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Resumen:

Los factores hidrometeorolégicos son identificados como los principales factores
desencadenantes de la variabilidad quimica de la corriente fluvial. La identificacion
adecuada de estos factores proporcionara una mirada profunda al funcionamiento de las
cuencas. En este contexto, el estudio de las relaciones concentracién-caudal (C-Q)
representa una forma éptima de evaluar los mecanismos de movilizacién de solutos en
el rio. A través del uso de un conjunto de datos de alta frecuencia y un analisis de
correlacion, entre las variables de eventos hidrometeorologicos y un indice de histéresis,
el siguiente estudio identificd los principales controles hidrometeoroldgicos sobre la
respuesta histérica en una cuenca tropical de alta montana. Los resultados nos permiten
explorar los principales grupos de respuestas de histéresis de los solutos estudiados (Al,
Cu, DOC, TNb, Ba, Ca, Mg, Na, Sr, K, Si, Rb) infiriendo vias de movilizacion y estado
quimico del evento en términos de enriquecimiento o agotamiento bajo diferentes

condiciones de humedad.

Palabras claves: Histéresis. Curvas concentracion-caudal. Tropicos. Paramo
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Abstract:

Hydrometeorological factors are identified as the main triggering factors of the stream
chemistry variability. Proper identification of these factors will provide a deep look into
catchments functioning. In this context, studying concentration-discharge (C-Q)
relationships represent an optimal manner to assess the solutes delivery mechanisms in
the river. Through the use of a high-frequency data set and a correlation analysis,
between hydrometeorological storm event variables and a hysteresis index, the following
study identified main hydrometeorological controls on the hysteric response in a high-
mountain tropical catchment. The results let us explore the main groups of hysteresis
responses of the studied solutes (Al, Cu, DOC, TNb, Ba, Ca, Mg, Na, Sr, K, Si, Rb)
inferring mobilization pathways and event chemical status in terms of enrichment or

depletion under different moisture conditions.

Keywords: Hysteresis. Concentration-discharge loops. Tropics. Paramo
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1. Introduction

Streams chemistry can vary strongly in time and space due to intrinsic catchment
characteristics (e.g., soil properties, climate, anthropogenic activities, etc.). The
hydrological catchment behavior is identified as one of the main triggering factors of the
solute dynamics (Butturini et al., 2008; McClain et al., 2003). An interesting way to
understand the solute dynamic behavior is studying individual hydrological events that
constitute mobilization of particles from the catchment compartments (vegetation, soils,
springs, etc.) to the streams (Biron et al., 1999). This solute delivery mechanism can be
described using concentration-discharge relationships (Walling & E., 1974; Williams,
1989). These relationships create a hysteric behavior in which same discharge values
could represent different or similar solute concentration values on the rising and falling
limb of the hydrological event, depending on the ecohydrological characteristics of the
catchment, during and / or before the hydrological event (O’Kane, 2005; Phillips, 2003).
Categorization of this hysteric behavior have been used to identify controls on stream
solute fluxes for a long time, given that they can expose hydrochemical processes besides
the origin and fate of delivered materials, providing a deep look into the catchment
functioning (Chanat et al., 2002; C. Evans & Davies, 1998; Jiang et al., 2010; Murphy et
al., 2014).

With the objective of categorize hysteresis loops, qualitatively (based on the hysteresis
shape and direction) (Williams, 1989), and quantitatively (based on hysteresis indices:
HI), different approaches are used (Butturini et al., 2008; Langlois et al., 2005; Lawler et
al., 2006; Lloyd et al., 2016b; Zuecco et al., 2016). The most of these HI are based on the
quantification of shape, extent and direction of the hysteresis loops and are computed
using ratio relationships between solute concentration values on the rising and falling limb
of the hydrograph. In this context and to avoid presumably under estimations of HI when
complex loops are being analyzed, it has been developed an index which use the
difference between the solute concentration values on the rising and falling limbs of the

normalized storms, instead of ratio relationships (Lloyd et al., 2016b). Streamflow and
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stream chemistry data, at high frequency resolutions, is required at the studied catchment
outlet in order to compute Lloyd Index (C. Evans & Davies, 1998; Lloyd et al., 2016b). To
record this high resolution data, in situ water quality sensors (e.g.: based on spectrometry
techniques) could be used. They produce detailed descriptions of solute chemical
behaviors (Jones et al., 2011; Kirchner et al., 2004; Pesantez et al., 2021), considering
information that would usually be ignored at higher resolutions (Bowes et al., 2009, 2015;
Kirchner et al., 2004; Madrid & Zayas, 2007; Robson et al., 1991).

In conjunction with the qualitative and quantitative hysteresis, the analysis of solute
chemical status at C-Q relationships, allows us to deeply explore certain ecohydrological
processes. This knowledge leads to a better understanding of the processes that govern
the early or late solute source depletion and its seasonal changes (Zuecco et al., 2016).
The states of the events based on chemical status at C-Q relationships can be categorized
in: chemostasis, mobilization and dilution (Basu et al., 2011; Chanat et al., 2002; Godsey
et al., 2009; Herndon et al., 2015; Maher, 2011). When the solute delivery depends on
some physical factors rather than discharge variation, a chemostatic behavior is pointed
out (Godsey et al., 2009). When discharge becomes an important factor for the solute
delivery, the characteristically chemical status may be mobilization or dilution of solutes.
The first one describes the increasing solute concentrations with discharge and the
second one, the opposite case, decreasing solute concentrations with increasing
discharge (Chanat et al., 2002; Maher, 2011) representing different ecohydrological states

also in the catchment.

Against this background, recent studies have identified a strong influence of climate,
catchment size, lithology, anthropogenic activities and hydrometeorological behaviors on
the stream chemistry variability (Creed et al., 2015; Godsey et al., 2019; Hale & Godsey,
2019; Moatar et al., 2017; Stallard & Murphy, 2013). It has previously been observed that
the variation of mean solute concentrations can be described as a function of mean runoff,
when solutes originated from bedrock weathering process are being analyzed (Godsey et
al., 2019). Weather and climate cause changes in precipitation patterns, modifying the

solute rainfall inputs to catchments (Godsey et al., 2019; Hornberger et al., 2001; Tardy
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et al., 2004). Inner soil characteristics influence shifts among dominant flowpaths, such
as groundwater and shallow paths, producing water table elevation variations. All these
factors directly influence the C-Q catchment response (Daley et al., 2009; Ibarra et al.,
2016; Winnick et al., 2017). Identification of hysteresis controls drives to reveal valuable
information about catchment functioning. These include biogeochemical cycles, runoff
generation mechanisms, effects of antecedent environmental moisture conditions on
chemical stream variability and connectivity between solute sources and streams (Murphy
et al., 2014; Shanley et al., 2015; Spence, 2010; Wymore et al., 2017).

Thanks to the intensive hydrometeorological and chemical monitoring campaign and
instrumentation developed at the Zhurucay Ecohydrological Observatory (ZEO), we are
able to manage 5min-frequency hydrological and water quality data (from an optical
sensor) from March 2018 to March 2019. In this sense, the main objective of the following
study is to identify the most important hydrometeorological controls (precipitation,
concentration, discharge) of hysteresis metrics (HI, loop area) variability of a considerable
range of representative solutes (Al, Cu, DOC, TNb, Ba, Ca, Mg, Na, Sr, K, Si, Rb), during
storm events in a small high-mountain tropical catchment. The concluding results of this
study will let us set a baseline of the current hysteresis response to hydrometeorological
factors at a high Andean tropical catchment, driving us to a quantitative guide of future
disturbances (under anthropogenic and climate changes pressures), which represents a
necessary topic in the implementation of properly management and conservation

guidelines for the water resource.
2. Materials & Methods
2.1Study Area

The study catchment is located within the Zhurucay Ecohydrological Observatory (ZEO),
this pristine tropical headwater catchment (3.28 km2) that has served as an experimental

site since 2010. It is located in the southern region of the Andean mountain range in
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Ecuador (Figure 1. Zhurucay experimental catchment, highlighting a) the distribution of
the streams, the two main types of soil (Histosols, Andosols), besides the position of the
monitoring points of precipitation and discharge/solute chemistry at the microcatchment
outlet, and b) its location on the Ecuadorian geography.). Generally, the climate is affected
by both Atlantic and Pacific regimes (Crespo et al., 2011), which is the main reason for
the low seasonality of rainfall (Padron et al., 2015). From March 2018 to March 2019, we
measured and computed mean annual precipitation, it is 1245 mm and the mean annual

discharge at the catchment outlet is 582 mm year-'.
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Figure 1. Zhurucay experimental catchment, highlighting a) the distribution of the
streams, the two main types of soil (Histosols, Andosols), besides the position of the
monitoring points of precipitation and discharge/solute chemistry at the
microcatchment outlet, and b) its location on the Ecuadorian geography.
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The primary geological components of the catchment are the late Miocene formations of
Quimsacocha (basaltic flows with plagioclases, feldspars, and andesitic pyroclastics) and
Turi (tuffaceous andesitic breccias, conglomerates, and horizontal stratified sands) (Pratt
et al., 1997). These quaternary formations were deposited as a result of the volcanic and
glacial activity that occurred during the last Ice Age (Coltorti & Ollier, 2000; Hungerbuhler
et al., 2002).

According to the FAO soil classification system, ZEO is composed by two main soil types
(Histosols and Andosols) which cover respectively 22% and 78%, of the total catchment
area (Crespo et al., 2011; Mosquera et al., 2015). These types of soils are strongly acid
(pH = 4.8), rich in organic matter content, and highly porous-attributes that give them a
great water-retention capacity. Histosols are located mostly at valley bottoms reaching
depths of 24 to 70 cm (Buytaert & Beven, 2011) and their usual vegetation cover is
composed of Cushion plants (Plantago rigida, Xenophyllum humile, Azorella spp.),
mosses, and lichens (Ramsay & Oxley, 1997; Sklenar & Jorgensen, 1999). On the other
hand, Andosols are located mostly on valley slopes, show relatively little horizon
development, ranging from 24 to 44 cm (Buytaert et al., 2006). Andosols vegetation
consists regularly of herbaceous plants, such as tussock grass (Calamagrostis sp.)
(Ramsay & Oxley, 1997; Sklenar & Jorgensen, 1999).

2.2 Data Collection

During the intensive monitoring campaign carried out in the study area from March 2018
to March 2019, discharge data was collected at the catchment outlet. A V—notch weir was
used to record water level measurements at a five minutes frequency, by means of a
submerged AquiStar CT2X smart sensor with pressure option (Accuracy = £0.06%)
(Instrumentation Northwest, Inc., Denver, Colorado, USA). These readings were then
transformed into flow rates via a calibrated discharge curve based on the Kindsvater-Shen
relationship (U.S. Bureau of Reclamation, 2001). The curve was calibrated by means of

salt dilution techniques (Moore, 2004).

Pablo Gabriel Pefia Saltos Pagina 13



UCUENCA

Precipitation information used in this study was taken from a continuous monitored system
settled in the climatic main station, located at the upper part of the ZEO. The equipment
in charge of these measurements is a Texas Electronics tipping-bucket rain gauge (TR-

525M, Dallas, TX, USA), with a resolution of 0.1 mm and a 5-minute frequency.

Solute chemical data was also monitored for an entire year (March 2018-March 2019), in
order to capture the seasonal variability of its behavior, which is a key factor for the
hysteresis analysis that would be performed. To assess water quality, we installed a UV-
Visible Spectrometer Probe V2 (Spectrolyser, s::can Messtechnik GmbH, Vienna, Austria)
at the catchment outlet to infer concentrations of the following constituents: aluminum (Al),
copper (Cu), dissolved organic carbon (DOC), total bound nitrogen (TNb), barium (Ba),
calcium (Ca), magnesium (Mg), sodium (Na), strontium (Sr), potassium (K), silicon (Si),
and rubidium (Rb) at a high (5-minute) time resolution. These concentrations were
validated using calibration functions based on principal components regressions,

comparing indirect and direct measurements (Pesantez et al., 2021).
2.3 Storm Analysis

We initially employed the discharge time-series graph to identify individual hydrological
events. We used the Peak-Over-Threshold (POT) principle, which consists in retaining all
peak discharge values that exceed a selected threshold, defining single hydrological
events (Lang et al., 1999). To set the POT threshold, we used the 30" percentile of the
discharge range (considered as the baseflow rate). This procedure was carried out thanks
to the R package POT (Ribatet & Dutang, 2018). During the wet season, the presence of
extreme flow rates caused hydrological events with multiple peaks. In these cases, we
considered each peak flow as a separated event in order to quantify the solute response

to each separated event, following the methodology presented by Lloyd et al. (2016a).

To gain insights into hydrologic seasonal behavior of the catchment, event flow rates were

grouped into three classes: high-flow, mid-flow, and low-flow. Using the flow duration

Pablo Gabriel Pefia Saltos Pagina 14



UCUENCA

curve (FDC) and following the criteria proposed by Mosquera et al. (2015), we defined
high-flow category with discharge values that exceed the 90 percent frequency of non-
exceedance (>Qgo), mid-flow with values between the 30 percent and 90 percent (Qso -
Qoo) and low-flow category was set with values below the 30 percent frequency of non-

exceedance (<Q3o).

Besides the flow categorization, we classified each storm event according to its chemical
status: dilution, chemostasis, or mobilization (Basu et al., 2010; Clow & Mast, 2010;
Godsey et al., 2009). A chemostasis stage implies that the regression line to the log-solute
concentration (log-C) vs. log-discharge (log-Q) fit has a zero slope. A positive slope of the
regression line points mobilization behaviors (enrichment), on the other hand, a negative
slope indicates dilution characteristics. This classification will let us characterize
hydrological and biogeochemical behaviors at event scale of a varied range of solutes

considered in this work.

In addition to the previous categorizations, each event was quantitative described through
the calculation of the following precipitation, concentration and discharge variables (Table
1).

Table 1 Computed storm variables describing hydrological behavior at an event scale.
They are hypothesized to be potential controlling factors of water quality. Mean, max and
min stands for the variable average, maximum and minimum magnitude, respectively.
Mean 24, 48, 72, 96 and 120 represents the average magnitude of the variable 24, 48,
72, 96 and 120 hours before the event, respectively. Range denotes the difference
between max and min.

STORM VARIABLES
Precipitation Concentration Discharge
Mean Max Duration

Mean 24 Min Max

Mean 48 Range Min

Mean 72 Mean Range

Mean 96 Mean
Mean 120 Mean 24
Cumulated
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2.4 Hysteresis Loop Characterization

Concentration-discharge loops were constructed for each hydrological event. These were
classified in a quantitative way (by shape), following a C—Q criteria in classes I, II, I, IV
and V (Williams, 1989). Class | (direct) is characterized by a direct response whereby
solute concentrations increase or decrease proportional to flow rates, indicating an
uninterrupted supply of particles during the hydrological event (Walling & E., 1974;
Williams, 1989). Class |l (clockwise) hysteresis is characterized by a faster increase in
concentration rates than in discharge ones, suggesting that the sources of runoff are
located close to the monitoring point (Walling & E., 1974; Williams, 1989; Wood, 1977).
Class Il (anti-clockwise) hysteresis may exist as a result of an extended lag between the
concentration and discharge peaks, it signifies that the sources of runoff are located far
from the monitoring point (C. Evans & Davies, 1998; Heidel, 1956; Williams, 1989). Class
IV hysteresis is a combination of class | and class Il or Ill, whereby the solute
concentrations vary similarly to the water discharge rates at the beginning and end of the
hydrograph, but flow peaks may produce a lag between C—Q responses, causing typical
clockwise or anticlockwise shaped loops. There is no clear idea about the circumstances
that may trigger class IV hysteresis response, given that a very little literature was found
about this topic (Williams, 1989). Finally, class V (figure-eight) hysteresis combines
classes Il and Ill, whereby the C—Q patterns are represented by a clockwise loop for high
flows and a counterclockwise loop for low flows pointing to a possible heterogeneous
evolution in the export of solute concentrations (Arnborg et al., 1967; Seeger et al., 2004;
Williams, 1989).

The above explained hysteresis classification is prone to subjective interpretations,
especially for complex hysteresis loops such as classes Il, lll, and V which is why a
quantitative classification is required (Bowes et al., 2015; Butturini et al., 2008; C. Evans
& Davies, 1998). The hysteresis index (HI), proposed by Lloyd et al. (2016b), helped us
to carry out this quantitative classification. They present a robust method for obtaining Hl,

using the range of solute concentration values between the rising and falling limbs at
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multiple percentiles of discharge. In addition, to have a complete characterization of the
whole loop shape, we took multiple HI measurements during the same storm (one HI for

each 5th percentile range of discharge).

In the HI calculation process, the first step is to normalize the discharge and solute

concentration information:

Qi - Qmin
Norm.Q; = ——m, 1
' Qmax - Qmin ( )
C; — Cpi
Norm.C; = ———— =2 (2)

Cmax - Cmin

where Q;/C; is the discharge/solute concentration at timestep i, Q,,in/Cmin iS the minimum
discharge/solute concentration value, and Q,,,4x/Cmax iS the maximum discharge/solute

concentration value. Hl is then calculated as follows:

Hlg, = Cry ; = CrL gy (3)

where HI,, is the hysteresis index at percentile i of discharge, Cg, o, is the solute
concentration on the rising limb at percentile i of discharge, and Cg, 4, is the solute

concentration at the equivalent point in discharge on the falling limb.

With regard to the percentiles of discharge (Q;) calculation:

Qi = k(Qmax - Qmin) + Qmax (4)

where Q... IS the peak discharge, Q,,;, is the discharge at the start of the event, and k

is the point along the loop at which the HI is calculated.

In our specific case, HI was calculated at every 5th percentile of discharge, that is: k =
0.05, 0.1, 0.15, ..., 0.95. One of the most important benefits of calculating HI is that the

results, which vary between —1 and 1, are easy to interpret. The larger the HI value, the
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“fatter” the loop—so that when the HI value is close to 0, the shape of the loop resembles
a figure eight. The HI indicates the direction of the loop: positive (+) signifies a clockwise

loop, and negative (-) an anti-clockwise loop.

To ensure an effective hysteresis characterization, an additional descriptor was computed
for each hysteresis loop, the loop area, which varies between 0 and 1 thanks to the
normalized data. In conjunction with HI, loop area helps clarify the amplitude and strength

of the hysteresis loop.
2.5Analysis of the Hysteresis Indicators Variability Controls

To analyze how and which storm variables affect the solute concentration dynamics, we
carried out a correlation analysis of the relationship between the storm variables
(precipitation, concentration and discharge), and the hysteresis descriptors (HI, loop and
area). The results will be reported as Spearman correlation values (r), which vary between

—1 and 1, indicating negative or positive associations, respectively.

Because of the clear necessity of identifying complex relationships, connections, patterns
and controllers of HI variability, in addition to the non-normal distribution (p < 0.05) of
precipitation, concentration, and discharge variables, we decided to use the Classification
and Regression Trees (CART) method (Breiman et al., 1984) implemented in the R
package rpart (Therneau & Atkinson, 2019), together with the Spearman correlation
analysis. CART technique provides a description of HI variability through an iterative
division process, storm variables (precipitation, concentration and discharge) are split into
two subgroups each time until the two most homogenous satisfy a predefined binary

condition.

With the objective of ranking storm variables according to their impact on HI variability,
we employed a random forest (RF) analysis based on the CART method and implemented
in the R package randomForest (Liaw & Wiener, 2002). Increased mean square error
(IncMSE) and increased impurity index (IncNodePurity) were applied as a quantitative

way to point the hierarchical storm variables importance. The first one deals with the
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effects on the storm variable-HI interaction when storm variables are randomly permuted,
the second one shows the homogeneity growth carried every time a partitioning is done.
Consequently, as IncMSE and IncNodePurity increase, the storm variable

importance/impact on Hl variability increases too.
3. Results
3.1 Storm Analysis

Throughout the study period, 85 individual hydrological events were identified and
characterized according to the descripting variables of precipitation, concentration and
discharge (Table 1, Table 2). 29 events (34.12 %) presented high flow rates, 36 (42.35
%) mid flow rates and 20 (23.53 %) low flow rates. Considering event chemical status, we
found that some solutes, such as Ba, Cu, Ca, Mg, Al, DOC, and TNb show a strong
predominance of mobilization events (83.53 % - 95.29 %). On the other hand, solutes like
Na, Sr, K, Si, and Rb mostly presented dilution events (60 % - 83.53 %). Chemostatic
events were rarely found, appeared in the following solutes: Sr (3.53 %), Na (7.06 %), Ca
(3.53 %), and Mg (4.71 %).

Table 2 Summary statistics of the 85 events identified, in each event variables of
precipitation, concentration and discharge were calculated. Mean, Max and Min stands
for the variable average, maximum and minimum magnitude, respectively. Mean 24, 48,

72, 96 and 120 represents the average magnitude of the variable 24, 48, 72, 96 and 120
hours before the event, respectively. Range denotes the difference between Max and Min.

Min Max Mean Median Stand.
Dev.
Mean (mm/h) 0.001 0.158 0.023 0.016 0.022
Mean 24 (mm/h)  0.000 0.078 0.022 0.018 0.019
Mean 48 (mm/h)  0.000 0.063 0.019 0.015 0.015
Precipitation Mean 72 (mm/h)  0.000 0.067 0.018 0.015 0.014
Mean 96 (mm/h)  0.000 0.058 0.017 0.015 0.012
Mean 120 (mm/h)  0.001 0.047 0.016 0.015 0.011

Cumulated (mm)  2.663 68.166 26.500 23.688 15.128
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Max (ppm) 0.162 0.740 0.398 0.392 0.147

Al Min (ppm) 0.000 0.455 0.195 0.183 0.095
Range (ppm) 0.037 0.555 0.203 0.168 0.131

Mean (ppm) 0.106 0.600 0.295 0.277 0.110

Max (ppm) 0.007 0.023 0.013 0.012 0.004

Cu Min (ppm) 0.004 0.015 0.009 0.009 0.002
Range (ppm) 0.001 0.012 0.004 0.003 0.003

Mean (ppm) 0.006 0.019 0.011 0.010 0.003

Max (ppm) 0.042 3.214 1.353 1.302 0.799

DOC Min (ppm) 0.000 1.864 0.486 0.343 0.506
Range (ppm) 0.042 2.488 0.867 0.790 0.659

Mean (ppm) 0.009 2.539 0.906 0.791 0.606

Max (ppm) 0.038 3.253 1.352 1.295 0.806

TNb Min (ppm) 0.000 1.865 0.483 0.340 0.505
Range (ppm) 0.038 2.502 0.869 0.788 0.665

Mean (ppm) 0.007 2.556 0.902 0.786 0.608

Max (ppm) 0.032 0.063 0.042 0.040 0.007

Ba Min (ppm) 0.027 0.046 0.034 0.033 0.004
Range (ppm) 0.002 0.022 0.008 0.007 0.006

Mean (ppm) 0.030 0.052 0.037 0.036 0.005
Concentration ng (ppm) 1.863 3.481 2.384 2.313 0.356
Ca Min (ppm) 1.585 2.364 1.972 1.920 0.180
Range (ppm) 0.092 1.146 0.412 0.317 0.290

Mean (ppm) 1.719 2.805 2.138 2.072 0.234

Max (ppm) 0.506 0.892 0.638 0.619 0.083

Mg Min (ppm) 0.414 0.629 0.521 0.514 0.049
Range (ppm) 0.034 0.284 0.116 0.096 0.072

Mean (ppm) 0.458 0.709 0.570 0.554 0.054

Max (ppm) 1.997 4.546 3.175 3.138 0.477

Na Min (ppm) 1.432 3.479 2.385 2.372 0.451
Range (ppm) 0.222 2.415 0.789 0.664 0.508

Mean (ppm) 1.743 3.773 2.736 2.720 0.380

Max (ppm) 0.040 0.100 0.061 0.059 0.011

Sr Min (ppm) 0.029 0.068 0.045 0.045 0.009
Range (ppm) 0.004 0.061 0.016 0.012 0.012

Mean (ppm) 0.034 0.075 0.051 0.050 0.008

Max (ppm) 0.552 1.386 0.925 0.912 0.160

K Min (ppm) 0.285 1.039 0.613 0.597 0.173
Range (ppm) 0.101 0.872 0.312 0.275 0.187

Mean (ppm) 0.454 1.108 0.763 0.766 0.134

si Max (ppm) 6.176 15.476 11.073 11.112 1.975
Min (ppm) 2.358 12.324 7.615 7.577 2.314
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Range (ppm) 0.828 10.366 3.458 2.929 2.372
Mean (ppm) 5.408 13.018 9.150 9.402 1.896
Max (ppm) 0.000 0.003 0.002 0.002 0.001
Rb Min (ppm) 0.000 0.002 0.001 0.001 0.001
Range (ppm) 0.000 0.002 0.001 0.001 0.001
Mean (ppm) 0.000 0.002 0.001 0.001 0.000
Duration (h) 3.167 222.833 25.681 19.500 28.795
Max (L/s) 23.110 1952.180 316.090 183.340 386.647
Discharge Min (L/s) 19.980 556.950 103.605 84.060 102.454
Range (L/s) 1.560 1701.230 212485 74.115 341.703
Mean (L/s) 21624 760.935 161.884 106.622 162.365
Mean 24 (L/s) 9.245 452842 104.393  79.127 93.629

3.2Hysteresis Loop Characterization

Using the quantitative approach (HI), we classified each hydrological event into four main

hysteresis categories: clockwise, anti-clockwise, direct, and figure 8. In order to validate

this quantitative hysteresis classification, every single hydrological event was visually

inspected (qualitative approach). As we see in Figure 2, solutes can be grouped into three

classes: anti-clockwise dominance (ACD: Al, Cu, DOC and TNb), clockwise dominance

(CD: Na, Sr, K, Si and Rb) and the last one has mixed presences of the four hysteresis

types (M: Ba, Ca and Mg). What is interesting here is the presence of a few clockwise

events in the anti-clockwise domain group (Cu, DOC and TNb), situation not reciprocal in

clockwise domain group.
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Figure 2 Hysteresis loop types occurrancy percentage in each element, for
the 85 individual hydrological events identified.

There is a constantly presence of figure 8 hysteresis type. At least, 20% of the events,
present this shape for all the solutes. Direct responses represent a minimal portion of the
hysteresis types distribution, especially in clockwise dominance group, and its major
occurrence appears in Mg (=20 %). In order to exemplify the type of hysteresis found, we
selected one representative solute for each dominance group, that is DOC for anti-
clockwise dominance, Na for clockwise dominance and Ca for the mixed group. Figure 3
shows us the hysteresis response of the mentioned solutes to two different hydrological
events, for the first hydrological event, the three solutes show a figure 8 hysteresis
response. DOC and Na hysteresis loops have similar shapes and areas but opposite

directions. If we compare Na and Ca hysteresis loops, we can appreciate similar
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directions, however, Ca loop has a better-defined shape. The second hydrological event
displays us the typical response for each dominant group: DOC — anti-clockwise, Na —

clockwise, and Ca — direct.
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Figure 3 Two hydrological events with different hysteresis responses according to each element. In
this case, we used DOC, Na and Ca as an exemplification of the three groups: anti-clockwise domain,
clockwise domain and mixed, respectively. Both discharge and concentration were normalized using
the methodology proposed by Lloyd et al. (2016b). A graphic scheme of the loop direction was added
in each loop in order to improve its assimilation.

3.3 Analysis of the Hysteresis Indicators Variability Controls

Out of the total of 85 events analyzed, we identified which of them corresponded to

mobilization, which to dilution and which to chemostatic chemical status. Results were
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graphed along the hydrograph of the studied period (Figure 4), solutes from the anti-
clockwise (DOC), clockwise (Na), and mixed dominance group (Ca) were selected in order
to point out the evolution of the event chemical status through time. The majority of DOC
and Ca events exhibits a mobilization chemical status. On the other hand, most of Na
events show dilution tendencies with the presence of a few chemostasis and mobilization

events.

Both Spearman correlation and random forest analysis (Table 3 and Table 4) were
developed to find the hydrometeorological controllers (precipitation, concentration and
discharge) of the hysteresis indicators (HI and loop area) variability. Regarding Hl, as can
be seen from Table 3, precipitation variables do not exhibit close relationships with HlI
variability, excluding punctual cases such as mean precipitation and mean 120 that point
some influence on Na, Sr, Cu, and Ba according to the Spearman correlation values (r)
and top-ranking values of random forest (RFI). Checking out r values at concentration
variables, we can find considerably relationships with HI variability from range of
concentration and max concentration, principally with certain solutes of the clockwise
domain group (Na, Sr, K). Typically, anti-clockwise solutes (DOC, TNb) indicate high
relative r values with max concentration and Ca, Mg (mixed group) with range of
concentration. However, RFI ranking shows that just a few solutes find concentration
variables as the most important ones to HI variability, those solutes are DOC, TNb, and
Na (max, range and mean). A closer inspection to the table reveals that range of
discharge, max discharge, and mean discharge represent the most important variables to
the HI variability, according to RFI. Also, the highest r values match with the top-ranking
RFI values, mostly. It is important to mention two interesting facts here, the first one is that
event duration has a moderate impact on Si and Rb, given that their r values are relatively
high (-0.246 and -0.247) compared to other solutes r values. The second one is that the
clockwise domain group is negative correlated with discharge variables. Besides the high-
ranking RFI values that Na, Sr, and K (clockwise group) show at discharge variables, r

correlation values suggest a greater influence of concentration variables.
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Respecting loop area (Table 4), we realize that precipitation variables gained more
importance, particularly in antecedent precipitation (mean 72, 96, 120) to solutes like Ba
and Ca that belong to the mixed dominance group. Correlation values of concentration
variables remain similarly to r values featured in Table 3, with the biggest impact
performed by max concentration. Discharge variables remain more significant than
concentration and precipitation variables to the loop area variability, according to both

random forest and correlation processes.

Considering the previous statements about the relationships between event variables and
hysteresis indicators variation, we set discharge variables as the most influencing ones to
HI variation followed by concentration variables and finally precipitation variables that

surprisingly not exert greater influence.
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Figure 4 Chemical status categorization of the study period hygrogram for a) DOC, b)
Na and c) Ca. Zoom boxes indicate specific events where HI (red) and loop area
(black) values were placed for each one.
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Table 3 Summary of the random forest and correlation analysis between the event variables (precipitation,
concentration, discharge) and the calculated hysteresis index (HI). Random forest results are shown as an importance
ranking of the event variables (RFI) and the correlation results are shown as values of the Spearman correlation
coefficient (r). Max and Min stand for the variable average, maximum and minimum magnitude, respectively. Mean 24,
48, 72, 96 and 120 represents the average magnitude of the variable 24, 48, 72, 96 and 120 hours before the event,
respectively. Range denotes the difference between Max and Min.

Precipitation Concentration Discharge

Mean Mean Mean Mean Mean Mean Accumulated Max Min Range Mean Duration Max Min Range Mean Mean
24 48 72 96 120 24
Al RFI 17 13 15 16 14 11 9 5 6 8 7 12 2 10 1 4 3

r 0.078 0.120 0.102 0.115 0.087  0.109 0.143 0.278  0.330 0.072 0.223 0.197 0.455 0.285 @ 0.429 0.402 0.245
RFI 17 14 15 9 11 3 16 4 8 7 10 13 2 12 1 6 5

Cu r -0.018 0.171 0.119 0.120 0.092 0.135 0.067 0.314  0.216 0.232 0.204 0.235 0.463 0.158 | 0.477 0.341 0.185
RFI 7 17 16 14 15 13 6 1 11 4 3 12 5 10 2 8 9

boc r 0.031 0.208 0.139 0.112 0.047 0.096 -0.003 0.483 0.275 0.374 0.341 0.272 0.478 0.141 0.498 0.340  0.071
RFI 10 17 12 15 14 13 5 2 8 3 4 16 6 11 1 7 9

TNb r 0.029 0204 0.137 0.110 0.045 0.094 -0.005 0.477 0.273 0.372 0.336 0.273 0.478 0.142 0.498 0.341 0.070
RFI 16 12 15 5 4 2 10 9 14 7 11 17 3 8 1 6 13

Ba r 0.388 0.172 0.097 0.098 0.054 0.064 0.115 0.312  0.061 0.350 0.130 0.192 0.526  0.383 0.481 0.507 0.074
RFI 13 15 16 10 4 5 11 8 12 7 14 17 1 6 3 2 9

Ca r 0.257 0.130 -0.047 -0.044 -0.055 -0.041 0.091 0.191 -0.230 0.377 -0.056 0.215 0.395 0.256 0.370 0.359 -0.045
RFI 16 9 15 11 8 4 13 12 14 5 10 17 2 6 3 1 7

Mg r 0.246 0190 0.064 0.047 0.007 0.005 0.078 0.190 -0.300 ' 0.422 -0.085 0.200 0.378 0.180 0.374 0.310 -0.009
RFI 12 16 14 11 17 15 8 10 6 2 13 9 3 5 1 4 7

Na r 0.108 0.003 0.005 -0.055 -0.082 -0.103 0.053 0.171 -0.101 = 0.250 -0.062 -0.099 -0.032 -0.016 -0.031 -0.003 -0.048
RFI 11 14 17 13 16 9 8 15 6 4 12 10 2 5 1 3 7

Sr r 0.137 0.066 0.053 -0.016 -0.040 -0.057 0.061 0.187 -0.138 | 0.281 -0.065 -0.057 0.054 -0.009 0.063 0.042 -0.054
RFI 13 16 15 14 17 12 10 5 7 8 9 11 2 6 1 3 4

K r 0.022 -0.043 -0.082 -0.124 -0.126 -0.149 -0.071 0.360 0.120 0.198 0.173 -0.100 -0.197 -0.173 -0.172 -0.191 -0.188
. RFI 12 17 15 14 13 16 7 11 10 6 5 4 2 9 1 3 8

Si r 0.082 -0.098 0.000 -0.035 -0.031 -0.059 0.070 0.110 0.025 0.067 -0.033 -0.246 -0.210 -0.007 -0.235 -0.099 -0.046
RFI 15 17 16 13 12 11 9 8 10 14 7 4 2 5 1 3 6

Rb r 0.073 -0.112 -0.051 -0.077 -0.057 -0.091 0.041 0.189 0.119  0.061 0.041 -0.247 -0.238 -0.077 -0.246 -0.158 -0.085

*RFI = Random Forest Importance *r = Spearman correlation value * Colors blue, coral and purple were assigned to
the first, second and third highest r relative values, respectively. Same color scheme was used to the top three RFI
values (1, 2, 3)
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Table 4 Summary of the random forest and correlation analysis between the event variables (precipitation,

concentration, discharge) and the calculated loop area. Random forest results are shown as an importance ranking of

the event variables (RFI) and the correlation results are shown as values of the Spearman correlation coefficient (r).
Max and Min stand for the variable average, maximum and minimum magnitude, respectively. Mean 24, 48, 72, 96
and 120 represent the average magnitude of the variable 24, 48, 72, 96 and 120 hours before the event, respectively.

Range denotes the difference between Max and Min.

Precipitation Concentration Discharge

Mean Mean Mean Mean Mean Mean Accumulated Max. Min. Range Mean Duration Max. Min. Range Mean Mean

24 48 72 96 120 24

Al RFI 17 11 14 16 13 9 15 6 3 8 7 12 5 10 2 4 1
r -0.073 -0.116 -0.148 -0.142 -0.121 -0.139 -0.197 -0.358 -0.373 -0.131 -0.280 -0.247 -0.496 -0.316 @ -0.466 -0.444 -0.309

c RFI 17 14 13 8 9 3 15 4 10 6 12 11 2 16 1 7 5
u r 0.037 -0.138 -0.167 -0.151 -0.134 -0.170 -0.092 -0.393 -0.210 -0.331 -0.236 -0.335 -0.466 -0.188 | -0.471 -0.349 -0.197

DOC RFI 16 15 12 14 17 13 7 1 g 3 2 6 5 10 4 8 11
r -0.080 -0.184 -0.203 -0.147 -0.093 -0.135 -0.082 -0.635 -0.311 -0.531 -0.447 -0.350 -0.553 -0.221 = -0.559 -0.422 -0.138

TND RFI 11 16 13 12 15 17 6 1 9 2 4 7 5 14 3 8 10
r -0.077 -0.181 -0.202 -0.146 -0.093 -0.134 -0.080 -0.629 -0.310 -0.528 -0.444 -0.347 -0.550 -0.221 = -0.556 -0.421 -0.135

Ba RFI 15 14 12 3 2 1 6 8 13 16 9 17 5 11 7 4 10
r 0.224 -0.236 -0.340 | -0.402 -0.446 -0.493 0.020 0.035 0.002 0.042 0.072 0.014 0.209 0.236 0.165 0.270 -0.036

Ca RFI 15 14 13 9 10 5 6 16 8 11 17 12 3 7 1 2 4
r 0.211 -0.061 -0.202 | -0.236 -0.284 -0.310 0.087 0.071 0.080 0.069 0.066 0.015 0.178 0.201 0.142 0.219 -0.058

Mg RFI 16 15 13 11 2 1 8 5 3 9 7 17 10 14 6 12 4
r 0.276 0.015 -0.139 -0.145 -0.204 -0.256 -0.040 0.176 -0.153 0.305 0.013 0.159 0.305 0.139 | 0.304 0.250 -0.151

Na RFI 12 16 15 14 17 13 9 6 8 1 11 10 2 5 3 4 7
r 0.093 0.033 -0.017 -0.049 -0.072 -0.093 0.007 0.258 -0.079 0.312 0.002 -0.050 -0.036 -0.056 -0.024 -0.041 | -0.115

Sr RFI 15 11 17 14 16 13 10 8 7 3 9 12 1 5 4 2 6
r 0.158 0.090 0.025 -0.007 -0.026 -0.041 0.012 0.269 -0.114 0.342 -0.006 -0.018 0.051 -0.049 0.073 0.006 -0.123

K RFI 12 16 17 15 14 13 11 3 8 6 9 10 1 7 2 5 4
r 0.015 -0.026 -0.109 -0.123 -0.125 -0.151 -0.112 0.444 0.149 0.242 0.231 -0.057 -0.194 -0.207 -0.158 -0.221 -0.243

Si RFI 15 17 16 14 12 13 9 10 11 6 8 4 1 7 2 3 5
r 0.063 -0.053 -0.004 -0.013 -0.013 -0.039 0.013 0.208 0.092 0.084 0.050 -0.249 -0.258 -0.067 | -0.272 -0.170 -0.130

Rb RFI 15 16 17 14 9 12 10 4 13 11 7 2 3 8 1 5 6
r 0.077 -0.077 -0.064 -0.063 -0.050 -0.082 -0.020 0.277 0.185 0.080 0.110 -0.256 -0.275 -0.129 | -0.273 -0.219 -0.171

*RFI = Random Forest Importance *r = Spearman correlation value * Colors blue, coral and purple were assigned to

the first, second and third highest r relative values, respectively. Same color scheme was used to the top three RFI

values (1, 2, 3)
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In order to examine in a better way, the relationships between storm events behavior and
hysteresis response variability, scatter plots were built. X-axis of these graphs are taken
by storm variable values (discharge mainly) and Y-axis denotes the hysteresis indicators.

Because of their relative high r and RFI values, range of discharge (Figure 5), was

selected in this plot.
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Figure 5 Visual relationships between range of discharge (Range Q.) and the calculated hysteresis

index (HI) for each element. A dot represents a single hydrological event and it is categorized

according to its chemical state (shape: chemostasis, dilution, mobilization) and its flow rate (color:

high, mid, low). The solutes are ordered according to anti-clockwise domain, mixed and clockwise

domain classification, respectively.
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Figure 5 provides an overview of the range of discharge (Range Q) and the Hysteresis
Index (HI) for each solute considered in this study. What stands out in the figure is when
the range of discharge magnitude increases (high-flow rates), HI tends to 0, meaning that
the loop shape tends to a low-area figure 8 or a direct response. To low-flow and mid-
flow rates, there is no clear relationship between range of discharge and HI. HI is highly

variable at those conditions.

It seems that the anti-clockwise domain (Al, Cu, DOC and TNb) and mixed group (Ba, Ca
and Mg) show dilution chemical states at low-flow discharge rates (however, there are a
few events that display a mobilization behavior), mid-flow and high-flow discharge rates
correspond to mobilization chemical states (Figure 5). On the other hand, clockwise
domain solutes (Na, Sr, K, Si and Rb) seem to have an opposite behavior: mobilization at
low-flow rates and dilution at mid-flow and high-flow (Figure 5). Nevertheless, we can find
a few events that exhibit mobilization chemical states at mid-flow and high-flow discharge
rates, or dilution at low-flow rates. It is hard to visualize chemostasis behaviors, except for
Na at high-flow discharge rates (Figure 5). Indeed, just a few events have chemostasis
status and we suspect that it is more likely to be found at low-flow rates for Na, Ca, and
Mg.
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Figure 6 Visual relationships between range of discharge (Range Q.) and the hysteresis loop area
for each element. A dot represents a single hydrological event and it is categorized according to
its chemical state (shape: chemostasis, dilution, mobilization) and its flow rate (color: high, mid,
low). The solutes are ordered according to anti-clockwise domain, mixed and clockwise domain
classification, respectively.

From Figure 6, we can conclude that growing values of range Q (high-flow rates)
produces a tendency of loop area to 0. It denotes that the loop shape inclines to a low-
area figure 8 or a direct hysteresis response. Nevertheless, mixed group seems not to
share this tendency, the dot distribution remains constant. To low-flow and mid-flow rates,
there is no clear relationship between range of discharge and loop area, it is highly

variable.
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Anti-clockwise domain and mixed groups indicate dilution chemical states at low-flow
discharge rates but there are a few events that point out mobilization performance. Mid-
flow and high-flow discharge rates correspond to mobilization chemical states.
Conversely, clockwise domain solutes have an opposite manner: mobilization at low-flow
rates and dilution at mid-flow and high-flow. Still, we can find a small number of events
that display mobilization chemical states at mid-flow and high-flow discharge rates, or

dilution at low-flow rates.

4. Discussion
4.1 Hysteresis Loop Characterization

The results indicate the presence of our denominated domain groups (anti-clockwise,
clockwise, mixed) with their characteristically solutes: Al, Cu, DOC and TNb for the anti-
clockwise; Na, Sr, K, Si and Rb for the clockwise domain group; Ba, Ca and Mg for the
mixed group (Figure 2). It has been suggested that anti-clockwise hysteresis responses
indicate distant locations between the solute source and the monitoring point (de Barros
et al., 2020; Mao & Carrillo, 2017; Misset et al., 2019; Rodriguez-Blanco et al., 2018).
However, we assume that there are two key points causing anti-clockwise C-Q
relationships in our studied system. The first key point corresponds to the seasonal
variability of rainfall and runoff distribution, as well as the solute production in the
catchment. Under low-flow conditions, lowest soil sources of solutes (spring water)
represent one of the most important contributors to stream chemistry. Conversely, at high-
flow stages, shallow soil sources (Histosols) take over the contribution to stream chemistry
(Correa et al., 2017). Then, the transition from low-flow to high-flow conditions causes a
quicker growth of concentration values than discharge values of solutes with strong
presence at Histosols (Al, Cu, DOC and TNb), producing the anti-clockwise
characteristically delay between concentration peak and discharge peak during the
hydrological event. This also accords with earlier observations (Shi et al., 1985; Williams,

1989), which showed similar lagged interaction between concentration and discharge due
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to the annual rise and fall of water and solute concentrations at downstream sites during
storm events. The second key point is the superficial location of solute sources (Histosols).
Storm events generate continuous Al, Cu, DOC and TNb pulses in the stream chemical
signature due to high contents of organometallic compounds (organic matter + Al, Fe) in
Histosols (Castarieda-Martin & Montes-Pulido, 2017; Mosquera et al., 2015; Pesantez et
al., 2018; Quichimbo, 2012). This characteristic drives to an anti-clockwise hysteresis
response, given that concentration growth rates are faster than discharge ones (Williams,
1989).

Mainly, clockwise hysteresis responses have been associated with short distances
between the solute source and the monitoring point (Long et al., 2017; Mao & Carrillo,
2017; Peraza-Castro et al., 2016). Nevertheless, we consider a more significant cause of
clockwise C-Q relationships, which is the small supply at solute sources and their deep
soil location in the catchment, activated during dry seasons by underground water
contributions to the stream. Solutes that belong to the clockwise domain group, such as
Na, Sr, K, Si, and Rb, have the strongest presence at deep soil locations (Correa et al.,
2017, 2019), pointing them out as the mainly solute source. After a dry period, the first
rainfalls infiltrate quickly producing a water table rising which will contribute to the stream
easily (Correa et al., 2019). This underground solute origin has been reported by several
prior studies (Arnborg et al., 1967; VanSickle & Beschta, 1983; Walling & E., 1974;
Williams, 1989; Wood, 1977), which identified underground solute sources as the main
driver of early depletion of concentration when discharge reaches its peak during the

event.

Figure 2 shows the constantly presence of figure 8 hysteresis responses (at least 20 %)
to each analyzed solute. Solutes from both clockwise (Na, Sr, K, Si and Rb) and mixed
(Ba, Ca and Mg) domain groups have their main contribution source at underground
locations (Correa et al., 2017), hinting a production of clockwise hysteresis responses at
early stages of dry seasons. After a clockwise loop, flow rates grow and catchment
facilitates solute transportation, producing a slower concentration decay in comparison to

discharge. This interaction, at the falling limb of the hydrograph, generates an anti-
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clockwise loop. In conjunction, a clockwise loop followed by an anti-clockwise loop
generate a figure 8 hysteresis loop. On the other hand, solutes from the anti-clockwise
domain group (Al, Cu, DOC and TNb) show an inverse figure 8 hysteresis dynamic: after
an anti-clockwise loop, high flow rates drive to a solute depletion in the stream, producing
a faster concentration decay in comparison to discharge (clockwise loop). Comparison of
this findings with the study performed by Williams (1989) confirms similar figure 8

hysteresis responses, all attributed to the latter mentioned interaction.

Direct hysteresis responses are detected on solutes with deep ground origins (Figure 2),
especially the solutes from the mixed domain group which exhibit a notorious presence of
direct events (12 % - 17 %). These atypical hysteresis C-Q relationships are related to
extremely high flow rates, so they can trigger a continuous solute supply during the event,
especially at wet antecedent conditions when the hydrologic response is very fast. This
uninterrupted supply drives to a synchronized decrease of concentration and discharge
magnitudes which leads to direct hysteresis responses. This also accords with earlier
observations (Williams, 1989; Wood, 1977).

4.2 Analysis of the Hysteresis Indicators Variability Controls

The evolution of the chemical status along the studied period (Figure 4), points out
marked behaviors for solutes that belong to the anti-clockwise (DOC) and mixed (Ca)
dominance groups (Figure 4, a and c). Interestingly, HI and loop area values decrease
as the magnitude of the event increases, reinforcing the idea that solutes tend to trigger
figure 8 hysteresis responses (HI = 0) as flow rates increase. This not appear to be the
case in Na, given that the hysteresis indicators value remains similar as the magnitude of

the events increase or decrease (Figure 4b).

Our results stated that discharge represents the most important factor on anti-clockwise
hysteresis responses. As discharge rates increase, storm events activate the solute

concentration increase at stream, highlighting shallow solute sources to the stream. Prior
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studies developed in the study zone indicate high contents of organometallic compounds
in the chemical signature of Histosols, corresponding to the mentioned shallow solute
sources (Castaneda-Martin & Montes-Pulido, 2017; Correa et al., 2017, 2019; Mosquera
et al., 2015; Quichimbo, 2012). This high solute content in Histosols leads to a steady
state of solute production, evidenced in the influence of concentration variables in Hl
(DOC and TNb, Table 2) and the clear tendency to mobilization chemical status during
mid-flow and high-flow rates (Figure 5, Figure 6). This statement agrees with Correa et
al. (2017), that establish Andosols and Histosols as the main contributors to runoff in its
generation process and Moatar et al. (2017); Wymore et al. (2017) that evidenced
mobilization behaviors for DOC on their study watersheds, resulting in an increasing DOC
concentration values as discharge rates grow. In reviewing the literature, very little was
found on the association between hydrological control factors and anti-clockwise
hysteresis behavior. Nevertheless, Lloyd et al. (2016a); Rodriguez-Blanco et al. (2018)
share analogous outcomes in terms of identifying anti-clockwise controls. They set
discharge variables and antecedent rainfall conditions as triggering factors of this

particular hysteresis response.

An overview of our results divides the main drivers for clockwise hysteresis into two
stages, the first one establishes that the HI and loop area variability of Na, Sr, and K
depends on discharge and concentration rates (Table 3, Table 4). The relative high r
values of concentration denote the influence of the solute availability in its depletion
caused by an increase of discharge rates (dilution chemical state Figure 5, Figure 6),
similar dilution patterns were exposed by Stallard & Murphy (2013) and Wymore et al.
(2017) on solutes originated from bedrock weathering processes (Si and Mg) on
watersheds with volcaniclastic lithology. The second stage implies an exclusive influence
of discharge variables. Negative r values of discharge variables (Si and Rb Table 3, Table
4) suggest a relative high probability to find clockwise responses at low-flow conditions.
What is interesting in these solutes, is the moderate impact of the duration event, their

negative r values insinuate a better development of clockwise hysteresis during short
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events. We can say now that clockwise hysteresis behaviors are more likely to occur in
short-duration events with low-flow rates after dry periods. Similar conclusions are
reported by (Bieroza & Heathwaite, 2015; Knapp et al., 2020; Tardy et al., 2004),
particularly the main controls on clockwise hysteresis response and its consequential

interactions between groundwater and surface water.

Discharge rates represent important controls of figure 8 and direct hysteresis responses.
As we mentioned before, high-flow conditions make the catchment generate a steady
state of solute supply, driving to these types of hysteresis loops. These relationships may
partly be explained by the HI tendency to zero, as discharge increases (Figure 5, Figure
6). Also, the fact that discharge variables have higher r values than precipitation and
concentration variables (Table 3), helps us to corroborate the previous statement about
discharge being a key control factor on figure 8 and direct responses. These results reflect
those of Stallard & Murphy (2013) who also found that runoff generation processes are
more linked to the solute chemical status than geology, soils and land cover. Dilution of
non-bioactive solutes (Ca, Mg, Na) is related to bedrock weathering and atmospheric
deposition. Mobilization, on the other hand, is usually associated to shallow soil sources
of bioactive solutes (i.e.: DOC) (Godsey et al., 2019; Stallard & Murphy, 2013). This is
evidenced in the tendency to dilution and mobilization chemical states from solutes with

deep ground origins and solutes with shallow origins, respectively (Figure 5, Figure 6).

Several prior studies have been suggested that the variability in hysteresis responses
among different hydrologic events and solutes are linked to antecedent rainfall conditions
(Bieroza & Heathwaite, 2015; Knapp et al., 2020). This does not appear to be the case,
excepting for particular instances such as Ba and Ca solutes. Their loop area is influenced
by antecedent precipitation variables (Mean 72, Mean 96 and Mean 120 Table 3). We
attributed this precipitation influence to atmospheric solute deposition and resuspension
processes of solutes accumulated on the stream bed, during low-flow seasons (D. J.
Evans et al., 2004; Stallard & Murphy, 2013).
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5. Conclusions

The purpose of the current study was to determine the main hydrometeorological controls
of hysteresis metrics variability, considering a wide range of solutes (Al, Cu, DOC, TNb,
Ba, Ca, Mg, Na, Sr, K, Si, Rb) in a small high-mountain tropical catchment. The results of
this investigation show that solutes can be classified into three different groups according
to their principal hysteresis response, these are anti-clockwise dominance (Al, Cu, DOC
and TNb), clockwise dominance (Na, Sr, K, Si and Rb) and the last one has mixed
presences of the four hysteresis types (Ba, Ca and Mg). Both correlation and random
forest analysis revealed that discharge represents the most influencing variable on the
hysteresis response. For HI, specifically, range of discharge exhibits the biggest impact,
pointing a close relationship between flow rates and hysteresis loop quantifications.
However, the effects of discharge variables on loop area are less dominant. Here we can
find punctual cases like Ba which is influenced directly by antecedent precipitation rates
(mean 72, mean 96 and mean 120). Overall, this study strengthens the idea that solutes
originated from weathering bedrock processes at deep ground locations (Na, Sr, K, Si,
and Rb), tend to exhibit clockwise hysteresis responses and therefore dilution patterns of
solute concentrations as flow rates increase. On the other hand, solutes originated at
shallow locations (Al, Cu, DOC and TNb) such as Histosols, display anti-clockwise
hysteresis behaviors. Thus, mobilization patterns of solute concentrations are evidenced
as flow rates increase. The findings of this study contribute to our understanding of the
hydrometeorological processes that govern the varied stream chemistry response in a

small high-mountain tropical catchment.
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