
1. Introduction
Instream water quality is highly variable in space and time (Guo et al., 2019; Lintern et al., 2018) as it rep-
resents the integrated response to hydrological and biogeochemical processes in a catchment (Arheimer 
& Lidén,  2000; Miller et  al.,  2017). Understanding spatial and temporal controls on solute sources and 
pathways is required to plan effective mitigation measures (Bieroza et al., 2018; Bowes et al., 2014) and to 
estimate impacts of environmental changes (Bol et al., 2018; Krause et al., 2014). Spatial controls on solute 
exports include extent and distribution of solute sources, water available for transport and hydrological 
connectivity and hence relate to land cover, climate, topography, and soil (e.g., Bracken et al., 2013; Lintern 
et al., 2018; Reddy et al., 1999). Temporal controls on solute export include hydrometeorological variables 
such as rainfall (Aguilera & Melack, 2018) and snowmelt (Rosenberg & Schroth, 2017), intermittent sources 
(Causse et al., 2015), and riparian (Duncan et al., 2015) and instream (Creed et al., 2015) processes. Due to 
complex interactions across spatial and temporal scales, various authors reported challenges in identifying 
dominant controls on instream concentrations, especially in large and heterogeneous catchments (e.g., Ali 
et al., 2017; Heathwaite et al., 2005; Zhou et al., 2017).

The relationships between concentration and discharge (c Q  relationships) as integrated signals of 
catchment response are used to investigate spatial and temporal controls on solute exports during indi-
vidual runoff events (e.g., Aguilera & Melack, 2018; Hunsaker & Johnson, 2017) and for longer time series 
(e.g., Bieroza & Heathwaite, 2015; Creed & Band, 1998; Winnick et al., 2017). Quantitative comparisons 
among catchments, solutes, or time periods require describing c Q  relationships by statistical models (Ali 
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et al., 2017; Minaudo et al., 2019). Typically, power-law models are employed to describe general patterns 
between concentration and discharge magnitudes:

bc a Q  (1)

with c as concentration, Q as discharge and a and b as intercept and slope of the power-law models. A 
positive slope b (enrichment, i.e., concentration increases with discharge), indicates transport-limited mo-
bilization due to large element storage in combination with enhanced mobilization for example, due to 
increased connectivity. Negative slope (dilution, i.e., concentration decreases with discharge) is attributed 
to source limitation (Basu et al., 2011). Near-zero slopes (constancy, i.e., no significant changes of concen-
trations with discharge) indicate homogeneous element distribution, invariant source areas or synchronous 
hydrological and biogeochemical processes (Li et al., 2017; Moatar et al., 2017; Musolff et al., 2015). Here it 
should be noted that Thompson et al. (2011) emphasize that near-zero slopes do not necessarily imply small 
concentration variability as concentrations might vary independently from discharge. Further, general pat-
terns between concentration and discharge magnitude may be obscured by various influences, including 
seasonal and long-term variations (Minaudo et al., 2019).

Hysteresis in c Q  relationships is analyzed to investigate time lags between discharge and concentration 
(Dupas et al., 2016; Lawler et al., 2006) and to identify flow pathways (L. A. Rose et al., 2018). Higher con-
centrations at the rising compared to the falling limb of the hydrograph (clockwise hysteresis), is interpreted 
as fast response to runoff events, that is, flushing (Bieroza & Heathwaite, 2015). In contrast, anticlockwise 
hysteresis may be related to delayed transport processes for example, from upstream parts of the catchment 
or via subsurface flow. While export regime has been described both for individual events and long-term 
series of different temporal resolution, hysteresis patterns in c Q  relationships are generally derived from 
high-frequency, that is, hourly or sub-hourly concentration and discharge data, which are available for few 
catchments and for a limited number of years (e.g., Bieroza et al., 2018; Duncan et al., 2017).

Another way of analyzing concentrations with respect to discharge is to compare their, for example, by assessing 
chemostatic and chemodynamic behavior using the ratio between coefficients of variations (Musolff et al., 2015). 
Chemodynamic behavior, that is, high concentration variability compared to discharge, is interpreted as biogeo-
chemically controlled and non-uniform element distribution in space (Basu et al., 2010). Chemostatic behavior 
is interpreted as hydrologically controlled with large and homogeneous element stores in the catchment (Basu 
et al., 2010; Thompson et al., 2011). It should be noted that other authors (e.g., Bieroza et al., 2018; Godsey 
et al., 2009) define chemostasis based on near-zero slopes of power-law c Q  models rather than coefficients of 
variation which does not take into account variation in concentration independently from discharge (Thompson 
et al., 2011). Power-law c Q  slopes and the ratio between coefficients of variations between concentration and 
discharge are interlinked (Jawitz & Mitchell, 2011) in the sense that low coefficients of variations do not coincide 
with very high or very low c Q  slopes as also illustrated in Figure 2a of Musolff et al. (2015).

Classification schemes have been developed to analyze and compare c Q  behavior between different loca-
tions and/or different time periods. For example, Evans and Davies (1998) classify event responses taking 
into account hysteresis patterns, curvature (a measure for discharge vs. concentration variability within an 
event) and export regimes (i.e., general patterns between concentration and discharge magnitude). Vaughan 
et al. (2017) use a similar approach to classify event responses based on general patterns between concentra-
tion and discharge magnitude and hysteresis patterns. Musolff et al. (2017) classify long time series of solute 
concentrations according to general patterns between discharge and concentration magnitudes as well as 
concentration versus discharge variability (using the ratio between their coefficients of variations). Moatar 
et al. (2017) developed a classification applicable to low-resolution water quality data based on distinct c Q  
slopes for discharge below and above median discharge. A classification considering both seasonal and 
event c Q  response has been introduced by Minaudo et al. (2019).

Developing catchment typologies to group catchments according to their solute export behavior is essential 
for information transfer from data-rich to data-poor catchments (Krause et al., 2014). These typologies can 
be used as decision support for targeting mitigation measures and for informing monitoring designs and 
water quality models. Due to the complexity of catchment response to interlinked spatial and temporal 
controls (Arheimer & Lidén, 2000; Heathwaite et al., 2005; Lintern et al., 2018) deriving typologies a priori 
based on catchment characteristics such as climate, topography and land cover alone may be challenging. 
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Hence, catchment behavior groupings may be improved by combining catchment characteristics and wa-
terbody responses, the latter including hydrological (dis)similarities (Sawicz et al., 2011). Both spatial and 
temporal controls on solute export behavior should be considered when developing catchment typologies 
in order to better understand how solute exports respond to changes in environmental conditions. A large 
data resource to evaluate hydrochemical behaviors commonly exists as regulatory surveillance data as dec-
adal time series of low frequency (e.g., monthly). Such data contrast the high temporal resolution, research 
catchment intra-storm data on which c Q  analysis are generally undertaken in terms of potential for 
much greater spatial coverage, but providing a composite of inter-storm periods (effectively acting as surro-
gates for intra-storm samples) plus decadal background change and management influences.

This study describes a data analysis framework developed to facilitate river hydrochemical response analysis on 
large national data resources. Our hypothesis was that c Q  classification of long-term low-frequency data can 
identify and group solute export behaviors. The study aimed to contrast more conservative solutes indicative of 
hydrological controls (calcium Ca, chloride Cl and silicate 2SiO ) with reactive solutes (nitrate 3NO N , ammo-
nia 4NH N , soluble reactive phosphorus SRP, dissolved organic carbon DOC) and support hydrochemical in-
ferences of catchment groupings with catchment characteristics. The case study presented of Scotland provides 
contrasting catchment properties (topography, climate, soil, land cover) to maximize hydrochemical behavior 
differences as a test case expected to strengthen classification differences. The data resource comprised 45 catch-
ments of 30 years of streamflow and water quality data. The classification technique presented in this study 
can group catchments according to their solute export behavior and thus help support watershed management 
decisions based on long-term, low-frequency datasets which are widely available for many catchments.

2. Data and Methods
2.1. Classification of c Q  Relationships

In this paper, a classification of c Q  relationships with respect to the general pattern between concen-
tration and discharge magnitudes (export regime) and hysteresis pattern applicable to low-frequency con-
centrations is proposed. The classification includes categories accounted for by Evans and Davies (1998) 
considering export regimes (i.e., general patterns between concentration and discharge magnitude) and 
hysteresis patterns, with advancement regarding applicability to low-frequency data. Export regime dis-
tinguishes enrichment (concentration increases with discharge), constancy (no significant relationship 
between concentration and discharge magnitudes) and dilution (concentration decreases with discharge).

Long-term average hysteresis patterns are considered in terms of clockwise hysteresis, no hysteresis, and an-
ticlockwise hysteresis. The analysis of hysteresis patterns based on low-frequency water quality data (rather 
than individual runoff events captured with high-frequency data) is based on a discretization of long-term 
daily discharge time series into rising and falling hydrograph limbs. Clockwise hysteresis characterized by 
peak concentrations before streamflow peaks is defined in case of higher concentration at the rising limb 
of the hydrograph. Anticlockwise hysteresis characterized by peak concentration after streamflow peaks 
is defined in case of higher concentrations at the falling limb of the hydrograph. Insignificant differences 
between rising and falling limb are considered as no hysteresis.

Considering export regimes and hysteresis patterns, nine types of c Q  relationships are distinguished (Fig-
ure 1): enrichment and clockwise ( ,enr cw), enrichment and no hysteresis ( ,enr nh), enrichment and anti-
clockwise ( ,enr acw), constancy and clockwise ( ,con cw), constancy and no hysteresis ( ,con nh), constancy 
and anticlockwise ( ,con acw), dilution and clockwise ( ,dil cw), dilution and no hysteresis ( ,dil nh), and dilu-
tion and anticlockwise ( ,dil acw). A reproducible classification of c Q  relationships is achieved by utilizing 
statistical tests to distinguish between export regimes and between hysteresis patterns.

A categorization of c Q  behavior according to the proposed classification requires c Q  models consid-
ering discharge magnitude and timing, that is, rising and falling hydrograph limb. Based on the power-law 
model in Equation 1, separate parameter sets for discharge below and above 50Q  (discharge with an exceed-
ance frequency of 50%) have been introduced by Meybeck and Moatar (2012). To better represent catchment 
and substance specific export characteristics, we modified this approach by segmentation at an optimal 
segmentation discharge autQ  and separate c Q  models for rising and falling hydrograph limb:
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 (2)

with (a) ,inf risea  and ,inf riseb  as intercept and slope of the power-law models for rising hydrograph and dis-
charge below the segmentation discharge at the rising hydrograph ,aut riseQ , (b) ,sup risea  and ,sup riseb  as intercept 
and slope of the power-law models for rising hydrograph and discharge above ,aut riseQ , (c) ,inf falla  and ,inf fallb  
as intercept and slope of the power-law models for falling hydrograph and discharge below the segmen-
tation discharge at the falling hydrograph ,aut fallQ , and (d) ,sup falla  and ,sup fallb  as intercept and slope of the 
power-law models for falling hydrograph and discharge above ,aut fallQ . For each catchment and substance 
power-law models were fitted numerically for all combinations of discharge percentiles (1–99) and sep-
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Figure 1. Classification of c Q  relationships based on export regime (enrichment (enr), constancy (con), dilution (dil)), and hysteresis (clockwise (cw), none 
(nh), anticlockwise (acw)).
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arately for rising and falling hydrograph limb using the nlsLM function implemented in the R package 
minpack.lm (Elzhov et al., 2016). The combined power-law equations were applied to model concentra-
tions for all discharge percentiles. The discharge associated with the model with the highest coefficient of 
determination between modeled and observed concentrations was selected as segmentation discharge autQ . 
Runoff events were defined as consecutive time periods when daily discharge exceeded base-flow (using 
the function baseflows in the R package hydrostats Bond, 2016). The entire time series is classified as either 
rising or falling whereby the days from lowest discharge between two events up to and including peak event 
discharge were assigned as rising, the days after peak discharge until the lowest discharge between this 
event and the next as falling hydrograph limb.

Modeled concentrations (Equation 2) were used to define export regimes and hysteresis patterns. Signifi-
cant concentration changes with discharge (Mann-Kendall test, p-value  0.05) and linear slopes between 
concentration and discharge were analyzed to distinguish increases and decreases of concentration with 
discharge. Significant concentration increases with discharge at both the rising and falling limb of the hy-
drograph were categorized as enrichment, consistent significant decreases as dilution. All other cases, that 
is, insignificant changes or changing directions of c Q  slopes were summarized as constancy. Significant 
differences between modeled concentrations at rising hydrograph limbs and those at falling hydrograph 
limbs were assessed by the Kruskal–Wallis test (p-value  0.05) with clockwise hysteresis classified in cases 
with higher concentrations at the rising limb, anticlockwise hysteresis in case with higher concentrations 
at the falling limb, otherwise no hysteresis was assumed. This enabled the analysis of hysteresis of low-fre-
quency data in contrast to analyzing hysteresis loops of individual events of high-frequency data. Modeled 
rather than observed concentration was chosen to avoid effects of disproportionally many concentration 
samples at lower discharge and rising limbs, respectively, and better comparability among catchments with 
differing data availability.
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Figure 2. Illustrative example of the classification of c Q  relationships for nitrate concentrations of the River Nairn at Findhall: (a) daily discharge Q and 
monthly concentrations c, (b) daily discharge (line) and monthly concentrations (points) examplified for July–December 2001. (c) indication of rising (R, blue) 
and falling (F, orange) hydrograph limbs for the time period shown in sub-figure (b), (d) c versus Q for individual samples for rising (blue) and falling (orange) 
hydrograph limbs, segmentation discharges for rising ( ,aut riseQ : solid vertical line) and falling hydrograph ( ,aut fallQ : dashed vertical line) limbs as well as fitted 
c Q  model considering discharge magnitude and hydrograph timing (Equation 2): Q  ,aut riseQ  and rising hydrograph (solid gray arrow for Q below ,aut riseQ ), 
Q  ,aut riseQ  and rising hydrograph (solid gray arrow for Q above ,aut riseQ ), Q  ,aut fallQ  and falling hydrograph (dashed black arrow for Q below ,aut fallQ ), Q  

,aut fallQ  and falling hydrograph (dashed black arrow for Q above ,aut fallQ ). (e) modeled concentrations for all discharge percentiles at rising R and falling F 
hydrograph limbs.
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The example in Figure 2 illustrates the sequence of methods to classify c Q  relationships for daily dis-
charge and monthly concentrations of one catchments (Figure 2a). At first, the hydrograph is discretized 
into rising and falling limb (Figure 2b exemplified for the year 2001). Based on 99 power-law c Q  models 
for discharge percentiles between 1 and 99, the segmentation discharges ,aut riseQ  and ,aut fallQ  and the final 
c Q  models are derived (Figure  2c). As modeled concentrations significantly decrease with discharge, 
dilution behavior is determined. The comparison of modeled concentrations for all discharge percentiles 
further shows higher concentrations at the rising limb than at the falling limb (Figure 2d) indicating clock-
wise hysteresis so that the c Q  relationship is classified as dilution and clockwise hysteresis ( ,dil cw).

2.2. Assessment of Chemostatic Versus Chemodynamic Behavior

As a comparative technique to the classification of c Q  relationships, chemostatic versus chemodynamic 
behavior was assessed by comparing discharge and concentration variability based on the ratio between 
the coefficient of variation of concentration, cCV  and the coefficient of variation of discharge QCV  follow-
ing the definition by Musolff et al. (2017). Hereby, CV CVc Q/ 0.5 indicates chemodynamic behavior and 
CV CVc Q/ 0.5 indicates chemostatic behavior. We computed cCV  based on monthly grab sample concentra-
tions and QCV  based on daily discharge.

2.3. Study Region and Data

We investigated c Q  relationships and catchment similarity in discharge and concentration variability 
based on mean daily discharge and grab samples of monthly concentration records during the time period 
1987–2016 in 45 catchments (area between 55 and 4,587 km2) covering around 50% of mainland Scotland 
(Table 1, Figure S2). The catchments are heterogeneous in terms of topographic, climatic, soil, land cover 
conditions as well as streamflow variability as exemplified for mean altitude, annual precipitation, propor-
tion of peat and organo-mineral soils, and baseflow index BFI  in Figure 3.

Long term annual precipitation in the study region ranges from 791 to 2,600 mm (standard reference period 
1981–2010, study period 1987–2016: 804–2660 mm) and mean annual air temperature between 5.7°C and 8.7°C 
(standard reference period 1981–2010, study period 1987–2016: 5.9°C–8.8°C). The climatic characteristics were 
derived based on the MetOffice UKCP09 data set (Hadley Centre for Climate Prediction and Research, 2017).

Soil characteristics were derived from the Scottish national soil map at 1:250000 scale (Soil Survey of Scotland 
Staff, 1984). The area of each soil series within the catchments was calculated from the map unit area and cor-
responding soil series proportions. The soil series were grouped in two ways based on the 11 conceptual models 
from the Hydrology of Soil Types (HOST) classification (Boorman et al., 1995), first based on the presence and 
depth of groundwater or aquifer, distinguishing soils with no significant groundwater influence, soils affected 
by shallow groundwater within 2 m from the land surface, and soils influenced by groundwater deeper than 
2 m. Soils were further grouped based on dominant flow pathways within the soil profile, distinguishing soils 
with prolonged saturated near surface and subsurface lateral flow pathways, soils with some seasonal saturat-
ed subsurface lateral flow and soils with predominantly vertical unsaturated flow. Peat (histosols with histic 
surface horizons 50 cm) and organo-mineral soils (soils with histic surface horizons 50 cm depth) were dis-
tinguished as a separate class. Peat covers up to 64% of the individual catchments considered in this study and 
20% of mainland Scotland in total but contains 40% of the carbon stock to 1 m depth (Baggaley et al., 2016), 
with significant additional storage to depths greater than 10 m in some areas (Chapman et al., 2009). Three soil 
categories of cultivation and drainage were considered (artificially drained soils, non-drained cultivated soils 
and soils not under cultivation. The presence of artificially drained soils was defined based on the occurrence 
of arable and improved grassland on soils with near-surface gleying (Lilly et al., 2012).

Land cover percentages according to the Land Cover Map LCM2007 (Morton et al., 2011) include woodland 
(broadleaved and coniferous woodland), semi-natural land (montane habitats, acid grassland, calcareous 
grassland, neutral grassland, rough grassland, and dwarf and shrub heath), arable land, improved grass-
land, bogs, freshwater bodies and urban and sub-urban land cover. Other land cover types (supra-littoral 
rock, supra-littoral sediment, littoral rock, littoral sediment, inland rock, and saltwater) together represent 
less than 3% of individual catchment areas.
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Characteristic Median (range)

Topography

 Area 2[ ]km 380 (55–4,587)

 Mean altitude [ ]m 230 (80–459)

 Maximum altitude [ ]m 631 (227–1,307)

 Slope [%] 9 (3–30)

Soil

 No significant groundwater or aquifer [%] 59 (36–91)

 Shallow groundwater [%] 5 (0–24)

 Deep groundwater [%] 32 (4–56)

 Vertical flow [%] 23 (4–66)

 Seasonal saturated flow [%] 10 (0–63)

 Prolonged saturated flow [%] 13 (0–81)

 Peat and organo-mineral soils [%] 34 (1–88)

 Artificially drained soil [%] 16 (0–67)

 Non-drained cultivated soil [%] 9 (0–57)

 Not cultivated soil [%] 66 (16–99)

 Peat [%] 15 (0–71)

Climate (1987–2016)

 Precipitation [ ]mm 1,364 (804–2660)

 Air temperature [ ]C 7.7 (5.9–8.8)

Land cover

 Woodland [%] 14 (5–56)

 Semi-natural land [%] 32 (8–78)

 Arable land [%] 6 (0–56)

 Improved grassland [%] 18 (1–69)

 Bog [%] 4 (0–48)

 Freshwater [%] 1 (0–10)

 (Sub-)Urban land [%] 1 (0–28)

Hydrology (1987–2016)

 Runoff [ ]mm 842 (273–2,474)

 []RBI 0.33 (0.07–0.69)

 []Par 1.29 (0.59–1.59)

 []IR 1.48 (0.35–2.85)

 []BFI 0.46 (0.31–0.62)

 1[ ]nRev year 134 (105–181)

Note. Topographic, and climatic catchment characteristics, soil and land cover percentages as well as runoff refer to the 
entire catchment area, hydrological indices (RBI  Richards-Baker flashiness index, Par  range of Pardé coefficients, 
IR interquartile ratio, BFI  base-flow index, nRev number of hydrograph reversals per year) refer to streamflow at the 
catchment outlets.

Table 1 
Overview of Catchment Characteristics (Details in Tables S11–S13)

The hydrological variability of the catchments is expressed by mean annual runoff and variability indices 
computed from daily streamflow in the period 1987–2016. Variability in distribution was assessed by the 
interquartile ratio IR. Seasonality was described by the range of Pardé coefficients Par  introduced by Vigli-
one et al. (2013). Discharge oscillation was described by the Richards–Baker–Index RBI  (Baker et al., 2004) 
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and the number of hydrograph reversals nRev per year, that is, the number of times when differences in 
daily discharge change from positive to negative or vice versa. Base-flow index BFI  was used to describe 
streamflow components. The calculation of variability indices is outlined in Supporting Information S1.

Instream concentrations of calcium (Ca), chloride (Cl), silica ( 2SiO ), ammonium-nitrogen ( 4NH N ), and 
nitrate-nitrogen ( 3NO N ), soluble reactive phosphorous (SRP) and dissolved organic carbon (DOC) were 
included in the analysis. Chemical analyses were carried out at accredited laboratories by the Scottish En-
vironment Protection Agency as the national regulator using standard water quality assessment methods 
after minimal storage times at 4°C. Briefly, major metals were analyzed by ICP (inductively coupled plas-
ma) emission spectroscopy, DOC by chemical oxidation and IR detection on filtrates (0.45 micrometers). 

3NO N , SRP (molybdate blue reaction), Cl, Si and 4NH N  were determined colorimetrically with filtra-
tion only for highly turbid samples (1 micrometer). On average, data from 300 water quality samples per 
site have been included (Table S14) so that the concentration observations are representative of discharge 
variability capturing both low and high flows.

2.4. Associations Between Instream Solute Response and Catchment Characteristics

Climatic conditions (e.g., Guillemot et al., 2020; Musolff et al., 2018), topography (e.g., Sliva & Williams, 2001; 
Zhou et al., 2017), land cover (e.g., Kändler et al., 2017; Lepistö et al., 2006), soil (e.g., Fischer et al., 2017; 
Lintern et al., 2018) and streamflow variability (e.g., Deelstra et al., 2014; Mellander et al., 2015) are recog-
nized as catchment controls of solute exports from catchments. Hence, in this study, the catchments were 
described by several subsets of variables referring to climatic conditions (annual precipitation and mean 
air temperature in the time period 1987–2016), topography (catchment area, mean and maximum altitude, 
mean slope), land cover percentages, soil and hydrological indices (mean annual runoff and streamflow in-
dices (IR, Par , RBI , nRev, and BFI) based on daily discharge in the time period 1987–2016). Multiple factor 
analysis (MFA) was used to integrate them all into a common space in order to investigate their associations 
with either c Q  type or chemodynamic versus chemostatic behavior for each solute. MFA weighs each 
subset so that they have equal weights in the global analysis, accounting for different variabilities amongst 
the sets of variables, to facilitate the overall assessment of similarities and differences between catchments, 
sets of characteristics and variables within them. As a form of global principal component analysis (PCA), 
the data were projected onto an optimal low-dimensional space for graphical representation on a biplot (e.g., 
Abdi et al., 2013). MFA computations were based on the R package FactoMineR (Le et al., 2008). The first 
two MFA dimensions, accounting for most of the data variability, were used to produce a consensus biplot 
diagram including variables and catchments simultaneously. To facilitate the interpretation, this biplot was 
split into variables and catchments allowing for visual exploration of common structures and discrepancies. 
The associations between catchment characteristics and solute responses (each treated as an individual data 
set) were quantified using the RV  coefficient (Robert & Escoufier, 1976), defined in [0,1] from lowest to high-
est association. Pairwise RV  coefficients between data sets were arranged in matrix form and represented 
visually. The types of c Q  relationships and, in a separate analysis, also chemostatic versus chemodynamic 
behavior were considered as nominal variables. After checking the distributions of the individual variables 
the numerical catchment characteristics were generally log-transformed and standardized to accommodate 
heterogeneous scales of measurement. For land cover percentages a centered log-ratio transformation was 
applied in accordance to their compositional nature (Pawlowsky-Glahn & Buccianti, 2011). A few zero val-
ues in both land cover and soil percentages (0.95% and 1.41% of the cases, respectively) prevented from data 
transformation and were imputed by estimated small values using the lrEM algorithm based on information 
from the covariance structure (Palarea-Albaladejo & Martín-Fernández, 2015).

3. Results
3.1. Classification of c Q  Relationships

The segmentation discharges ,aut riseQ and ,aut fallQ of the fitted c Q  relationships according to Equation 2 
vary among solutes and catchments (Figure S4). For 2SiO  these percentiles are centered around the median 
of discharge, whereas for example, for Ca the segmentation discharge is higher and for Cl lower than me-
dian discharge. The complex c Q  models according to Equation 2 perform better than simple power-law 
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models according to Equation 1 as shown by higher coefficients of determination between observed and 
modeled concentrations (Figure S5).

All c Q  types exist in Scottish catchments with high variation among catchments and solutes (Figure 4). Ca 
shows dilution in all catchments except one where constancy occurs (Figure 4a)and more often clockwise 
( ,dil cw: 18 catchments) and no hysteresis ( ,dil nh, 21 catchments) than anticlockwise hysteresis ( ,dil acw: 
4 catchments). For Cl all c Q  types occur with a dominance of dilution (28 catchments) and clockwise 
hysteresis (30 catchments, 19 catchments classified as ,dil cw, Figure 4b). Enrichment of Cl tends to occur in 
small catchments near the coast. 2SiO  shows mostly enrichment (27 catchments) with constancy (15 catch-
ments) either in Northern or in South Western Scotland (Figure 4c). 4NH N  exhibits a high heterogeneity 
of export regimes (enrichment and constancy in 16 catchments each, dilution in 13 catchments, Figure 4d). 
Clockwise hysteresis dominates (22 catchments, ,con cw in 10 catchments), followed by no hysteresis (16 
catchments). The c Q  types of 3NO N  are very heterogeneous with a dominance of anticlockwise hys-
teresis (27 catchments, ,enr acw in 16 catchments, Figure 4e). SRP displays more often clockwise (27 catch-
ments) than other hysteresis behaviors (Figure 4f) with ,dil cw occurring in 16 mostly small catchments in 
Central Scotland. DOC displays either enrichment (27 catchments) or constancy (9 catchments) with no 
obvious dominance of hysteresis patterns (Figure 4g). The c Q  classification does not show pronounced 
similarities among solutes and no homogenization with catchment size, that is, c Q  patterns vary strongly 
both in small and in large catchments and there is no tendency toward a particular export regime or hyster-
esis pattern in larger catchments (Figure 4h).

3.2. Assessment of Chemostatic Versus Chemodynamic Behavior

Most of the solutes show a clear dominance of either chemostatic (i.e., CV CVc Q/   0.5) or chemodynamic 
(i.e., CV CVc Q/  0.5) behavior (Figure 5). Chemostatic behavior prevails for Ca, Cl, and 2SiO  (more than 39 
of the 45 catchments, Figures 5a–5c). The few catchments which show chemodynamic behavior generally 
differ between these solutes. Also 3NO N  and DOC display mainly chemostatic behavior (29 and 32 catch-
ments, respectively, Figures 5e and 5g) and agree in 22 catchments (both chemostatic: 19, both chemody-
namic: 3). Chemodynamic behavior dominates for 4NH N  and SRP (41 and 43 catchments, Figures 5d 
and 5f), there is no overlap in catchments showing chemostatic behavior for these solutes. The strong heter-
ogeneity in chemodynamic versus chemostatic behavior among solutes is summarized in Figure 5h which 
also shows that there is little effect of catchment size. There is no pronounced overlap between c Q  types 
and chemostatic versus chemodynamic behavior (compare Figure 4 and Figure 5), that is, for the solutes 
considered chemostatic behavior does not strongly coincide with one particular c Q  type, export regime 
or hysteresis pattern (also see Figure S10).
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Figure 3. Spatial distribution of (a) mean catchment altitude, (b) mean annual precipitation (1987–2016), (c) proportion of peat and organo-mineral soils, (d) 
proportion of arable land cover and (e) baseflow index BFI (1987–2016). Medians and ranges of further catchment characteristics are given in Table 1.
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3.3. Associations Between Instream Solute Response and Catchment Characteristics

Upland versus lowland catchments and hydrological response appear as important characteristics influenc-
ing c Q  classification of all solutes according to the first and second MFA axes ( 1MFA  and 2MFA  respec-
tively; 27.13% total variation explained, Figure 6a, Table S15). Upland catchments (high altitude ( ,Alt Altx) 
and slope (Slop), high proportion of woodland (Wood), semi-natural land (Semi), non-cultivated soil (NC), 
peat soil (Peat)) are associated with positive values on the first axis of the MFA. Contrastingly lowland 
catchments (relatively high mean air temperature (Temp), high proportion of arable land (Arbl), urban 
and suburban land (Urb), grassland (Gras)) have negative values on the first axis of the MFA. High stream-
flow variability (high RBI , IR, Par  (dPar)) is related to positive values on the second axis of the MFA and 
low stream-flow variability (high BFI) to negative values on this axis. Climatic and soil characteristics are 
represented by both axes, for example, high precipitation (Prec) and high percentage of peat (Peat) are 
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Figure 4. c Q  classification of solutes in Scottish catchments according to Figure 1 considering export regime (enrichment enr, constancy con, and dilution 
dil) and hysteresis (clockwise cw, no hysteresis nh, anticlockwise acw): (a) Ca, (b) Cl, (c) 2SiO , (d) 4NH N , (e) 3NO N , (f) SRP, (g) DOC , and (h) c Q  types 
sorted by increasing catchment area. Due to limited data availability for Ca and DOC  c Q  models according to Equation 2 could not be fitted and c Q  types 
could not be classified for a few catchments.
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positively loaded on both MFA axes. Predominantly vertical flow (Vert) is represented mainly on the second 
axis with negative values, seasonal lateral flow (LatS) is positive on the first and negative on the second 
axis, whereas prolonged lateral flow (LatP) is negative on the first and positive on the second axis. High 
streamflow variability (positive values on the second MFA axis) is linked with dilution of 3NO N  as shown 
in Figure 6b by the MFA plot for c Q  classification of 3NO N  (note that a similar position in Figures 6a 
and 6b indicates a close link with catchment characteristics. The behavior of further solutes is shown in 
the Figure S6 and demonstrates the solute-specific relationships between individual solute behavior and 
catchment characteristics. For example, lowland catchments (negative values on the first MFA axis) are 
associated with dilution of SRP (Figure S6e). In terms of soil, for example, catchments with a high propor-
tion of artificial drainage are associated with dilution and fast response (mainly ,dil cw) of SRP (Figure S6e).

Chemostatic versus chemodynamic behavior also relate to upland versus lowland catchments and hydro-
logical response according to the first two axes of the MFA which explain 50.28% of the total variation (Fig-
ure 6d, Table S15). Upland catchments are associated with chemodynamic behavior of 3NO N  (Figure 6e), 
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Figure 5. Chemostatic vs. chemodynamic behavior of solutes in Scottish catchments: (a) Ca, (b) Cl, (c) 2SiO , (d) 4NH N , (e) 3NO N , (f) SRP, (g) DOC , and 
(h) chemostatic versus chemodynamic behavior sorted by increasing catchment area.
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Ca, 2SiO  and SRP (Figures S7a, S7c and S7e). High streamflow variability is, for example, associated with 
chemodynamic behavior of Cl and SRP (Figures S7c and S7e).

Catchment characteristics differ in their importance for c Q  classification and chemodynamic versus che-
mostatic behavior of the individual solutes according to the MFA . Associations among catchment charac-
teristics are pronounced, as visible from the close proximity between rays in Figure 6a and high RV  values, 
especially between soil and land cover, climate and land cover, and climate and topography (Figures 6c 
and 6d).

POHLE ET AL.

10.1029/2021WR029692

12 of 21

Figure 6. Associations of catchment characteristics with c Q  classification (top row: a–c) and chemostatic versus chemodynamic behavior (bottom row: 
d–f): (a) MFA plot of catchment characteristics associated with c Q  types, (b) MFA plot illustrative for c Q  types of 3NO N  showing individual catchments 
and centroids of the c Q  types as red dots with text (see Figure S6 for other solutes), (c) RV  coefficients between c Q  types and catchment characteristics 
(note that the columns are ordered according to overall RV  values of data sets, i.e., higher to lower from left to right; color intensity represents the strength of 
the association; black lines are used to separate catchment characteristics and solute response datasets), (d) MFA plot of catchment characteristics associated 
with chemodynamic versus chemostatic behavior, (e) MFA plot illustrative for chemostatic versus chemodynamic behavior of 3NO N  (see Figure S7 for other 
solutes), (f) RV coefficients between chemodynamic versus chemostatic behavior and catchment characteristics. Catchment characteristics: climate (mean 
annual temperature Temp, mean annual precipitation Prec), topography (catchment area Area, mean altitude Alt, maximum altitude Altx, mean slope Slop), 
soil (no significant groundwater NoGW , shallow groundwater SGw, deep groundwater DGw, prolonged lateral flow LatP, seasonal lateral flow LatS, vertical 
unsaturated flow Vert, peat and organo-mineral soils Hist, artificially drained soils CDr, non-drained cultivated soils CuNDr , soils not under cultivation NC, 
Peat), land cover (woodland Wood , semi-natural Semi, arable Arbl, improved grassland Gras, Bog, freshwater bodies Watr, (sub)-urban Urb), hydrology (runoff 
Run, Par  (dPar), RBI, nRev, IR, BFI). For variance explained by the first two MFA axes the reader is referred to the Supporting Information, Table S15.
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4. Discussion
4.1. Analysis of c Q  Response Based on Low-Frequency Data Can Identify and Group Solute 
Export Behavior

All c Q  types of our proposed classification (Figure 1) developed to analyze river hydrochemical response 
using long-term low frequency data can be found in the 45 Scottish study catchments (Figure 4). Following 
our hypothesis we showed that c Q  response of long-term low-frequency data can identify and group 
solute export behaviors. Specifically, strong variations among solutes and catchments show that long-term 
low-frequency national data contain relevant information for such assessments. Solute specific behavior 
relates to different sources and transport mechanisms while the heterogeneity in c Q  responses relates to 
gradients in landscape characteristics (topography, climate, soil, and land cover) and contrasts with stud-
ies using long-term, low-frequency data in French catchments that reported solute specific dominance of 
export regimes (Minaudo et al., 2019; Moatar et al., 2017). Further, the Scottish catchments are relatively 
unpolluted, resulting in a greater sensitivity and range of responses to hydrometeorological drivers. Che-
modynamic versus chemostatic behavior show more solute specific responses, with mostly chemostatic 
behavior for Ca, Cl and Si, mostly chemodynamic behavior for 4NH N  and SRP and catchment-specific 
responses for 3NO N  and DOC. Upland versus lowland catchments and streamflow variability influence 
both c Q  classification and chemodynamic versus chemostatic behavior.

Inconsistent c Q  patterns and differences in chemodynamic versus chemostatic behavior (Figures 4, 5, 6c 
and 6f) among solutes can be indicative of different sources including predominantly diffuse sources of 

3NO N  and DOC and point sources, for example, septic tanks, for SRP (Richards et al., 2016). Further, dif-
ferent transport pathways and instream processing lead to different response times between runoff events 
and concentrations at the catchment outlets. For example, 3NO N  and DOC are mobilized more homo-
geneously from the entire catchment leading to relatively slow responses to events and thus rarely to clock-
wise hysteresis. Contrastingly, critical source areas with high connectivity to streams play a significant role 
for SRP exports (Hewett et al., 2004; Sharpley et al., 2009), apparent in the fast response to runoff events and 
predominantly clockwise hysteresis (Figure 4).

We did not find a homogenization of c Q  classification with catchment size (Figure 4h), that is, no ten-
dency toward particular c Q  types, export regimes or hysteresis patterns in larger catchments likely due to 
contrasting landscape drivers interacting and obscuring any potential size effects. Further, even the smaller 
catchments in our study are relatively large compared to those in studies investigating smaller headwater 
catchments (Abbott et al., 2018; Hashemi et al., 2020; Herndon et al., 2015). Some studies found large catch-
ment size to be related to chemostasis (Creed et al., 2015) or chemodynamics (Diamond & Cohen, 2018). In 
our study, larger catchments tend toward chemodynamic rather than chemostatic behavior of 3NO N  and 
DOC (Figure 5h), likely due to decreasing streamflow variability with catchment size, in combination with 
small changes in variability of substances exported from large parts of the catchments, greater groundwater 
influences and instream processes. Substances such as SRP typically originate from point sources or critical 
source areas (Sharpley et al., 2009) so that their variability might decrease with increasing catchment size, 
as is the case for streamflow variability, resulting in no relationship between chemodynamic behavior and 
catchment size.

Below we discuss the diverse behavior of individual solutes. Dilution dominates for Ca ( ,dil cw and ,dil nh 
account for more than 85% of the catchments, Figure 4a), as consistent with studies on both long-term and 
event time scales (e.g., Herndon et al., 2015; Diamond & Cohen, 2018; L. A. Rose et al., 2018). This indi-
cates source limitation of Ca, which is likely to be derived from relatively calcium-poor geogenic sources 
(Macdonald et al., 2017) and could be considered as reference behavior for catchments with only limited 
anthropogenic inputs (contrasting to N , P and C species). Clockwise hysteresis of Ca linked with higher 
hydrological variability compared to other hysteresis patterns (Figure S6a) relates to fast response in agree-
ment with the conceptual understanding underlying the classification scheme (Figure 1).

Cl shows heterogeneous c Q  response (Figure 4b), whereby dilution with clockwise hysteresis is most 
prevalent. Dilution can occur in case of instream Cl originating from weathering and atmospheric depo-
sition and has been reported from various studies both as an event response (as in our case often in com-
bination with clockwise hysteresis (Butturini et al., 2006; S. Rose, 2003; L. A. Rose et al., 2018),) and also 
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based on low-resolution data (Diamond & Cohen, 2018). Road salting may be a reason for enrichment in 
some catchments, but also for clockwise hysteresis with flushing via surface runoff early in events and later 
dilution with water from upstream which might especially be the case in smaller more urban catchments 
with higher Cl concentrations (Figure S8, compare Figure S3).

2SiO  is heterogeneous in its c Q  response with enrichment in 60% of the catchments but no dominant 
hysteresis pattern (Figure  4c). This heterogeneity relates to previous studies elsewhere which reported 
catchment specific export regimes including enrichment (Anderson et al., 2000), constancy (Diamond & 
Cohen, 2018), and dilution (Diamond & Cohen, 2018; Herndon et al., 2015; Moatar et al., 2017) and in terms 
of hysteresis patterns catchment-specific (House & Warwick,  1998) or event-specific response including 
clockwise (L. A. Rose et al., 2018) and anticlockwise (Scanlon et al., 2001) hysteresis. This can be interpreted 
as biogenic sources of Si (Cornelis et al., 2011; Song et al., 2014), for example, manure, masking the signal 
expected from the silicate rich geology (Macdonald et al., 2017) thus hindering its use as a conservative 
tracer for purely hydrologically controlled c Q  behavior.

Despite differences in c Q  classification, Ca, Cl and 2SiO  agree in predominantly chemostatic behavior 
(Figures  5a–5c; whereby chemostatic behavior of Ca and 2SiO  coincides with high concentrations, Fig-
ures S9a and S9c). This is consistent with chemostasis of weathering products often related to hydrologi-
cally controlled solute fluxes and large, as well as relatively homogeneous element storage in catchments 
(Hunsaker & Johnson, 2017; Koger et al., 2018; Musolff et al., 2015; L. A. Rose et al., 2018). Chemodynamic 
behavior for Ca and 2SiO  in some upland catchments (Figures S7a and S7c) can be explained by shorter 
transit times and is consistent with findings by Musolff et al. (2015) who found chemodynamic behavior in 
catchments with higher topographic gradient. The association between chemodynamic behavior and high 
streamflow variability in catchments on the west coast of Scotland may be explained by high rainfall and 
high atmospheric Cl deposition on the Atlantic seaboard.

The heterogeneous c Q  response of 4NH N  with almost equal representation of export regimes but pre-
dominantly chemodynamic behavior (Figures 4d and 5d) may relate to heterogeneous distribution of this 
solute in the catchment due to point sources, that is, sewage, and high reactivity. These findings are consist-
ent with studies showing differing c Q  patterns of 4NH N  among catchments (Aguilera & Melack, 2018) 
and events (L. A. Rose et al., 2018) and predominantly chemodynamic behavior (Musolff et al., 2015; L. A. 
Rose et al., 2018). Dilution in upland catchments and enrichment in lowland catchments indicates source 
limited export of 4NH N  (Figure S7d). In case of constancy, clockwise hysteresis of 4NH N  is linked to 
higher hydrological variability indicating faster response (Figure S6d).

Catchment-specific c Q  response of 3NO N  (Figure  4e) is consistent with other studies (Bowes 
et al., 2014). Moatar et al.  (2017) as well as Ebeling et al.  (2021) did not find strong variations between 
catchments but a dominance of enrichment with more than two thirds of enrichment patterns in French 
and German studies. Similar to findings on event scales in relatively pristine catchments (Aguilera & Mel-
ack, 2018; Butturini et al., 2006; Rusjan et al., 2008; Vaughan et al., 2017), we often observe enrichment 
with anticlockwise hysteresis. Consistent with Moatar et al. (2017) we found dilution in wet catchments (in 
our case high runoff and stream-flow variability) indicating high volumes of water available for transport 
(Figure 6b). We did not find a clear association between 3NO N  export regime and upland versus lowland 
catchments possibly related to a combination of point and diffuse sources and surface and subsurface path-
ways in Scottish catchments with relatively low groundwater 3NO N  concentrations. Predominantly an-
ticlockwise hysteresis which is further linked with higher hydrological variability can be explained by both 
sub-surface solute transport leading to later concentration peaks than hydrograph peaks and dilution of 
downstream urban and agricultural sources with cleaner water from upstream in the relatively large catch-
ments considered in this study. Using the same classification presented in this study, Hashemi et al. (2020) 
showed predominantly clockwise or no hysteresis likely related to smaller catchment size in their study. 
Similar to other studies (Dupas et  al.,  2016; Thompson et  al.,  2011; Zhong et  al.,  2017), predominantly 
chemostatic behavior of 3NO N  (Figure 5g) may relate to transport limitation especially in catchments 
with high proportions of intense agriculture. Chemodynamic behavior of 3NO N  in upland catchments 
(Figure 6e) and often those with low concentrations (Figure S9e) can be attributed to low anthropogenic im-
pacts and hence source-limitation in agreements with findings elsewhere (e.g., Basu et al., 2010; Diamond 
& Cohen, 2018; Ebeling et al., 2021).
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We found heterogeneous export of SRP with predominantly clockwise hysteresis and chemodynamic be-
havior (Figures 4e and 5e) which have also been reported from other studies on long-term and event scales 
(Aguilera & Melack, 2018; Hashemi et al., 2020; Moatar et al., 2017). This heterogeneity as well as contrast-
ing associations with catchment characteristics may relate to small or heterogeneous stores of potentially 
mobilizable sources (Musolff et al., 2015) alongside dilution of point sources and enrichment of diffuse 
sources (Bowes et al., 2008). Other explanations for heterogeneous export regimes include high reactivity 
and interactions with other nutrient species and landscape drivers (Glendell et al., 2019; Stutter et al., 2018). 
A tendency toward dilution and clockwise hysteresis was found in lowland catchments with large propor-
tions of area under artificial drainage and relatively high SRP concentrations (Figures S6e and S8f). This 
may relate to a combination of ”first flush” responses (Lee et al., 2002) and dilution with SRP poor water 
from more pristine areas upstream. Clockwise hysteresis generally indicates close proximity or high con-
nectivity between P sources and streams to point sources and artificial drainage as short cuts of P exports 
(T. E. Jordan et al., 1997; Koch et al., 2018). A coincidence of anticlockwise hysteresis and enrichment of 
SRP in upland catchment can also be an indication of low influence of point source inputs of SRP and 
geographically distant diffuse sources. Further, a tendency toward clockwise hysteresis of SRP in small 
catchments (anticlockwise hysteresis of SRP only in catchments above 200 2km , Figure 4) is consistent with 
mostly clockwise hysteresis in small North European catchments (Hashemi et  al.,  2020) and highlights 
the importance of understanding P mobilization in headwaters (Abbott et al., 2018; Bol et al., 2018; Dupas 
et al., 2017). Predominantly chemodynamic SRP export is consistent with findings for P in Germany (Ebe-
ling et al., 2021).

Predominantly enrichment behavior for DOC (Figure  4g) agrees with findings on event (Butturini 
et al., 2006; L. A. Rose et al., 2018) and longer time scales (Herndon et al., 2015; Moatar et al., 2017) related 
to transport-limited mobilization due to flushing from soils and diffuse carbon sources. The response in 
Scottish catchments does not show associations with large carbon stocks in organo-mineral and peat soil. 
As these soils are located in the upper parts of the catchments their signal is masked by sources further 
downstream in the large and heterogeneous catchments. Enrichment and clockwise hysteresis are linked to 
high hydrological variability and thus a fast response to individual events (Figure S6f) consistent with the 
conceptual understanding underlying the classification scheme (Figure 1). A strong variation in hysteresis 
patterns is consistent with observations for individual events (Butturini et al., 2006) and may be related to 
the proximity of diffuse sources. Predominantly chemostatic behavior (Figure 5g) is similar to findings in 
other studies (Dupas et al., 2016; Thompson et al., 2011; Zhong et al., 2017). The definition of chemody-
namic behavior by the ratio between coefficients of variation of concentration and discharge may explain 
chemodynamic behavior of DOC in catchments with low streamflow variability (Figure S7f) as small dif-
ferences in concentration variability between catchments mean that those with lower streamflow variability 
are considered as chemodynamic and others as chemostatic. The calculation of CV  for discharge using all 
discharge data and those of concentrations based on monthly concentration data might additionally influ-
ence these results.

4.2. Novel Reproducible Classification of c Q  Relationships of Low-Frequency Data Gives 
Insights Into Solute Export Behavior in Catchments

By combining information on export regimes (i.e., general relationship between concentration and dis-
charge magnitude) and long-term average hysteresis patterns the proposed classification of c Q  relation-
ships (Figure 1) gives insights into solute export from catchments utilizing long-term low-frequency water 
quality data. Reproducibility is obtained by evaluating both export regimes and hysteresis patterns based 
on fitted c Q  models and statistical tests. Previous frameworks categorizing hysteresis patterns (Evans & 
Davies, 1998; Zuecco et al., 2016) require high-frequency data to analyze individual runoff events. Studies 
assessing c Q  relationships for low-frequency water quality data typically focus on the slope between 
concentration and discharge (e.g., Bieroza et al., 2018; Duncan et al., 2017; Hunsaker & Johnson, 2017). 
A classification developed by Moatar et al. (2017) considers c Q  dynamics of low-frequency data more 
explicitly by fitting separate c Q  relationships for high and low flows. The classification proposed in our 
study follows on from Moatar et al. (2017) and additionally considers hysteresis patterns in low-frequency 
data by comparing rising and falling hydrograph limbs.
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The proposed classification allows for a rapid and reproducible assessment of average long-term c Q  re-
lationships. Solute-specific and spatially heterogeneous patterns which can be related to contrasting catch-
ment characteristics in terms of climate, topography, land cover and soil indicate the applicability of the 
method to group catchments according to their c Q  response using widely available low-resolution water 
quality data. We appreciate that investigating high-resolution data can result in seasonally different (Bieroza 
& Heathwaite, 2015; Duncan et al., 2017; Minaudo et al., 2019) and event specific c Q  relationships (Agu-
ilera & Melack, 2018; Knapp et al., 2020). These dynamics are mostly not considered when assessing c Q  
relationships based on long-term low-frequency data, so that especially constancy and no hysteresis might 
reflect contrasting dynamics at different temporal scales. Other studies, however, report relatively stable 
c Q  responses among events (L. A. Rose et al., 2018). As highlighted in other studies (Dupas et al., 2016; L. 
A. Rose et al., 2018), combining long-term low-resolution and short-term high-resolution data is promising 
to get insights into controlling factors of solute exports in the absence of long-term high-resolution data. For 
that, the classification presented here could be used to compare event responses based on high-frequency 
data with average long-term c Q  relationships. To investigate the effect of data resolution, the classifi-
cation can further be applied to high-resolution data and to low-resolution data sub-sampled from these 
high-resolution data. It would further be interesting to analyze to what extent assessing chemostatic versus 
chemodynamic behavior is affected by the temporal resolution of concentration data. In case of low-resolu-
tion concentration data, comparing CV  based on all discharge data with CV  of discharge considering only 
dates when concentration data are available might be of interest.

The power-law c Q  models (Equation 2) underlying the classification are flexible and allow to consider 
different behavior for low and high discharge and hysteresis patterns also allowing for a better estimation of 
concentrations from discharge shown in Figure S5 in terms of Pearson correlations between observed and 
modeled concentrations. These c Q  models are applicable beyond the purpose of classification, for exam-
ple, for more robust load estimation which generally improves when c Q  dynamics are taken into account 
(Diamond & Cohen, 2018). However, applying these complex models might pose the risk of overparametri-
zation. The proposed c Q  classification shown in Figure 1 is versatile and applicable to other c Q  models 
that consider concentration changes with discharge and hysteresis patterns. The classification presented 
here could be extended to consider more complex patterns, such as changing c Q  slopes, for example, dilu-
tion at low flows and enrichment at high flows which have been reported from various studies (e.g., Bowes 
et al., 2014; Hunsaker & Johnson, 2017). In our classification, these patterns are summarized as constancy, 
but it could be interesting to distinguish more types of c Q  by investigating more complex patterns. To that 
end, the c Q  models presented here (Equation 2) with different equations for discharge below and above 
an automatically derived threshold could be utilized. In order to form a basis for a classification of more 
complex export regimes it might be necessary to modify the approach to determine streamflow thresholds 
for segmented c Q  models for example, by constraining the optimization algorithm to ranges of discharge 
quantiles to be considered as high flow and low flow instead of allowing for segmentation at any discharge 
quantile. By giving insights into temporal patterns of solute exports the proposed classification could sup-
port temporal targeting of mitigation measures, a strategy suggested by Preisendanz et al. (2021).

Although discharge and concentration are integrated both in the c Q  classification and in the analysis of 
chemodynamic versus chemostatic behavior and also c Q  slopes and the ratio of coefficients of variation 
between concentration and discharge are mathematically not independent (Jawitz & Mitchell, 2011), there 
are no obvious overlaps between these categorizations (compare Figures 4 and 5, see Figure S10). Musolff 
et al. (2015) also described chemodynamic versus chemostatic behavior and patterns between concentra-
tion and discharge magnitude as separate categories, the latter expressed by the slope of the power-law 
c Q  model. In that sense, (a) export regime, (b) hysteresis and (c) chemodynamic versus chemostatic 
behavior could be combined in a reproducible three-dimensional classification. Such a classification would 
relate to the categorization by Evans and Davies (1998) who considered patterns between concentration 
and discharge magnitude (i.e., export regime), hysteresis, and curvature (comparing discharge and concen-
tration variability analogical to chemodynamic vs. chemostatic behavior) for describing individual runoff 
events based on high-frequency data but would be novel in its applicability to low-frequency water quality 
data and hence potentially more widely applicable to more catchments where low resolution monitoring 
data is available.
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4.3. Combining c Q  Behavior and Information on Catchment Characteristics Can Be Used for 
Grouping Catchments

The classification of c Q  relationships is associated with catchment characteristics, mainly with respect to 
upland versus lowland catchments and streamflow variability (Figure 6). This confirms our hypothesis that 
c Q  classification of long-term low-frequency data can identify and group solute export behaviors. How-
ever, in line with other studies (Butturini et al., 2006; Diamond & Cohen, 2018; Godsey et al., 2009; Musolff 
et al., 2015), we have not been able to identify dominant influences on the individual solute exports. Multi-
ple confounding factors in the relatively large and heterogeneous catchments (Figure 3) are likely to affect 
the links between catchment characteristics and c Q  relationships (Ali et al., 2017; Glendell et al., 2019; 
Musolff et al., 2015). These include seasonality effects on c Q  relationships (Minaudo et al., 2019) and 
point sources weakening the influence of land cover proportions in the entire catchment (Zhou et al., 2017). 
For example, down-stream point sources might be the reason why DOC export is not predominantly associ-
ated with histosols as upstream carbon source. In addition, while the MFA allows to relate solute responses 
to catchment characteristics overall, it does not allow determining the impact of individual catchment char-
acteristics on solute responses within individual catchments, primarily due to the relatively small number 
of catchments included and correlations between catchment characteristics.

Comparing patterns in nested catchments, similar to Müller et al. (2018) and Kändler et al. (2017), would 
allow taking landscape characteristics into account that influence solute mobilization and retention. Inves-
tigating soil spatial heterogeneity (Glendell et al., 2014) could be promising as similar proportions of soils 
but in different locations may result in different influences on water quality at monitoring sites, whereby 
some responses to dominant soil-hydrological flow pathways may be masked by downstream influences. 
Investigating a greater number of catchments in a single comparative study could allow greater statistical 
power and hence identify landscape controls on c Q  relationships and chemodynamic versus chemostatic 
behavior with greater certainty.

As solute behavior vary both between solutes and catchments and are related to catchment characteristics, 
we recommend future catchment typologies aimed at water quality should consider both physical catch-
ment characteristics and solute response rather than being derived from catchment characteristics alone, as 
is currently the case with several water framework directive classifications. The importance of streamflow 
variability for solute exports (Deelstra & Iital, 2008; P. Jordan et al., 2005), shown by the association between 
streamflow indices and c Q  types and chemodynamic versus chemostatic behavior (Figures 6a and 6d) in 
our study indicates that catchment typologies should also consider streamflow response.

5. Conclusion and Outlook
We developed a novel reproducible classification of c Q  relationships integrating export regime (en-
richment, constancy, dilution) and long-term average hysteresis patterns (clockwise, no hysteresis, and 
anticlockwise) applicable to low-frequency water quality data. The proposed c Q  classification allows 
maximizing the information content of long-term low-frequency water quality data typical for regulatory 
monitoring.

The classification was applied to 45 Scottish catchments representing contrasting landscape conditions. We 
found that the c Q  types are both solute- and catchment specific which also shows that c Q  classification 
of long-term low-frequency data can identify and group solute export behaviors. Export regimes of Cl, 2SiO , 

4NH N , 3NO N  and SRP differ strongly between catchments whereas Ca shows mostly dilution and 
DOC enrichment or constancy. Clockwise hysteresis prevails for 4NH N  and SRP, anticlockwise hystere-
sis for 3NO N  with stronger variation for the other solutes. Chemodynamic versus chemostatic behavior 
which was additionally assessed is generally solute specific with predominantly chemodynamic response of 

4NH N  and SRP and chemostatic response of Ca, Cl, 2SiO , 3NO N  and DOC.

Upland versus lowland catchment characteristics as well as streamflow variability have been identified as 
the main influences on c Q  classification and chemodynamic versus chemostatic behavior. Despite links 
between catchment characteristics and c Q  classification as well as chemodynamic versus chemostatic 
behavior, dominant catchment controls for all solutes could not be identified. Further, c Q  relationships 
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are not associated with chemodynamic versus chemostatic behavior. This indicates that future catchment 
typologies should combine a response-led analysis, that is, c Q  relationships, chemodynamic versus che-
mostatic behavior as well as streamflow variability, with information on physical characteristics such as 
hydroclimatic conditions, topography, land cover, and soil to inform pollution mitigation measures and 
cost-effective monitoring design.

Future applications of the reproducible c Q  classification developed in this study to a larger number of 
catchments in contrasting landscapes as well as nested catchments may help to identify catchment controls 
on solute exports. Utilizing the classification to compare low and high-frequency data could help to under-
stand the extent of information loss. As solute exports from catchments respond to changing environmental 
conditions and extreme hydroclimatic events, analyzing temporal changes in c Q  classification, discharge 
and concentration variability could help to identify dominant controls on solute exports, assess potential 
impacts of future environmental change and evaluate the effectiveness of pollution mitigation measures.

Data Availability Statement
The data used in this study were provided by the Scottish Environment Protection Agency and are used 
as part of their environmental monitoring and regulatory reporting. The Terms and Conditions of Use of 
Data under which they were supplied for this research specifies they cannot be shared with any Third party. 
Instead, data can be requested directly from DataRequests@sepa.org.uk. Air temperature and precipitation 
data have been obtained from the UK Met Office, land cover has been derived from the Land Cover Map 
2007 (LCM2007) by the Centre for Ecology and Hydrology. Soils data have been obtained from the National 
soil map of Scotland (1:250,000) “Soil Survey of Scotland Staff (1981). Macaulay Institute for Soil Research, 
Aberdeen.” https://www.hutton.ac.uk/learning/natural-resource-datasets/soils/quarter-million-soils.
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