or chemostatic behavior (Figure 1b,d). On longer
time scales (i.e., seasonal to decadal), the influence of temporal meteorological variation or spatial variation in geologi-
cal or biological processes can be examined through the relationship of the log-log C-Q slope (b) and CV/CVq
(Figure 1c) or through examination of how the HI for individual events changes through time. Our goal in reviewing
examples from these discrete temporal scales is to identify and synthesize successful approaches for isolating the effects
of specific catchment processes on C-Q signals.

3.1 | Meteorologically driven C-Q signals
3.1.1 | Summary of processes

Across timescales, C-Q relationships encode dynamics of C and Q that may be independent of each other or may
emerge from the direct dependence of C on Q. Meteorological processes influence C-Q patterns observed at the catch-
ment outlet by changing the timing, amount, and phase of precipitation and atmospheric chemical inputs entering the
catchment (e.g., Murray et al., 2022; Ruckhaus et al., 2023). Thus, meteorological drivers can influence catchment C-Q
responses through direct regulation of hydrological inputs (e.g., precipitation amount, intensity, duration, and phase),
material inputs (e.g., quantity and chemistry of wet and dry deposition), or through C-Q dynamics that emerge because
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FIGURE 4 Hydro-chemographs and log-log C-Q plots at seasonal to multi-year time scales. Data from (a) the paired hydrograph and
nitrate (NOs) chemograph for April 2017-March 2018 are divided by season in the log-log C-Q plots (b) to illustrate a shifting C-Q
relationships across seasons. Data from the (c) the paired hydrograph and dissolved organic carbon (DOC) chemograph for January 2016-
November 2019 are divided by calendar year in the log-log C-Q plots (d) to illustrate a shifting C-Q relationships across years. Black
regression lines in (b) and (d) show the relationship of the power-law equation. Data are from (a and b) the Shatto Ditch Watershed
(Indiana, USA; provided by S. L. Speir and J. L. Tank; Speir et al., 2021) and (c and d) the Lamprey River Hydrological Observatory

(New Hampshire, USA; provided by A. S. Wymore and W. H. McDowell; Wymore et al., 2021).

of enhanced connectivity of catchment source areas (Floriancic et al., 2018). Meteorological influences on the phase of
hydrological inputs across a landscape (i.e., snowmelt versus stormflow) can affect the degree of spatial heterogeneity
in the chemistry of event flow among subcatchments (Ahearn et al., 2004; Knapp et al., 2022). Surface water C-Q pat-
terns in regions downwind of strong atmospheric pollution sources (e.g., coal-fired power plants), can be affected by
meteorological drivers through the flux of material inputs such as nitrogen and sulfur from the atmosphere to the land-
scape (Howarth et al., 2012; Mitchell et al., 2013). Meteorological inputs also directly influence Q through the activation
of hydrological flow paths connecting upland catchment areas to the stream channel. Vertical and lateral variation in
solute sourcing as a result of meteorological inputs can act to regulate concentration dynamics, thereby influencing

both aspects of C-Q relationships.
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3.1.2 | Shorter time scales

While some short-term meteorological phenomena are relatively predictable on diel time scales (e.g., solar radiation,
ambient temperature), the influence of diel meteorological patterns on stream C-Q responses is not well-characterized.
Ward et al. (2019) reported that diurnal discharge fluctuations in an intermittent stream reach affected the observed
concentration patterns of a conservative solute by regulating solute transport and storage dynamics. In contrast, other
short-term meteorological phenomena, such as discrete precipitation events, do not operate strictly on diel time scales
but may still directly regulate C-Q responses observed at the catchment outlet. Because precipitation events are impor-
tant drivers of C-Q dynamics, the influence of meteorological drivers on C-Q patterns is commonly examined on the
time scale of individual storm events (e.g., by calculating the C-Q slope and HI). The increase in hydrological connec-
tivity between catchment areas and adjacent surface waters during these discrete events can cause short-term changes
in stream solute concentrations (e.g., enrichment or dilution) and can result in acute impairments to aquatic habitat
and biota (Kaushal et al., 2022; Young et al., 2018). Additionally, the characteristics of antecedent precipitation inputs
also influence the directionality and magnitude of event C-Q hysteresis patterns, as the sequence, timing, and magni-
tude of solute source connectivity to the stream reflect the catchment hydrological state (Biron et al., 1999; Fazekas
et al., 2020; Hamshaw et al., 2018; Herndon et al., 2015; Musolff et al., 2021; L. A. Rose et al., 2018; Shanley et al., 2011;
Wymore et al., 2019). For example, C-Q patterns of dilution for geogenic weathering solutes (e.g., calcium, silica) have
been reported during events, as streamwater sustained by weathering solute-rich groundwater at baseflow increasingly
mixes with water mobilized to the stream channel along shallower flowpaths under high event flows. On the rising
limb of the event hydrograph, weathering solute-rich groundwater remains connected to the stream but shallower sub-
surface flowpaths become increasingly connected as water tables rise (Stewart et al., 2022). As these shallow subsurface
strata are often characterized by lower concentrations of weathering solutes than deeper groundwater flowpaths,
increased connectivity between shallow subsurface flowpaths and the stream during events results in the dilution of
weathering solute concentrations with increasing discharge during events (L. A. Rose et al., 2018). Solute hysteresis pat-
terns during events are also influenced by the meteorological regulation of precipitation phase (e.g., snowmelt or rain-
fall), as the depth of flowpath connectivity is determined by conditions such as water table depth or the depth of soil
water thawing during snowmelt and rain-on-snow events (Pellerin et al.,, 2012; L. A. Rose et al.,, 2023; Siwek
et al., 2013). Because hysteresis patterns depend on the sequence, magnitude, and mixing of multiple biogeochemical
sources that are hydrologically connected to the stream, multiple interpretations of C-Q hysteresis patterns are often
possible. Despite the potential for such confounding conditions, the evaluation of event C-Q responses may provide
insight into the predominant biogeochemical sources across a range of flow conditions. Similarly, factors such as ante-
cedent precipitation conditions can influence the timing and extent of hydrological connectivity between catchment
areas and the stream and the ability to overcome soil water deficits to generate high-flow events. This can produce one
set of C-Q responses when hydrological and biogeochemical sources are constrained to near- and in-channel areas
under conditions of low antecedent precipitation and an entirely different set of C—-Q responses when high antecedent
precipitation conditions facilitate more extensive hydrological connectivity between watershed areas and the stream
(L. A. Rose et al., 2023).

3.1.3 | Longer time scales

On longer time scales, seasonal to decadal meteorological variability as well as natural and human influences on atmo-
spheric chemistry alter C-Q patterns through their separate effects on C and Q dynamics, as well as the patterns that
emerge through the dependence of C on Q. Marked seasonality in the magnitude, frequency, and phase of precipitation
across different climates leads to distinct temporal patterns in C-Q relationships because of the accumulation and flush-
ing of materials in catchments (Li et al., 2022). For example, following extended periods without precipitation, the first
rain event in the fall can lead to an “autumnal flush” of solutes from catchments (Burt et al., 2015; Foster &
Walling, 1978; Hunsaker & Johnson, 2017). On seasonal time scales, C-Q hysteresis patterns can markedly differ
between late dormant season snowmelt-driven events and growing season rainfall-driven events (Pellerin et al., 2012;
L. A. Rose et al., 2023; Siwek et al., 2013). Seasonal variation in atmospheric deposition has the potential to alter C
dynamics independent of Q, and its contribution, although often negligible relative to soils, can be revealed using
paired isotopic analysis (e.g., Soto et al., 2019). Long term (i.e., multi-year) changes in climate and precipitation charac-
teristics (e.g., amount, chemical composition) can also influence catchment C-Q patterns by driving variability in
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hydrological connectivity (Fazekas et al., 2021; Knapp et al., 2022; Smits et al., 2019) or availability of biogeochemical
source material (Fazekas et al., 2021; Marinos et al., 2018). Moreover, under extreme meteorological conditions, such as
extended droughts or intense flooding events (e.g., hurricanes), catchment responses shift toward the extremes of
hydrological and biogeochemical regulation (Fazekas et al., 2021; Wymore et al., 2019). In certain regions with Mediter-
ranean climates (e.g., California), increasing precipitation volatility is projected to “amplify” the hydrological cycle,
leading to longer periods of drought punctuated by more intense precipitation events (Swain et al., 2018). Such meteo-
rological changes have already affected catchment hydrological and biogeochemical responses, contributing to water
quality degradation in agricultural and developed catchments in particular (Loecke et al., 2017; Wollheim et al., 2005).
Independent of Q, decadal change in the chemistry of atmospheric deposition (e.g., acid rain) alters the magnitude and
composition of the C in C-Q dynamics (Howarth et al., 2012; Mitchell et al., 2013).

3.2 | Biologically driven C-Q signals
3.2.1 | Summary of processes

Biological processes influence C-Q patterns by altering stream solute concentrations and streamflow. In both upland
and in-channel catchment areas, plant, animal, and microbial assimilation and solute transformations represent direct
biological regulation on C. Plant and microbial assimilation and transformation processes in hillslope soils manifest in
C-Q signals when hydrological source areas encompass hillslopes (Creed & Band, 1998; McGlynn & McDonnell, 2003).
The relative influence and type of assimilation or transformation process depends on the properties of the constituent,
including whether it is a nutrient (e.g., nitrogen, phosphorus), a weathering product (e.g., calcium, potassium), redox-
dependent (e.g., nitrate, sulfate), or a persistent organic pollutant (e.g., PCB, dioxins). In-stream assimilatory uptake
can also influence C-Q signals, particularly at low baseflow, when retention of solutes is long and in-stream transfor-
mations, uptake, and mineralization alter solute export under near-constant discharge rates (Hensley et al., 2019). Bio-
logical regulation of Q occurs primarily via transpiration, altering the timing and amount of water reaching streams on
daily, seasonal, and inter-annual time scales (Flewelling et al., 2014; Ward et al., 2019). Animal-mediated impacts on Q
include flow alteration by beaver dams (Dewey et al., 2022; Majerova et al., 2015) and cascading ecological effects of
predator-prey interactions (e.g., wolf reintroduction; Beschta & Ripple, 2019), while animal-mediated impacts on C
include the influence of top-down controls within stream food webs that lead to algal growth limitation by grazers,
altering nutrient uptake (Mulholland et al., 1983).

3.2.2 | Shorter time scales

Rapid biological processing and material transport produces sub-daily C-Q patterns that are only observable with high-
frequency data. Evapotranspiration contributes to diel water table fluctuations, producing variations in C—Q responses
(Bond et al., 2002; Czikowsky & Fitzjarrald, 2004; Flewelling et al., 2014; Schilling, 2007; Schwab et al., 2016).
Biogeochemically-driven diel C-Q signals are evident during steady baseflow conditions, resulting from in-stream
processing of non-conservative solutes, such as nitrate (Greiwe et al., 2021; Heffernan & Cohen, 2010) and phosphorus
(Cohen et al., 2013). However, seasonality and spatial variability (e.g., upland vs. in-stream) of biological processing
rates can obscure diel solute signals within streams (Aubert & Breuer, 2016; Hensley & Cohen, 2016; Rusjan &
Mikos, 2010). Biological processes are particularly challenging to identify during high flow events, when meteorological
and geological processes predominate in response to precipitation inputs.

3.2.3 | Longer time scales

On seasonal to decadal time scales, plant and microbial population growth and activity regulate the size of element
pools available for hydrological transport. Seasonal cycles of biological activity occur both within the stream channel
(Hensley et al., 2018) and throughout upland catchment areas (L. A. Rose et al., 2023) and this biological control, in
turn, affects long-term C-Q patterns. Seasonal shifts in biological activity due to changing light and temperature condi-
tions can either enhance or reduce the fingerprint of biological processes on C—-Q patterns. On multi-year to decadal
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time scales, plants can alter groundwater table depths and subsurface structure by creating preferential flow paths,
which influences water storage and release (Li et al., 2021). Transpiration as part of evapotranspiration (ET) fluxes
may play a role in controlling long-term C-Q patterns, particularly in semi-arid regions as major ions become con-
centrated in soil water or shallow groundwater. When these shallow sources have higher concentrations than surface
runoff, this may generate chemostatic C-Q responses when increased runoff activates these near surface solute pools.
Here, ET has a direct effect on the C term (Cartwright et al., 2020; Li et al., 2017). In addition to plants, soil microbial
processes in catchments are affected by changing conditions over multi-year to decadal scales, altering watershed
retention of bioreactive elements; however, their relative influence is often more challenging to constrain
(J. R. Webster et al., 2016).

Analysis of long-term C-Q patterns can provide important context for the recovery of catchment processes following
large-scale disturbances such as acid rain (Marinos et al., 2018), landscape nitrogen saturation (Winter et al., 2021), hur-
ricanes (Wymore et al., 2019), and wildfires (Hampton et al., 2022; Murphy et al., 2018). As seasonality and inter-annual
variability in hydroclimatic conditions shift with changes in climate, long-term C-Q patterns can also inform
catchment-scale biological responses to seasonal non-stationarity.

3.3 | Geologically driven C-Q signals
3.3.1 | Summary of processes

Concentration-discharge relationships of geogenic solutes reflect the underlying geology, weathering, and solute trans-
port processes of the contributing catchment (Godsey et al., 2009). Geogenic solutes often exhibit C-Q patterns of dilu-
tion (b < 0; Godsey et al., 2009; Stewart et al., 2022), indicating solute production via deep subsurface weathering (rich
in geogenic solutes) or slow mobilization rates relative to discharge variation. Dilution patterns may be more common
on short time scales (e.g., events), when hydrological connectivity is highly dynamic and shallow flow paths (with low
geogenic solute concentrations) become activated. Botter et al. (2020) observed consistent dilution C-Q behavior of
geogenic solutes, regardless of catchment hydrological classification status (i.e., dry, intermediate, or wet). Importantly,
this contrasts with the idea of pervasive geochemical stationarity, or chemostasis (Chorover et al., 2017; Godsey
et al., 2009; Herndon et al., 2015), which is typically observed when both water and geogenic solutes are derived from
the same, well-mixed reservoir (S. J. Hall et al., 2016; McIntosh et al., 2017). Chemostatic patterns (b ~ 0; Godsey
et al., 2009, 2019; Hornberger et al., 2001) may be more likely observed on longer time scales (i.e., annual to decadal),
as flow path variability is less dynamic and baseflow—sustained by groundwater—predominates; however, we note the
emergent pattern on long time scales may also depend on the representation of Q variability captured in the sampling
record. Given the role of geological processes in shaping in-stream geochemistry, it is critical to understand how these
processes may drive C-Q patterns across both short and long time scales.

3.3.2 | Shorter time scales

Several studies have documented variation in geogenic solutes with Q on short-time scales, ranging from diel to
seasonal patterns. Diel variation in geogenic solutes is common in catchments dominated by glacier-derived flows, as Q
varies diurnally with the daytime generation of glacial meltwaters (Anderson et al., 2000). In the Taylor Valley in
Antarctica, such melt-induced variations in diel flow produced both dilution and chemostatic patterns for geogenic
solutes, as well as clockwise and counterclockwise hysteresis, depending on material sources (Fortner et al., 2013).
Diel dilution patterns in geogenic solutes are also associated with eolian-derived sediments, while diel chemostasis was
documented in more biologically active streams (Fortner et al., 2013).

Similarly, snowmelt events can drive short-term “pulses” of geogenic solutes to the stream channel, resulting in
characteristic C-Q responses. Activation of shallow flow paths during snowmelt may indicate the dominant role of car-
bonic acid weathering in alpine catchments; this is reflected in chemostatic C—Q patterns for calcium, magnesium, sil-
ica, sodium, and potassium, which are characteristic components of carbonate-derived weathering (Winnick
et al., 2017). Olshansky et al. (2018) documented counterclockwise hysteresis patterns for mobile products of silicate
weathering (e.g., silica and dissolved inorganic carbon), indicating slow mobilization of these solutes via groundwater
pathways during snowmelt. In contrast, calcium, magnesium, sodium, and potassium exhibited clockwise hysteresis,
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suggesting that a limited reservoir of solutes below the snowpack was flushed on the rising limb of the snowmelt pulse
(Olshansky et al., 2018). Permafrost (defined as soils remaining frozen for >2 years) in high latitude and alpine environ-
ments can also influence C-Q patterns by restricting flow path depth to shallow soils, similar to a confining bedrock
layer (Shogren et al., 2021; A. J. Webster et al., 2022). However, in contrast to bedrock, permafrost is seasonally dynamic
and has been observed to change C-Q dynamics, as seasonal thaw allows flow paths to deepen (A. J. Webster
et al., 2022).

3.3.3 | Longer time scales

Subsurface chemical and physical structure vary considerably as water interacts with lithology over long time scales.
Concentration-discharge studies conducted at long temporal scales are often based on low-frequency monitoring
records, such as seasonal and annual sampling (Diamond & Cohen, 2018; Godsey et al., 2009; Herndon et al., 2015;
Koger et al., 2018; Sullivan et al., 2019; Wlostowski et al., 2018). Godsey et al. (2009) documented largely chemostatic
C-Q patterns for major base cations and dissolved Si in 59 relatively unimpacted long-term monitoring catchments,
indicating that alkalinity flux was largely determined by discharge variability. Variation in C signals observed at the
catchment outlet can also result from a mixture of hydrological and biogeochemical inputs mobilized along shallow
and deep flowpaths (Woodward et al., 2013). Therefore, long-term C-Q patterns may shift away from chemostasis
depending on the degree of vertical connectivity within the catchment. Strong vertical connectivity can elongate mean
transit times, increase weathering rates, and strengthen connectivity between shallow and deep flow paths (Xiao
et al,, 2021). Conversely, weak connectivity between shallow and deep strata results in dilution C-Q patterns
(Xiao et al., 2021). Dilution patterns can also result from groundwater transit times that are faster than the weathering
rates of geogenic minerals (Ameli et al., 2017). Damkdhler coefficients can also relate to C-Q behavior, providing a met-
ric to extract the resistance to dilution from the C-Q relationship on longer time scales (Ibarra et al., 2016;
Mabher, 2011). For geogenic solutes in particular, Damkdohler values are useful in capturing both residence times and
the reactivity of various weathering reactions, which can provide unique insights into C-Q dynamics. For example, one
paper found silica had a high Damkd&hler value, which corresponded to chemostatic behavior in the C-Q relationship
(Ibarra et al., 2017). In general, systems with large Damkdhler numbers (>1), exhibit small reaction rate times relative
to advective transport, suggesting that chemostatic conditions and local geochemical equilibrium dominate
(Maher, 2010). These values can also be used to infer the processes driving observed C-Q behavior, such as primary
mineral dissolution, secondary mineral precipitation, and dilution processes (Ibarra et al., 2016).

4 | CROSS-SCALE INTERACTIONS AND FUTURE DIRECTIONS
41 | The importance of temporal cross-scale interactions

Concentration-discharge relationships characterized at discrete time scales can reveal complex biological, meteorologi-
cal, and geological processes and their interactions. However, examining C-Q relationships only at a discrete periods
can obscure interactions across temporal scales. For example, biogeochemical transport dynamics, such as rapid flush-
ing of riparian groundwater into streams, can be ambiguous when considering C-Q patterns at longer time scales and
at coarser resolutions, and only become apparent when C-Q responses are measured at event time scales (Duncan
et al., 2017; Knapp et al., 2020; L. A. Rose et al., 2018; Winter et al., 2021). In contrast, source dynamics often occur on
longer time scales, such as seasonal changes in nitrification rates (Duncan et al., 2017). Only when these time scales are
considered alongside each other is it apparent that seasonal and event time scales interact to supply a solute to streams.
In this example, summer increases in nitrification rates let to the accumulation of nitrate in floodplain soils, which then
flushed into streams during summertime storms (Duncan et al., 2017). Thus, because events are nested within longer
time scales, event C-Q responses when analyzed alongside long-term patterns can reflect the influence of both long-
and short-term drivers. Understanding how cross-scale interactions influence C-Q patterns requires analytical
approaches that explicitly target multiple temporal scales.

If revealed, cross-scale interactions in C-Q responses may shed light on how linkages between fast ecosystem pro-
cesses (e.g., microbial activity) and slow ecosystem processes (e.g., geological weathering) regulate overall ecosystem
exports and water quality. In this vein, an enduring question in catchment science is the extent to which the cumulative
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effects of fine temporal scale processes, such as diel nutrient uptake in streams, imprint on coarse-scale processes, such
as long-term nutrient export (Bernhardt et al., 2005; Brookshire et al., 2009). Conversely, coarse-scale processes com-
monly influence fine-scale processes (Heffernan et al., 2014). Multi-year drivers such as climate warming, cycles of the
El Nifio—Southern Oscillation, and the North Atlantic Oscillation, can affect temperature and water availability, acceler-
ating or inhibiting stream metabolism and terrestrial mineralization rates (e.g., Smits et al., 2019; Summers et al., 2020)
and influencing catchment exports. Other examples include the effect of seasonal dynamics (Kincaid et al., 2020; Speir
et al., 2021) on C-Q responses observed during discrete high flow events.

Human activity will also modify C-Q behavior across multiple time-scales. While anthropogenic forcing is not a
central focus of this review, human alteration of climate, land-cover, and the global water cycle, among other perturba-
tions, will impact the concentration and availability of solutes, as well as hydrological regimes on both short and long
time scales. A promising framework for future catchment and lotic systems research is the spatiotemporal anthropo-
genic rescaling (STAR) hypothesis, which posits that human actions are “speeding up” and “slowing down” broad-scale
phenomena, thereby modifying temporal scaling behavior through cross-scale interactions (K. C. Rose et al., 2017). For
example, short-term disturbances, such as clearcutting and fertilizer application, have created novel and persistent land
use legacies, thereby “slowing down” the impact of disturbances and changing the nature of antecedent conditions
(Perring et al., 2016; K. C. Rose et al., 2017). Human activities have also accelerated many processes that impact C-Q
behavior, such as water cycle intensification through more frequent extreme events (Huntington, 2006) and landscape
modification through urban (Blaszczak et al., 2019) and agricultural (Miller & Lyon, 2021) development. Cross-scale
C-Q approaches are essential to understanding the impact of these changes on ecosystem exports and water quality.

Here, we highlight four proposed areas of future work that may foster better understanding of cross-time interac-
tions in the context of C-Q relationships: (1) Understanding unexplained variability and misattributed mechanisms
across time scales, (2) Using nested C-Q analyses across discrete time scales, (3) Understanding the impact of antecedent
conditions and lagged responses on C-Q patterns, and (4) Advancing methods that maintain the original resolution of dif-
ferent time series and target cross-scale interactions. The four suggested areas of future research are inspired by recent
conceptual models that examine the hierarchical complexity of time series data, including how driver-response relation-
ships exist at multiple time steps and how processes at one scale can influence those at another scale (Ryo et al., 2019).
How such complexities may impact observed C-Q relationships and how these effects can be disentangled are detailed
below.

4.2 | Unexplained variability and misattributed mechanisms across time scales

Studies of C-Q responses at discrete time scales can identify processes during well-defined periods in a time series,
while simultaneously producing high uncertainties and misattribution because of limited consideration of cross-scale
interactions. Ignoring cross-scale interactions risks incorrectly attributing patterns to processes because they share coin-
cident time scales and nominal correlation (type I error), while missing alternative cross-scale explanations (type II
error). For example, the embedded nature of short to long time scale signals may conflate characteristic “fast” processes
of single event pulses (e.g., rapid hydrological connection of material source areas or rewetting of in-channel material)
with “slow” processes (e.g., bedrock weathering) through an over-interpolation of the C-Q response (H. Liu et al., 2020;
Wondzell & Ward, 2022). If interactions among processes across time scales are not explicitly considered and hydrologi-
cal processes are not measured, solute generation pathways and resulting C-Q patterns may be misattributed (Fazekas
et al., 2020). For example, sensor-based analyses of C—Q illustrate considerable variability in C-Q relationships across
streams and rivers and across seasons and years (Fazekas et al., 2020; Kincaid et al., 2020; Zimmer et al., 2019). Many
solute load estimation models using these data are predicated on the assumption that concentration responds predict-
ably to changes in discharge (Appling et al., 2015), though these approaches may underestimate the variability in C
irrespective of Q (as in Jawitz & Mitchell, 2011). Thus, many models assume that most of the variability in C-Q is
assignable to discharge. However, high-frequency data point to potentially meaningful variability in the concentration
term (Wymore et al., 2021), especially at baseflow conditions (Kincaid et al., 2020) that has yet to be incorporated into
model estimation methodologies.

Uncertainty is also increased when the signal to noise ratio characteristic at one time scale is amplified or damp-
ened at another. For example, at event scales, simple metrics (e.g., b, HI) can be used to describe the shape, magni-
tude, and rotational direction of a single high flow event, where water chemistry may be “looped” or hysteretic,
rather than linear (e.g., Speir et al., 2021; Vaughan et al., 2017, and others noted in Section 2). However, these same
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hysteretic relationships are embedded within seasonal and longer time series, such that in log-log C-Q plots of these
longer time series, event-scale variability becomes a “cloud” of data upon which a seasonal or annual C-Q slope is
imposed (Pohle et al., 2021; Saavedra et al., 2022). For example, variability in C may be observed as a consequence of
individual run-off events, resulting in deviation of event-scale C-Q slopes that may or may not influence longer-term
patterns (Saavedra et al., 2022). Fitting a C-Q slope to the resulting data obscures the temporal variability and uncer-
tainty resulting from event- and diel-scale processes (e.g., Figure 3), though the overall trend in C-Q response may be
the same direction and magnitude (Moatar et al., 2017). Alternatively, removing or ignoring the event- or diel-scale
variability of a C-Q response dampens the signal to noise ratio and potentially reduces the predictive power of the
resulting C-Q model. For example, nested analyses that include high-frequency sensor data indicate that more coarse
scale approaches (e.g., weekly grab samples) can misclassify C-Q behavior up to 33% of the time (Fazekas
et al., 2020). While this scatter might be expected as a result of variability in hydrologic connectivity of material
sources, we have only just begun to assess the consequences of temporal scatter on assessing catchment water quality
and optimizing sampling strategies (Pohle et al., 2021).

4.3 | Nested C-Q analyses across discrete time scales

Linking discrete C-Q time scales with hydrological and biogeochemical processes has been an important initial applica-
tion of C-Q metrics (Table 1). However, some catchment processes interact across longer time scales than typical C-Q
analyses, necessitating new approaches which integrate across discrete time scales. Increasingly widespread deployment
of in situ sensors is generating sub-daily solute time series, enabling novel analyses of nested events within longer time
series. Event-scale C-Q relationships can often contrast seasonal to inter-annual patterns (Figures 3 and 4; Knapp
et al., 2020; Minaudo et al., 2019; Musolff et al., 2021; Zimmer et al., 2019), and examining these events concurrently
with C-Q patterns at longer time scales provides insight into processes that may be otherwise obscured. Integrating
multiple time scales in a cohesive framework will improve our understanding of how processes amplify or suppress
signals embedded within C-Q relationships (Musolff et al., 2021).

Integration of event-scale and longer-term C-Q metrics is particularly relevant when, for example, seasonal periods
of enrichment or dilution are inadequately represented on shorter time scales. Non-conservative solutes can exhibit
highly variable C-Q behavior among events, and this variability is less represented at coarser time intervals
(i.e., weekly or monthly grab samples; Knapp et al., 2020; Koenig et al., 2017; Moatar et al., 2017). Nested analyses of
event-scale and inter-annual nitrate hysteresis also provide insight into catchment scale flushing behavior
(e.g., (Marinos et al., 2018). Windowed approaches, delineated by 30-day time periods (e.g., Fazekas et al., 2020; Zimmer
et al., 2019), provide insight into seasonal C-Q variations and can be contrasted across nested time scales of analysis.
Such nested approaches help to identify the drivers of variation on discrete time scales which might otherwise remain
unexplained, yet are limited in their ability to fully capture the range of potential cross-scale interactions.

44 | Antecedent conditions and lagged responses

The influence of antecedent conditions on material transport is confounded by the extent, frequency, or intensity of the
preceding conditions, including weather and climatic phenomenon, and the form of previous disturbance events. For
example, a sequence of extreme precipitation events (Vidon et al., 2018) or extensive periods of drought followed by
record setting rainfall (weather whiplash; Loecke et al., 2017) can trigger atypically high solute and sediment loads.
Interactions between antecedent conditions and the measured C-Q response are potentially driven by time scales of
analysis. In tropical rainforest ecosystems, for example, the inclusion of antecedent discharge in multivariate models
attempting to explain variation in C-Q behavior have shown mixed results (i.e., improved model performance)
depending on the time-interval of antecedent discharge (e.g., 6, 12, or 24 h, previous storm events), the material repre-
sented by the C term (e.g., specific conductance, turbidity, nitrogen), site-level differences, data frequency (15 min sen-
sor data versus weekly grab sample data), and the specific C—Q metric used as the response variable (Gellis, 2013;
McDowell & Asbury, 1994; Wymore et al., 2019).

The multiple time scales over which antecedent conditions may modify catchment hydrological connectivity make
measuring their role difficult. Over short-time scales, precipitation events can mobilize material; however, this process
interacts with long-term effects such as disturbance regime, land use, and/or climate change (Kincaid et al., 2020; Speir
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approaches.

Method

Power law

Break-point analysis

Long-term data analysis
(>10 years)

Hysteresis and flushing
indices

Machine-learning

classification of hysteresis

patterns

CV/CVq ratio

Pairing 8D and 8'®0 with
c-Q

Spectral analysis

Fractal scaling

C-Q moving window

Dynamic time warping &
clustering methods
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Selected example datasets and associated citations

1
2

=N =W W HE W N

2

<5 years of weekly to monthly grab samples (F. R. Hall, 1971)

30 years of low frequency grab sample data (e.g., 5-7x per year; Godsey
et al., 2009

>2 years of 15-min sensor data (Koenig et al., 2017; Speir et al., 2021)
>3 years of daily concentrations (Meybeck & Moatar, 2012)

Long-term (10-30 years) of weekly to monthly data (Moatar et al., 2017;
Underwood et al., 2017)

Hourly stormflow samples from 44 events across >10 years (L. A. Rose
et al., 2018)

>1 year of daily mean sensor data (Marinos et al., 2020; Speir et al., 2021)
>10 years of grab sample data (D'Amario et al., 2021)

7 years of weekly to monthly gaseous carbon concentrations (Gémez-Gener
et al., 2021)

Long-term (10-30 years) monitoring data (Basu et al., 2010, 2011; Diamond &
Cohen, 2018; Godsey et al., 2019; Knapp et al., 2022; Musolff et al., 2015,
2017; Porter et al., 2022; Thompson et al., 2011; Zarnetske et al., 2018)

>1 year of subhourly frequency sensor data (Cain et al., 2022; Kincaid
et al., 2020; Lakoba et al., 2021; Speir et al., 2021; Vaughan et al., 2017)

Hourly stormflow samples from 44 events across >10 years (L. A. Rose
et al., 2018)

High-frequency suspended sediment-discharge patterns during events
(Hamshaw et al., 2018)

>1 year of 5-15 min frequency sensor data (Marinos et al., 2020; Wymore
et al., 2021)

Long-term (10-30 years) monitoring data (Basu et al., 2010, 2011; Diamond &
Cohen, 2018; Knapp et al., 2022; Musolff et al., 2015, 2017; L. A. Rose
et al., 2018; Thompson et al., 2011)

2 years of 30-min continuous data from automated field laboratory (Knapp
et al., 2020)

2 years of sub-weekly frequency automated grab samples (Conroy et al., 2022)
3 years of sub-monthly frequency grab samples (F. Liu et al., 2017)

>20 years of daily data (Cheng et al., 2021)

5 years of hourly data (Heathwaite & Bieroza, 2021)

>2 years of 15-min data (Jiang et al., 2020; Wenng et al., 2021)

2 years of 7-h data and long-term weekly data (Kirchner & Neal, 2013)

>2 years of 15-min data (Hansen & Singh, 2018; Jiang et al., 2020)

>3 years of daily grab sample data (Aubert et al., 2014)

>5 years of daily data (Fazekas et al., 2021; Zimmer et al., 2019)

>2 years of 15-min data (Fazekas et al., 2020; Wymore et al., 2021)

1 year of daily concentrations averaged across >1 year(s) of data (Bolotin
et al., 2023)

>3 years of subhourly sensor data (Javed et al., 2021)

Selected examples of currently published methods for quantifying C-Q dynamics using discrete type steps or cross-scale

Discrete versus
cross-scale

Discrete

Discrete

Discrete

Discrete

Discrete

Discrete

Discrete

Cross-scale

Cross-scale

Cross-scale

Cross-scale

Note: “Discrete” refers to approaches focused on single time scales; we note that this does not mean these analyses cannot be done at multiple time scales and
compared. Thus, comparisons across time scales using discrete methods are indirect. “Cross-scale” refers to approaches that assess more than one time scale

directly within a single analysis.
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et al., 2021). Assessments of antecedent conditions on stream water chemistry have often occurred through comparison
of the response variable during contrasting antecedent moisture conditions (Biron et al., 1999; McMillan et al., 2018;
Outram et al., 2016) or antecedent discharge and temperature (Musolff et al., 2021) but lack the ability to incorporate
time into the analysis.

Approaches that leverage broad time series and incorporate antecedent conditions offer powerful ways to under-
stand vectors of material transport in catchments. However, site- and study-specific variations in temporal resolution
and analytical methods present ongoing challenges to evaluating the effect of antecedent conditions on C-Q responses
(e.g., McDowell & Asbury, 1994; Seeger et al., 2004; Vaughan et al., 2019; Wymore et al., 2019). Further, investigations
of the influence of antecedent conditions on C-Q relationships have primarily focused on discharge (McDowell &
Asbury, 1994; Vaughan et al., 2019; Wymore et al., 2019). High-frequency stream chemistry measurements using in situ
sensors present a variety of opportunities to represent the antecedent conditions of both concentration (e.g., high/low
concentrations, coefficient of variation) and discharge (e.g., wet/dry, time since previous storm), enabling direct
matching of chemographs and hydrographs without the need for interpolation. Data and analyses can then be scaled to
multiple time steps to investigate C-Q relationships and driver-response interactions across various time-intervals and
antecedent conditions (Loecke et al., 2017; McDowell & Asbury, 1994; Wymore et al., 2019).

High-frequency data also support the application of analytical approaches requiring high data densities. For exam-
ple, information theory (IT) based metrics (e.g., mutual information and transfer entropy) quantify the amount of infor-
mation that flows from a source variable (e.g., Q) to a sink variable (e.g., C) with transfer entropy conditioned on the
antecedent conditions of the sink variable (Moges et al., 2022). These IT-based methods are not bound by any model assump-
tions (Ruddell & Kumar, 2009) and can efficiently evaluate time-lags as a function of the time interval of sample collection.
Nonlinear and time-lagged approaches may be especially useful when poor model fits (e.g., low R ) of more established linear
C-Q based analyses fail to provide useful insight into C-Q relationship drivers. Metrics derived from IT have been applied to
precipitation—discharge relationships (Franzen et al., 2020; Moges et al., 2022), stream metabolism (Larsen & Harvey, 2017),
and methane biogeochemistry (Sturtevant et al., 2016), and would provide unique insights into C-Q relationships.

High-frequency measurements also enable testing of various scales of antecedent C and Q conditions. Moving win-
dow approaches can help disentangle the underlying temporal structure within time series data. For example, 30-day
moving window analyses (Fazekas et al., 2020; Zimmer et al., 2019) allow for the assessment of monthly antecedent
conditions, likely incorporating the role of seasonal dynamics and multiple hydrological events. Moving window ana-
lyses at finer scales provide sufficient data density for the detection of processes at sub-monthly to daily time scales. By
using a combination of window lengths and time-intervals, variation in driver-response relationships across time scales
could be parsed.

4.5 | Methods to address cross-scale interactions

To broaden the scope of C-Q research and advance the field toward cross-scale dynamics, it is important to move
beyond inferences based only on discrete time scales or quantified using approaches that force multi-scale C-Q patterns
into common time scales. Few methods currently exist or are commonly applied. For example, while numerous robust
methods exist to test for correlation or causality between time series (e.g., convergent cross mapping, IT), many require
data to be collected or scaled to a common temporal scale (Bonotto et al., 2022; Holmes et al., 2021; Moges et al., 2022),
causing the loss of unique information available at each time scale. Advancement of methods and applications in C-Q
science that maintain the original resolution of different time series, while testing for cross-scale interactions, would
thus represent a significant advancement.

While not common in the C-Q literature, some studies have examined cross-scale controls on solute export, while
preserving information at each time scale. Knapp et al. (2020) compared C-Q slopes and intercepts during hydrograph
recession for several solutes at both discrete event time scales and over a 2-year study period. Geogenic solutes had sim-
ilar slopes and intercepts at 2-year and event time scales, suggesting that the mechanisms driving their mobilization to
the stream operate similarly across temporal scales. In contrast, C-Q slopes and intercepts were less similar across time
scales for solutes with substantial atmospheric inputs (e.g., chloride, potassium, and nitrate). This divergence across
time scales was attributed to the direct link among event precipitation, the associated deposition flux, and storm flows,
a relationship that becomes relatively less direct at longer time scales (Knapp et al., 2020). Porter et al. (2022) also com-
pared C-Q slopes across multiple time scales, coupled with end-member mixing analysis (EMMA) to quantify solute
contributions from hydrological and biogeochemical sources over time.
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More complex statistical approaches, such as spectral methods or time series clustering, have sought to understand
catchment processes and streamwater responses across multiple time scales. Catchments serve as filters of highly vari-
able precipitation inputs (Hensley et al., 2018; Kirchner et al., 2000), whereby subsurface mixing and biogeochemical
processing reduce short-term variability in precipitation concentrations as precipitation transits the catchment. These
processes effectively “smooth out” the concentration variability present in precipitation at high temporal frequencies,
producing more stable stream concentration signals relative to precipitation. Spectral methods, which decompose the
rainfall and/or stream signals into their component wavelengths, can identify the temporal frequencies of catchment
hydrological and solute responses and have been conducted on 15-min to weekly time series data (Hensley et al., 2018;
Kirchner et al., 2000). The extent to which catchments attenuate hydrological and solute signals at each time scale can
be determined by comparing the spectral power of the input rainfall to the output streamflow (Kirchner et al., 2000),
providing insight into processes operating at these different time scales. When spectral analyses, such as biwavelet
coherence, are applied to both C and Q time series within a single analysis, we can observe the multi-scale information
embedded within the C-Q signal. For example, wavelet coherence revealed diel oscillations across seasons and sites
between nitrate-Q time series; however, the phase direction of the analysis pointed to different mechanisms (hydrologi-
cal vs. biological processes) depending on the season (early thaw vs. later thaw) in permafrost catchments
(A. J. Webster et al., 2022). Time series clustering methods based on dynamic time warping of subhourly or daily time
series data can provide additional insights into the similarity of temporal signatures across multiple locations even
when the timing of solute concentration variability is offset, preserving the time scales of the original time series
(Bolotin et al., 2023; Javed et al., 2021).

The fractal scaling signal of stream solute concentration variability determined via spectral decomposition of the
concentration time series may also provide insight into catchment C-Q responses across temporal scales. Solute C-Q
response is a function of prior inputs from precipitation and intra-catchment sources, solute reactivity, and the charac-
teristic distribution of hydrological transit times within the catchment (Feng et al., 2004; Hensley et al., 2018; Kirchner
et al., 2000; Neal & Kirchner, 2000). Decomposing the time series of high-frequency data into the frequency domain
allows for the detection of periodicities, changes to chemistry over time, and identification of key instances of high sol-
ute transport (Kirchner & Neal, 2013). The amplitude of the frequencies can be linked to periodic processes (Hansen &
Singh, 2018), biogeochemically versus hydrologically driven solute signals (Hansen & Singh, 2018), and the persistence
of underlying natural processes (Aubert et al., 2014; Kirchner & Neal, 2013). To visualize the changes in C-Q relation-
ships across temporal scales, wavelet transformations can be applied in several ways. For example, the variation in com-
monly determined C-Q metrics such as the log-log C-Q slope (b) or the CV/CV, ratio could be applied to wavelet
methods particularly when data gaps exist, a frequent feature of high-frequency datasets. Wavelet coherence can also
be used to directly compare the interactions between C and Q time series to determine how these variables relate in
both the time and frequency domains simultaneously (Jiang et al., 2020; A. J. Webster et al., 2022). In this way, spectral
analysis enables researchers to quantitatively evaluate the stability (or variability) of solute C-Q responses across a wide
range of temporal scales, revealing novel information about the time scales of important catchment hydro-
biogeochemical processes. A primary limitation on the widespread application of spectral analysis to catchment C-Q
dynamics is the need for long-term, high-frequency datasets. As in situ high-frequency sensors become more affordable
and integrated into existing long-term research sites (e.g., Critical Zone Observatories, US Forest Service Experimental
Forests, and the National Ecological Observatory Network in the United States), suitable datasets for spectral C-Q anal-
ysis are likely to become increasingly available.

5 | CONCLUSION

Considerable information is encoded within C-Q relationships including meteorological, biological, and geological pro-
cesses operating across multiple time scales. Collectively, these processes control solute input and production, and the
transformation and transportation of this material to the river network ultimately influencing surface water chemistry.
A variety of discrete and cross-scale C—Q metrics exist to quantify the patterns of catchment-scale material export
(Table 1), and they can be assessed as singular metrics or in combination with one another to elucidate the predomi-
nant drivers of observed biogeochemical signals across a range of hydrologic regimes. Indeed, the integration of more
than one C-Q method may be necessary to identify the full constellation of drivers that regulate C—Q responses across
the full range of nested temporal scales. While meteorological, biological, and geological processes are recognized as
fundamental regulators of catchment C-Q responses, determining the relative importance of these processes—and their
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interactions—across multiple time scales adds further nuance to our understanding of catchment hydro-biogeochemical
dynamics. Cross-scale C-Q dynamics have been previously difficult to assess due to the paucity of routine
measurements collected at very short (e.g., diel) time scales and the logistical difficulty of sampling very high flows.
Moving forward, the ability to conduct temporally resolved, paired hydrological and biogeochemical measurements in a
less labor-intensive way will allow researchers to address a range of long-standing questions in catchment science. For
example, how are long-term hydro-biogeochemical processes (e.g., seasonal weather patterns, decadal climate cycles,
ecological succession) reflected in diel, event-scale, and other short-term C-Q responses? To what extent can biogeo-
chemical responses during episodic extreme hydrological events (e.g., hurricanes and rapid snowmelt) alter longer-term
catchment C-Q responses?

To that end, high-resolution surface water chemistry sensors represent a promising addition to hydrological and bio-
geochemical science (Kirchner et al., 2004; Rode et al., 2016), providing several important advancements for future
catchment C-Q research. First, uncertainty is reduced as temporally matched C and Q datasets eliminate the need
to interpolate across differing time scales (e.g., high-frequency discharge and weekly stream chemistry datasets).
Second, temporally matched chemographs and hydrographs allow for the downscaling of raw high-frequency data
across time steps, enabling investigations of processes at multiple time scales with a standardized data set. Third, in
situ sensors facilitate the characterization of hydrological conditions which have historically received less attention
due to limited resources. While previous work has focused on long-term patterns of weekly samples or high-
intensity sampling of short-term events, high-frequency in situ sensors allow for characterization of hydrologically
“boring” periods (sensu Kirchner et al., 2004)—which may in fact be periods of active biogeochemical processing
(Fazekas et al., 2021; Kirchner et al., 2004)—with minimal added expense. While the increased deployment of in
situ sensors and ion-specific probes will likely generate numerous high-frequency datasets over increasingly long
time scales, challenges remain to maximize the utility of these data records (Bieroza et al., 2023). As a result, future
examinations of catchment C-Q drivers and responses will be able to go beyond simply identifying the discrete
drivers of characteristic C-Q relationships at individual time scales. The ability to address questions and examine
processes across nested temporal scales will therefore provide new and novel perspectives on catchment hydro-
biogeochemical processes.
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