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GRAPHICAL ABSTRACT

Characterizing solute budgets of a tropical Andean paramo
ecosystem

A minimum of daily sampling is required to obtain accurate export rates (difference < 10%)

*  We start from 4-hourly
stream samples of 24
solutes

-+ The interpolation method
was the most appropriate
for calculating export rates

Solute budgets
demonstrated high
concentrations of DOC,
TNb, Ca, K, Mg, Na, and Si

ABSTRACT

Monitoring solute fluxes in water quality studies is essential to reveal potential ecosystem disturbances, and is partic-
ularly important in Andean headwater catchments as they are the main sources of water for downstream populations.
However, such studies have mainly focused on organic matter and nutrients, disregarding other solutes that can
threaten water quality (e.g. arsenic, lead, calcium or magnesium). Additionally, routine low-resolution (weekly or
monthly) sampling schemes may overlook important solute dynamics. Therefore, we collected water samples every
four hours for the analysis of twenty-four solutes in a pristine tropical Andean paramo catchment. Solute fluxes
were calculated using five different methods. The 4-hourly data set was filtered to test for an optimum sampling fre-
quency without compromising export rates. Based on the available 4-hourly data, the results showed that the interpo-
lation export method was best suited, due to a weak correlation with discharges. Of the twenty-four solutes analyzed,
Dissolved Organic Carbon (DOC), Total Nitrogen bound (TNb), Si, Ca, Mg, K, and Na presented the highest input rates
(with DOC = 4.167E+08 mEq km ™2 yr~! and Si = 1.729E+07 mEq km ™2 yr ') and export rates (with DOC =
2.686E+08 mEq km 2 yr~! and Si = 2.953E+ 08 mEq km 2 yr~1). Moreover, DOC, TNb, NH,-N, NO,-N, NO3-N,
POy, Al, B, Cu, Fe, Zn, As, Cd, Cr, Pb, and V presented more input than export, while Ca, K, Mg, Na, Rb, Si, Sr, and
Ba presented more export than input (geogenic sources). Filtered sampling frequencies demonstrated that a minimum
of daily grab samples would be required to obtain reliable export rates with differences consistently below 10%, when
compared to the 4-hourly solute export. These findings can be particularly useful for the implementation of long-term
monitoring programs at low cost, and they provide high-quality information, for the first time, on biogeochemical bud-
gets in a pristine paramo catchment.
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1. Introduction

Quantification of solute fluxes in headwater catchments is essential to
assess the water quality of downstream receiving bodies. Solute budget cal-
culations in small catchments are useful as they can provide information
about natural or anthropogenic alterations (e.g., land-use changes, extreme
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rainfall, or atmospheric deposition effects on nutrient cycling and stream
chemistry) in the whole ecosystem (McDowell and Asbury, 1994). None-
theless, there have been no thorough stream solute studies in the Andean
paramo or other relatively undisturbed tropical alpine ecosystems. Despite
their importance as water towers that provide vital resources for down-
stream ecosystems and societies in terms of water quantity and quality
(Immerzeel et al., 2019), research on these ecosystems has mainly been fo-
cused on water quantity (Buytaert and De Bievre, 2012; Crespo et al.,
2011), with little attention to water quality (Correa et al., 2017). Therefore,
there is little scientific evidence to examine the assumption of clean waters
originating from paramo ecosystems. There has been a lack of research on
input, export, and solute budgets, and the factors controlling their dynamics
in the Andean paramo.

The main challenge when addressing solute budgets is the measurement
of continuous and, to the extent feasible, simultaneous solute concentra-
tions, together with continuous discharge measurements in order to calcu-
late export rates. Discharge values are generally recorded continuously
whereas stream grab samples are taken discretely and at different time res-
olutions. To assess this issue, several methods have been established to es-
timate solute concentrations. For instance, Walling and Webb (1985)
tested different average concentration estimators weighted by the dis-
charge. On the other hand, Johnson (1979), proposed using regression
models in order to estimate solute concentrations every time a discharge
measurement is available. Furthermore, Schleppi et al. (2006), interpolated
solute concentrations between measurements. However, the accuracy and
precision of these methods will depend on the correlations between concen-
trations and discharges. Therefore, the export rates may be biased by the
method used for calculation (Dann et al., 1986).

Another difficulty in quantifying export rates is the need for a sampling
frequency that covers the entire range of flows (Johnson, 1979). This can be
particularly important in small catchments that are highly responsive to
rainfall. However, most sample collections are based on a fixed schedule,
generally representing base flow conditions (Shanley et al., 2011). High-
frequency water quality monitoring is rather uncommon because of the
high analytical costs and the sampling constraints in remote locations
(Pesantez et al., 2021). Monitoring schemes in export studies generally in-
volve weekly, biweekly or even less frequent sampling resolutions, resulting
in the under-representation of high flow samples (Kirchner et al., 2004;
Moatar et al., 2012). Therefore, export rates could be significantly under-
or overestimated, especially if solute concentrations exhibit large variability
under different flow rates (Swistock et al., 1997). This, in turn, generates
uncertain solute budgets. As a result, high-frequency measurements have
the potential to provide more representative and accurate export rates.

In terms of water quality, most studies have focused on organic matter
and nutrients, such as carbon, nitrogen, and phosphorus (e.g., Kortelainen
et al., 2006; Ma et al., 2018; Mdller et al., 2005; Tang et al., 2008;
Vuorenmaa et al., 2002). Other researchers have also studied major cation
export such as calcium, potassium, magnesium, and sodium (e.g., Germer
et al., 2009; Piazza et al., 2018; Salmon et al., 2001). In the tropics, some
studies have monitored element cycling (e.g., Borbor-Cordova et al.,
2006; Biicker et al., 2011; Finér et al., 2004; Sanchez-Murillo et al., 2019;
Shanley et al., 2011), including nutrients and some cations as well. How-
ever, trace metals and other important chemical elements from an environ-
mental and public health perspective (e.g., drinking water, crops irrigation,
animal watering troughs) have not been considered, and in most cases only
low-frequency sampling was employed in the studies.

In this sense, the objectives of this study are to:

(i) calculate the rainfall input of organic matter, nutrients, cations, and
heavy metals in a pristine tropical Andean paramo catchment and
test different commonly used methods for export quantification with
high-frequency (4-hourly) data;

(ii) filter the high-resolution data and recalculate the export rates in order
to obtain an optimum sampling frequency for each solute and evaluate
whether or not the sampling hour (i.e., the time of day) has an effect
on the export rates; and
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(iii) calculate solute budgets and solute retention ratios with export rates at
a 4-hourly resolution, compared to the filtered data sets, as an indica-
tor of solute budget uncertainty.

2. Materials and methods
2.1. Study area

The study was conducted in a small (3.28 km?) catchment within the
Zhurucay Ecohydrological Observatory (ZEO), located in the high Andes
of southern Ecuador (elevations between 3200 and 3900 m.a.s.l.), that
drains into the Pacific Ocean to the west (Fig. 1). The broader ZEO is an ex-
perimental padramo catchment that is extensively monitored for hydromet-
ric, meteorological, and water quality data (Mosquera et al., 2016). The
catchment in this study is representative of the broader ZEO, with similar
hydrogeochemical processes and geomorphological features to other
areas within the ZEO (Correa et al., 2019).

The main soil types within the ZEO are Andosols and Histosols, with
74% Andosols and 22% Histosols in the study catchment (Mosquera
et al., 2015; Soil Survey Staff, 2003). These soil types are characterized by
their high organic matter content (commonly around 35%) and high
water retention capacity (Buytaert et al., 2007; Quichimbo et al., 2012).
The vegetation is typical for the pdramo ecosystem, with tussock grasses
covering the Andosols on the hillslopes and cushion plants covering the
Histosols in the valley bottoms.

The geology predominantly corresponds to the Quimsacocha Formation
(56%), which consists of basalt flows with plagioclases, feldspars, and an-
desitic pyroclastic deposits (Pratt et al., 1997), and the Turi Formation
(31%), that is composed of volcanic breccia, conglomerates, and fluvial
sands (Coltorti and Ollier, 2000). Both Formations correspond to the late
Miocene Epoch. Lastly, the catchment also contains Quaternary Formations
(13%) that were deposited during the glacial activity of the Last Ice Age
(Hungerbiihler et al., 2002).

The mean annual air temperature is 6 °C and the relative humidity is
high at around 91% throughout the year (Cérdova et al., 2015). Tempera-
ture and precipitation are characterized by low seasonality with an annual
average of 1345 mm at 3780 m.a.s.l. (Padrén et al., 2015). Precipitation is
homogeneously distributed in space and time over the study area, with no
bias and low mean daily precipitation errors, as evaluated via a dense net-
work of rain gauges (Lazo et al., 2019; Seminario, 2016). Mosquera et al.
(2015) determined an average annual discharge of 786 mm, with a runoff
coefficient of 0.63. Runoff is mainly generated from the Histosols, with sig-
nificant influences of pre-event water all year round (Correa et al., 2017).

2.2. Hydrometric data

Rainfall was measured with a Texas Electronics tipping-bucket rain
gauge (TR-525 M, Dallas, TX, USA) with 0.1 mm resolution and + 1% ac-
curacy. Spatial rainfall in pdramo ecosystems is well represented with one
rainfall station within distances of less than 4 km (Buytaert et al., 2006a,
2006b, 2006c¢). Additionally, the rain gauge, located in the mid-upper
part of the catchment, was consistent with the streamflow response
(Sucozhanay and Célleri, 2018).

Stream water level measurements were recorded every 5 min through
an INW (AquiStar CT2X, Kirkland, WA, USA) pressure transducer sensor
with +0.06% accuracy that was installed in a combined rectangular-V-
notch weir at the outlet (Fig. 1). The Kindsvater-Shen equation was applied
to transform the water-level data into flow rates (United States Bureau of
Reclamation, 2001). Finally, the rating curve was regularly calibrated
with salt-dilution streamflow measurements.

2.3. Water quality monitoring and sampling
The monitoring campaign was conducted from April 2018 to March

2019. Rainfall was accumulated in 1000 mL glass bottles to analyze nutri-
ents and in high-density polyethylene (HDPE) bottles to analyze cations
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Fig. 1. Study area (a), and location of the Zhurucay Ecohydrological Observatory (ZEO), (b) and (c).

and heavy metals. The bottles were located right next to the rain gauge.
Circular funnels with a 16 cm diameter were connected to the bottles and
plastic spheres (ping-pong balls) were placed inside to prevent evaporation
and contamination. Furthermore, the bottles were wrapped in aluminum
foil to reduce the effect of radiation. Bulk rain samples were collected
once or twice per week, depending on rainfall occurrence. After sampling,
collection bottles were cleaned with Type I distilled water to avoid sample
contamination, sediments and algae residues. On the other hand, stream
grab samples were collected every four hours using a Campbell Scientific
automatic sampler (PVS4100D, Logan, UT, USA).

Three replicate samples were collected, because the preparation of the
bottles and the conservation of the samples depends on the solute to be an-
alyzed. Samples were collected in 100 mL HDPE bottles. First, filtered sam-
ples (S1) were analyzed for Dissolved Organic Carbon (DOC). Second,
unfiltered samples (S2) were analyzed for Total Nitrogen bound (TNb),
NH4-N, NO»-N, NOs-N, and PO, (nutrients). Prior to sampling, S1 and S2
bottles were washed with Type II and Type I distilled water. Third, addi-
tional filtered samples (S3) were analyzed for Al, B, Ca, Cu, Fe, K, Mg, Na,
Rb, Si, Sr, Zn, As, Ba, Cd, Cr, Pb, and V (cations and heavy metals). Prior
to sampling, S3 bottles were washed with acid-washing equipment
(traceClean, Milestone, USA) using ultrapurified nitric acid (HNO3). More-
over, all bottles were rinsed with streamwater to further homogenize them. S1
and S3 samples were filtered in situ through 0.45 pm polypropylene single-use
syringe membrane filters (Puradisc 25 PP Whatman Inc., Clifton, NJ, USA). S1
and S2 sample groups were analyzed the day after collection. If the analysis
could not be conducted the day after collection, the samples were stored at
—4 °C for no more than one month prior to analysis. S3 samples were imme-
diately acidified with HNO5 (6%) to avoid trace metal precipitation and ad-
sorption, and analyses were conducted within two months of collection.

2.4. Laboratory analysis

DOC and TNb were analyzed with a liquid sample analyzer (elementar
vario TOC cube, Langenselbold, DE) with detection limits of 0.006 mg L™*
for DOC and 0.003 mg L™ ! for TNb. The other nutrients (NH,-N, NO,-N,
NOs-N, and PO,) were analyzed with a segmented flow analyzer (OI Ana-
lytical, TX, USA), and the detection limits were 0.003 mg L™! for NH,4-N,
0.0005 mg L~ * for NO,-N and NO3-N, and 0.001 mg L.~ for PO,. On the
other hand, Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
(Perkin Elmer, Waltham, MA, USA) was used to determine concentrations
of cations and heavy metals (Al, B, Ca, Cu, Fe, K, Mg, Na, Rb, Si, Sr, Zn,
As, Ba, Cd, Cr, Pb, and V).

For the TOC cube, Sigma Aldrich (P1088, S5506) (Darmstadt, DE) and
VWR Analytical (ACS) (Radnor, PA, USA) standards were used. The stan-
dards were Potassium hydrogen phthalate BioXtra =99.95% (Sigma Al-
drich, MO) for TOC, and Sodium Nitrate ReagentPlus =99.0% (Sigma
Aldrich, MO) and Ammonium Chloride =99.95% (VWR Analytical, PA)
for TNb. Six standards were used to build the calibration curve for the
TOC cube. For the OI Analytical, a Segmented Flow Analysis (SFA) method-
ology was conducted, as recommended in United States Environmental Pro-
tection Agency (USEPA) guidelines. Certified reference material (ISO 9001
registered and ISO 17025 accredited) (IV ICP-MS 71A, CCS 4, CCS 6,
CGSI1, CMS 1) by Inorganic Ventures (Christiansburg, VA, USA) was used
to control the quality of the ICP-MS measurements. A minimum of six
weight/weight dilutions of the reference material and Type I distilled
water were prepared and five calibration curves were constructed for the
ICP-MS. A Pearson coefficient of 0.999 was considered for all calibration
curves to guarantee accuracy. Every value corresponds to the mean of
three consecutive measurements.
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2.5. Concentration—discharge relationships

We classified storm events according to dilution, mobilization, or
chemostatic behavior to better understand solute dynamics. Logarithmic
concentration-discharge scatter plots were constructed to classify the solute
dynamics, with the slope of the concentration-discharge relationships indicat-
ing the class of solute dynamics: A negative sign indicates dilution, a positive
sign indicates mobilization, and where the slope is close to zero, chemostatic
behavior can be expected (Godsey et al., 2009; Moatar et al., 2012).

Dilution implies a depletion of the solute concentration with increasing
discharge, whereas mobilization behavior results in an increased solute
concentration as the discharge increases. Chemostatic behavior suggests
only small solute variations across a wide range of discharges (Knapp
et al., 2020).

The scatter plots used four selected events to illustrate solute dynamics,
with two events from the wetter period and two from the drier period. The
events were selected with the Peak Over Threshold method and multipeak
events were subdivided. This method involves selecting all peak discharges
that exceed a defined threshold in order to select single hydrological events.
The 30th percentile of the discharge range (baseflow rate) was used as a
threshold (Mosquera et al., 2015). The procedure was performed with the
POT R package (Ribatet and Dutang, 2018).

2.6. Input and export analysis

2.6.1. Rainfall inputs

Solute concentrations from the bulk rain samples were weighted by the
rain gauge measurements at the time of collection to obtain a volume-
weighted mean concentration (VWMC) (Eq. (1)). The VWMC was then mul-
tiplied by the amount of total rainfall in the catchment within the study pe-
riod to quantify solute input (Eq. (2)).

X CiP;
VWMC = @
XP;
Input = VWMC+Annual rainfall 2)

where, C; = measured concentration and P; = accumulated rainfall at the
time of collection.

2.6.2. Export rates

Usually stream grab samples are collected at a much lower frequency
than discharge measurements and we tested five commonly used methods
in this study.

— Method 1 (M1) used the grab samples to calculate a mean concentration
independently of the discharge (Eq. (3)).

— Method 2 (M2) estimated a mean solute concentration by weighting the
concentrations by an average discharge, which was calculated for every
four hours using the 5-min data (Eq. (4)).

— Method 3 (M3) weighted the concentrations by the instantaneous dis-
charge at sampling time (Eq. (5)), commonly known as the flow-
weighted mean concentration (FWMC). In the same way as the input,
the export rates for this method were calculated as the multiplication
of these mean concentrations by the total specific discharge within the
study period (Eq. (6)).

2 C;
C=—— 3)
n
C= C_Q’ 4)
20
2 GO,
FWMC = )
ZQ;
Export = C * Annual discharge 6)
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where, C = estimated average concentration, C; = measured concentra-
tion, n = number of samples, Q; = average discharge during the period in-
terval, Q; = instantaneous discharge at sampling time, and C = mean solute
concentrations from Egs. (3)—(5).

— Method 4 (M4) predicted solute concentrations with a regression model
(concentration vs. discharge) (Johnson, 1979). Five regression models
were tested (lineal, logarithmic, potential, exponential, and hyperbolic)
and they were selected for each solute based on the best-fit Pearson cor-
relation coefficient. The predicted solute concentrations were then de-
rived in relation to discharges measured using the 5-min data.

— Method 5 (M5) estimated solute concentrations by linearly interpolating
between solute measurements (Schleppi et al., 2006), obtaining a 5-min
concentration database from the 4-hourly data. The 5-min resolution es-
timations obtained from M4 and M5 were then multiplied by the corre-
sponding discharge measurements and summed to obtain the total
export rates (Eq. (7)).

Export = 2 Coy % Qg @

where, C,, = estimated concentration and Q;,;; = instantaneous discharge.

The input and export rates are shown in mEq km ™2 yr ™! to give the
same weight to all solutes regardless of the magnitude of their concentra-
tions. Nevertheless, in order to compare the results with other studies,
they are also presented in kg ha~! yr~! since mass fluxes are generally
expressed in these units (Cerny et al., 1994).

2.6.3. Optimum sampling frequency for export calculation

The optimum sampling frequency for solute export was assessed creat-
ing subsets at lower frequencies: 8-hly (8 h), 12-hly (12h), daily (D),
twice-weekly (TW), weekly (W), biweekly (B), and monthly (M). These
sampling frequencies were selected as they are commonly used in water
quality monitoring programs worldwide, and they were compared with
the 4-hourly measurements. Export rates were then calculated for all fre-
quencies and for each of the five methods previously described.

Additionally, we examined whether the sampling hour (i.e., time of
day) influences the export rates. Values were removed from the database
so that the sampling would always start at different hours: 02 h00, 06
h00, 10 h00, 14 h00, 18 h00, and 22 h0O0. This was done as a means of im-
itating a hypothetical fixed schedule where the sampling always takes place
at the same hour.

2.7. Statistical analysis

The percent relative error (Eq. (8)) was used to estimate the difference
between the export rates calculated with the five different methods as
well as between the sampling frequencies. This metric was selected because
merely evaluating absolute differences could be misleading. Relative errors
express an unbiased unit-free metric that is useful when comparing and in-
terpreting values in a purposeful context (Dawson et al., 2007). The export
rates calculated with the interpolation method (M5) were taken as refer-
ence. A 10% difference or “error” from the best estimate (M5) was deemed
as acceptable, as suggested by Swistock et al. (1997).

Estimated rt value — R t val
Erroy — EStimated export value eference export value « 100 ®)
Reference export value

2.8. Input—export budgets and retention ratios

The solute budgets were calculated as the difference between input and
export for each solute evaluated Eq. (9) (Cerny et al., 1994). Budgets were
also calculated with the export rates from the filtered frequencies estab-
lished earlier. A negative sign for the calculated budget reveals higher ex-
port than input, indicating geogenic and/or biologically active solutes
produced and leached from within the catchment. A positive sign implies
higher input than export, which is indicative of storage, adsorption and/
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or sedimentation processes. A budget close to 0 points to steady state be-
havior.

Budget = Input — Export )
Additionally, the retention ratio was calculated as a unit-free metric that

is useful for comparison purposes (Eq. 10). In order to compare among sol-
utes, we expressed this value as a percentage.

Input — Export

RR = * 100 (10)

Input

All analyses were carried out using R version 3.6.1 (R Core Team,
2019).

3. Results
3.1. Hydrometeorological and solute concentration dynamics

Fig. 2 shows the temporal dynamics for rainfall and discharge, along
with selected solute (Si and DOC) concentrations over the study year
2018-2019. DOC and Si concentrations in rainfall water were almost con-
stant throughout the year (sd = 1.58 mg L™ ' and sd = 0.06 mg L™ %, re-
spectively). Nonetheless, during the drier period (September—-November),
DOC increased (<10 mg L~ 1), whereas Si decreased slightly (>0.1 mgL™").

The solute concentrations in stream water revealed more marked trends.
DOC increased consistently with discharge, while Si decreased at higher
discharges. These dynamics can also be seen in Appendix A, showing
concentration-discharge relations and their R coefficients, as well as in Ap-
pendix B, which displays these concentration-discharge relations on a loga-
rithmic scale. DOC and Si concentration-discharge correlations are reflected
in the corresponding R coefficients (0.51 for DOC and — 0.49 for Si). The sol-
utes Al, Cu, and TNb exhibited the same behavior as DOC, whereas Ca, K, Mg,
Na, Rb, and Sr behaved similarly to Si. These similarities are supported by the
Spearman correlation coefficients (%) between pairs of solutes (Appendix C).
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The concentrations of nutrients and heavy metals did not manifest a clear re-
lation with discharge or with other solutes, as reflected in low and insignifi-
cant R coefficients (mostly <0.2) (Appendices A, B, and C).

For a better visualization of the classified concentration-discharge rela-
tionships (Appendices D, E, F, and G), we selected three solutes that represent
three behaviors with different dynamics during storm events (Fig. 3). DOC
demonstrated a clear mobilization behavior for all events (Fig. 3 upper
panel), in contrast to Si, which displayed an unambiguous dilution behavior
(Fig. 3 middle panel). On the other hand, As exhibited chemostatic behavior
(Fig. 3 lower panel), with a more marked trend during the events correspond-
ing to the dry period. DOC was representative of the behavior of TNb, NH4-N,
Al, B, Cu, Fe, Zn, and Pb; while Si exemplified the behavior of Ca, K, Mg, Na,
Rb, and Sr. Solutes such as POy, Ba, Cd, Cr, and V had different behaviors de-
pending on the event period (wet or dry). The concentration-discharge rela-
tionships for all solutes can be seen in Appendices D, E, F, and G.

3.2. Rainfall solute inputs

Table 1 shows the rainfall input to solute budgets. DOC presented the
largest annual input to the system with 4.17E + 08 mEq km ™2 yr ™ *. Nutri-
ents such as TNb and NH,4-N also had high inputs, while PO, and NO»-N
presented the lowest nutrient supply. Among all cations, Si showed the
greatest input with 1.72E +07 mEq km ™2 yr~'. The base cations also ex-
hibited high inputs as follows: Ca > Na > K > Mg. The remaining cations
yielded minor rainfall inputs; the lowest being 1.77E+03 mEq km ™2
yr~! for Rb. The input values were much lower for the heavy metals,
with Cr showing the highest rate (5.52E +04 mEq km ™2 yr~!) and Cd
the lowest (1.69E +03 mEq km ™2 yr ™ !). For comparison purposes, Appen-
dix H shows the results from Table 1 in kg ha™! yr~! and the VWMC.

3.3. Solute export
3.3.1. Comparing different methods and performance

Evaluation of the performance of each method requires a reference or
“benchmark” method that is assumed to provide the most accurate export
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Fig. 3. Concentration-discharge relationship scatter plots on logarithmic axes indicating the three hydrochemical behaviors (under wet and dry conditions).

rate. The regression method (M4) is often used as reference, based on a
flow-concentration curve. Here, even the 4-hourly data did not show strong
correlations with discharge (Appendices A and B). The highest R coeffi-
cients were around 0.5 (for Si and DOC), with values as low as 0.01 for
Cr. Therefore, the interpolation method (M5) was chosen as the reference
method for comparisons across methods, as suggested by Aulenbach et al.
(2016) (see Section 2.6.2. Export rates). Fig. 4 shows the export difference
between M5 and the other methods analyzed at different sampling frequen-
cies.

M1 reported significantly higher differences than the other methods, ei-
ther under- or overestimating the export. Very few solutes reported differ-
ences below 10% (e.g., NH4-N, POy, As, Cr). DOC, TNb, NO3-N, POy, Al,
Cu, Zn, and Cd were underestimated at all frequencies. NH4-N, B, and Pb
were also generally underestimated, although they had slight overestima-
tions at certain frequencies. The highest underestimation with M1 was
35% for Cd with twice-weekly samples. By contrast, NO,-N, Ca, Fe, K,
Mg, Na, Rb, Si, Sr, As, Ba, and V presented overestimations at all frequen-
cies, with a slight underestimation for As at a biweekly frequency. The
highest overestimation with M1 was for Rb with a 50% difference at a
monthly frequency.

M2 generally yielded export underestimations for all solutes. A few
minor overestimations were found for some solutes (Fig. 4), with differ-
ences below 5% in most cases (e.g., Fe, Mg, Na, and V with twice-weekly

Table 1
Rainfall inputs for the twenty-four solutes analyzed in mEq km ™2 yr~ 1.

Solute Input
(mEqkm~2yr~1)

Solute Input
(mEq km ™2 yr~?)

Nutrients DOC 4.167E+08 Cations Al 4.177E+06
TNb 1.701E+ 08 B 2.381E+05
NH4-N  4.750E+07 Ca 5.778E+06
NO,-N  1.696E+06 Cu  5.404E+04
NOs-N  1.759E+07 Fe 1.875E+06
PO, 1.998E+ 06 K 2.890E + 06
Heavy metals  As 3.675E+03 Mg 2.177E+06
Ba 2.142E+04 Na  4.376E+06
Cd 1.686E+ 03 Rb 1.767E+03
Cr 5.519E+04 Si 1.729E+07
Pb 2.827E+03 Sr 2.009E + 04
v 1.054E+ 04 Zn 1.448E+06

samples or Mg, Na, Rb, and Zn with weekly samples). Solutes such as
PO,, Cr and Cd did not follow a pattern for different sampling frequencies,
with Cd presenting both the highest under- and overestimation with M2
(21% and 40% difference, respectively).

Export calculated with M3 did not reveal a general pattern among sol-
utes or sampling frequencies (Fig. 4). Solutes positively correlated with dis-
charge were always overestimated (DOC, TNb, Al), the highest being 20%
for daily TNb. This pattern was reversed for solutes negatively correlated
with discharge (Ca, Mg, Na, Si), with differences up to 11% for biweekly
Na. Cr was the only heavy metal with differences above 10% for M3. PO,
reported the highest underestimation with a 38% difference using biweekly
samples for M3. For certain solutes (e.g., B, Cu, Fe, K, Rb, Cd), this method
appeared to be the one with the most similar export rates to those under
M5, with all differences below 10%.

M4 yielded higher export differences than M2 and M3, as can be
seen in Fig. 4. Ca, Fe, K, Mg, Na, Rb, Si, Sr, As, Ba, and V were
underestimated at all sampling frequencies with M4. Rb presented the
largest underestimations using this method, with the highest being
37% with twice-weekly sampling. DOC, Al, Cu, and Cd were always
overestimated, with differences of up to 24% for Al at biweekly sam-
pling. B presented the highest export overestimations with M4, with
differences around 40%. Since the nutrients did not have a strong
concentration-discharge relationship, they were randomly under- or
overestimated, depending on the sampling frequency. NH4-N and PO,
presented higher differences (~ 25%) at lower sampling frequencies,
starting at twice-weekly sampling frequencies.

3.3.2. Solute export rate estimates

Table 2 shows the export rates with M5 (the reference method) with the
4-hourly data. The highest export rates were Si with 2.95E + 08 mEq km ™2
yr~ 1, followed by DOC with 2.69E +08 mEq km ™2 yr~! and TNb with
2.94E+07 mEq km ™2 yr~'. The base cations were exported according to
the following order: Na > Ca > Mg > K, with 2.38E+07 mEq km ™% yr~*
for Na. Just as for the rainfall input, Rb presented the lowest cation export
rate of 4.73E+03 mEq km ™2 yr ™', The nutrient NO5-N showed an export
rate of 2.63E+06 mEq km 2 yr ! and PO, displayed a rate of 2.10E
+05 mEq km ™2 yr~'. The heavy metals presented the lowest export
rates of all solutes. The export of heavy metals ranged from 9.81E
+04 mEq km~2 yr~! for Ba to 8.36E+02 mEq km ™2 yr~! for As
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(Table 2). The export rates at all analyzed sampling frequencies can be
found in Appendix I (mEq km ™2 yr~ 1) and Appendix J (kg ha™* yr 1.

3.3.3. Optimum water quality sampling frequency

Fig. 5 shows 4-hourly solute export compared to all other frequencies
calculated using M5 to evaluate the effect of the sampling frequency on ex-
port rates. The 8-hourly, 12-hourly and daily export showed differences
below 10% for any sampling hour with few exceptions (notably daily
NOs3-N). Higher than daily sampling frequencies resulted in increasing dif-
ferences and in a stronger influence of the sampling hour on export esti-
mates.

The nutrients presented random under- and overestimations depending
on the sampling hour (Fig. 5) with twice-weekly sampling. For instance,
NOs3-N was underestimated at 22 h00, but at 10 h00 it was overestimated,
with differences of around 20%. PO, presented the largest nutrient overes-
timation at the twice-weekly sampling frequency, with a 42% difference (at

Table 2

4-hourly export rates calculated using the interpolation method (M5) for the

twenty-four solutes in mEq km =2 yr~?.

Solute 4-hourly Export Solute 4-hourly Export
(mEqkm ™~ 2yr~1) (mEq km 2 yr~1)

Nutrients DOC 2.686E+08 Cations Al 2.184E+06

TNb 2.940E + 07 B 9.083E + 04

NH4-N 1.612E+06 Ca 1.709E+07

NO,-N 3.920E+ 05 Cu 4.665E + 04

NO3-N 2.630E+ 06 Fe 1.603E+06

PO4 2.100E + 05 K 4.368E+06
Heavy As 8.358E+02 Mg 7.593E+06
Metals Ba 9.809E + 04 Na 2.379E+07

cd 1.248E+03 Rb 4.725E+03

Cr 7.143E+03 Si 2.953E+08

Pb 1.756E+03 Sr 2.673E+05

v 2.932E+03 Zn 1.648E+05

10 h00). The cations showed steady results as the resolution was lowered,
with an average difference increase of 4%. Cr presented the largest heavy
metal overestimation with a 35% difference (at 10 h00).

At a weekly and biweekly sampling frequencies, the differences in-
creased further for almost all solutes, generally yielding underestimations
at any sampling hour (Fig. 5). Monthly sampling resulted in large and fluc-
tuating differences (Fig. 5), such as a 30% underestimation at 06 h00 for
DOC.

3.4. Total solute budgets and retention ratios

The total solute budgets subtract the annual export from rainfall input
rates. A positive budget represents an accumulation of a certain solute in
the catchment, whereas a negative value implies that the given solute is
being removed (Cerny et al., 1994). Fig. 6 shows the retention ratio (in per-
centage) with the 4-hourly export results. Most solutes exhibited positive
budgets indicating greater inputs than export, as can be seen from Fig. 6.
DOC and TNb had the highest positive budgets with 1.48E+08 mEq
km ™2 yr~! (64%) and 1.41E+08 mEq km 2 yr~! (17%), respectively.
All nutrients were accumulated in the system (positive budgets), ranging
from 4.59E+ 07 mEq km ™2 yro 1 (3%) for NH4-N to 1.30E+06 mEq
km 2 yro 1 (23%) for NO,-N. Heavy metals (except for Ba) were also accu-
mulated in the catchment, with the highest and lowest budgets ranging
from 4.81E + 04 mEq km ™2 yr~! (13%) for Cr to 4.38E +02 mEq km 2
yr~! (74%) for Cd. The only cations that presented positive budgets were
Al, Zn, Fe, B, and Cu, ranging from 1.99 E+ 06 mEq km ™2 yr_1 (52%)
for Al to 7.39E+ 03 mEq km ™2 yr~ ! (86%) for Cu.

By contrast, the base cations Si, Na, Ca, Mg, and K presented negative
budgets. These budgets ranged from —2.78E+08 mEq km™? yr—!
(1707%) for Si to —1.48E +06 mEq km™2 yr_1 (151%) for K. Both, posi-
tive and negative budgets were constant for all tested sampling frequencies
(Appendices K and L), regardless of the reported export under- or overesti-
mations.
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4. Discussion
4.1. Chemical rainfall input composition in the Andean pdramo

Our study revealed that rainwater had high concentrations of DOC and
TNb. The VWMC (Appendix H) (1.91 mg L~ ! for DOC and 0.91 mg L™ ! for
TNb) were comparable to those found in a tropical montane forest in south-
ern Ecuador with an average DOC concentration of 4.3 mg L ™! and 0.42 mg
L~ for TND (Goller et al., 2006). Similarly, NH4-N (3.32kgha ™' yr 1) and
NOs-N (1.23 kg ha™! yr ') inputs were comparable to the montane forest:
2.6 kgha ! yr~! for NH4-N and 3 kg ha™ ! yr~! for NO5-N (Wilcke et al.,
2001). The high DOC and nutrient input could be explained by precipita-
tion frequently originating from the western Andean slopes of the Amazon
(Buytaert et al., 2006a, 2006b; Esquivel-Hernandez et al., 2019; Vuille
et al., 2000). Tropical forests are characterized by high concentrations of
C, N, and P compounds (Moller et al., 2005; Shanley et al., 2011) in rainfall,
throughfall, and litter leachate, which may explain the high inputs of these
solutes to the ecosystem.

The base cations presented lower input rates in the catchment area than
in montane forests, with values around 1 kg ha™* yr~! for Ca, Na, and K
(Appendix H); while in the forest, average rates of 5.6 kg ha~' yr ! of
Ca, 43 kg ha™! yr~! of Na, and 8 kg ha™! yr~! of K (Biicker et al.,
2011), and 3.9 kg ha™! yr~* of Ca, 19 kg ha™ ! yr ! of Na, and 3.7 kg
ha™!yr~! of K (Wilcke et al., 2001) have been reported. The slightly higher
cation input rates in the montane forest may be attributed to solute
recycling leached from leaves (Wilcke et al., 2001). Additionally, there
has been an increase in the concentration of cations in the last decade
due to fires in the Amazon forest (Wilcke et al., 2020). To the best of our
knowledge, no literature is available to compare with our calculated
input rates for the remaining cations (B, Cu, Rb, Si, and Sr) and heavy
metals.

4.2. Export calculation methods, sampling frequency and hour

The use of M5 as the reference method stands in contrast to previous
studies that have found the regression method to work best (Johnson,
1979; Swistock et al., 1997). However, these studies reported strong
concentration-discharge relationships with R coefficients between 0.68
and 0.91 for Al (Swistock et al., 1997) compared to R = 0.48 found here.
Likewise, Schleppi et al. (2006) found determination coefficients (@)
greater than 0.8 for Ca and Mg. Here, R coefficients below 0 were found
for both solutes. The export method should be selected based on flow vari-
ability, sampling resolution and design, and the strength of the
concentration-discharge relations (Aulenbach et al., 2016; Shih et al.,
2016). In this sense, the interpolation method is a reasonable approach
for solutes with weak or non-existent concentration-discharge relations.

M1 consistently reported the highest differences among all methods com-
pared. Because this method does not consider discharge, base-flows are over-
represented in the mean solute concentrations, since the same weight is
assigned to all concentration values. The cations that are negatively corre-
lated with discharge presented significant overestimations under M1
(Fig. 4). These findings were also reported by Schleppi et al. (2006) for a
small mountain stream in Switzerland. This effect is reversed when solutes
are positively correlated with discharge (Walling and Webb, 1985), since
most of the export occurs during high flows. Such is the case for DOC,
TNb, Al, Cu, Zn, and Cd, which consistently yielded underestimated export
rates using M1.

M2 showed lower differences than M1 and M4, but export rates were al-
ways underestimated. These findings may be explained by the fact that
when the average discharge is considered, particularly in low-frequency
sampling schemes, storm-flow conditions are under-represented, thereby
resulting in lower export rates (Aulenbach et al., 2016; Dann et al., 1986;
Hopkins et al., 2017; Johnson, 1979).

M3 had differences mainly below 10% for most solutes (DOC, cations,
and most heavy metals). The FWMC method is commonly used in export
studies since the concentrations are weighted by the instantaneous
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discharge and small changes are more sensitive with high-frequency data.
The M3 4-hourly export rates were similar to the 5-min interpolated data
(M5).

M4 overestimated the export for solutes positively correlated with dis-
charge and underestimated export for negatively correlated solutes (con-
trary to M1). Regression-based methods generally emphasize high flows
with higher contributions to the total solute export (Dann et al., 1986). Ad-
ditionally, at lower sampling frequencies, the 4-hourly best-fit regression
function and parameters no longer applied, indicating potentially mislead-
ing models. As a result, M4 exhibited high export differences, particularly at
lower sampling frequencies (Fig. 5). This finding further supports the use of
MS5 as the reference model.

Overall, Si (20.73 kg ha™! yr’l), Na (5.47 kg ha™! yr’l), Ca (3.43 kg
ha='yr 1), Mg (0.93 kg ha™! yr™1), and K (1.71 kg ha™* yr ') were
the cations with the highest export (Appendix J). The findings are compara-
ble to a tropical montane forest in southern Ecuador with 11-14 kg ha™*
yr~ ! for Na, 6-8 kg ha™ ! yr™* for Ca, 4-5 kg ha™! yr~! for Mg, and 7-8
kg ha~! yr~?! for K (Biicker et al., 2011). The relatively larger export
rates in the forested catchment may be attributed to tree canopies effec-
tively trapping dry deposition from the atmosphere (Finér et al., 2004). Ex-
port of these cations is generally associated to weathering of the parental
material (McDowell et al., 1995; Musolff et al., 2015; Reynolds et al.,
1997), and weathering rates can be particularly high in tropical humid eco-
systems as they are amplified by large amounts of CO, in the surrounding
soil atmosphere (Bhatt and McDowell, 2007; McDowell et al., 1995;
McDowell and Asbury, 1994). Additionally, small volcanic watersheds
tend to have high cation stream concentrations (Wymore et al., 2017). No
other studies of tropical environments could be found to compare to the cal-
culated export of Rb or Sr in the catchment area, although sources of these
solutes are primarily attributed to weathering of plagioclase (Turner et al.,
2010). This is corroborated by a study in the ZEO, where Correa et al.
(2019) found the same sources and concentration-discharge relations for
these solutes as for the base cations (Fig. 4). Large DOC export (16.13 kg
ha™! yr~!) may be due to the high amounts of organic carbon in the soils
and that runoff in this ecosystem is mainly generated from the wetlands/
Histosols (Lazo et al., 2019; Pesantez et al., 2018). For a tropical rainforest
catchment in Costa Rica, Sdnchez-Murillo et al. (2019) found significantly
lower DOC values, with an average annual rate of 6.70E-07 kg ha™'.
Aitkenhead-Peterson et al. (2007), found export rates ranging from 1.7E
+05kgha ' yr ! to 1.05E+06 kg ha™! yr ! in 56 streams in Scotland
with similar soil conditions (peatlands) but a temperate climate
(Aitkenhead et al., 1999). See also Sanchez-Murillo et al. (2019) for a com-
parison of literature on DOC export in tropical and global streams.

Solutes with a similar concentration-discharge relationship to DOC are
assumed to be exported in parallel. For instance, TNb is exported during
high flows by leaching (Ritson et al., 2019). Likewise, Correa et al. (2017)
demonstrated that Al and Fe sources in the study site are mainly shallow
soil horizons. Both solutes contribute to the accumulation of carbon in
soils when organometallic complexes are formed due to volcanic ash break-
down (Buytaert et al., 2006a, 2006b, 2006c). This may imply that these sol-
utes are also exported along with DOC as described by Knorr (2013) and
Kortelainen et al. (2006). The Al export rate (1.97E-01 kg ha™! yr ) was
similar to that found by Boy et al. (2008) in the tropical montane forest,
where the average export was 3.03E-01 kg ha™' yr ™!, while Fe export
(4.48E-01 kg ha™! yr_l) was much lower than that which Kortelainen
et al. (2006) reported as an average for Finnish catchments (2.8E+ 04 kg
ha™!yr1). Cuand Zn presented higher concentrations at higher discharge
levels (Fig. 3, Appendices A, D, E, F, and G). Previous studies in different
ecosystems have reported similar patterns, such as Wilcke et al. (2001)
for tropical montane forests or Xue et al. (2000) for a small agricultural
catchment in Switzerland.

The nutrients NH4-N (1.13E-01 kg ha~ ! yr~ 1) and NO5-N (1.84E-01 kg
ha~! yr™1), displayed export rates that were somewhat similar to those
found in other tropical catchments. Boy et al. (2008) found average export
rates of 1.4 kg ha™! yr~! for NH4-N and 1.06 kg ha™! yr ! for NOs-N in a
montane forest, and Germer et al. (2009), found 1.95 kg ha™! yr~* for
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NH,-N and 0.3 kg ha™* yr ! for NOs-N in an undisturbed amazon catch-
ment in Brasil. The slightly higher results are coherent since both are for-
ested catchments and nutrient concentrations tend to be higher in such
catchments due to increased biotic demand (Goodale et al., 2000). Further-
more, Huang et al. (2012) found average NOs-N yields of 58,500 kg km™2
yr~ ! in three relatively pristine subtropical forested catchments in Taiwan.
This value may point to increased export rates caused by the use of fertil-
izers (Huang et al., 2012).

Heavy metals concentrations in undisturbed catchments can also be as-
sociated with physical weathering. In the ZEO, Correa et al. (2019) found
the highest concentrations of Ba and V in spring water, suggesting deeper
geogenic sources. For an agricultural catchment in France, the export
rates were significantly larger, with 100 kg ha™~* yr~* for As, 3 kg ha™!
yr~ ! for Cd, 410 kg ha™! yr~?! for Cr, and 110 kg ha™"! yr™! for Pb,
which is attributed to the use of pesticides (Roussiez et al., 2013). Similarly,
on a former mining watershed in France, the export rates were 2119 kg of
As, 24.5 kg of Cd, and 2360 kg of Pb for just a single 24-h event sampled
every hour (Resongles et al., 2015).

The concentration-discharge relations demonstrated that DOC, TNb, Al,
Cu, Fe, and Zn concentrations increase with discharge. As stated before,
these solutes are exported from shallow horizons during storm events,
which indicates a mobilization behavior in line with Moatar et al. (2017)
and Wymore et al. (2017). By contrast, base cations such as Si, Ca, K, Mg,
and Na weathering sources were characterized by a decrease in solute con-
centrations during storm events, representing a dilution behavior. Similar
findings were reported in other tropical volcanic catchments in Puerto
Rico (Stallard and Murphy, 2014; Wymore et al., 2017). The nutrients
and heavy metals showed random variations in their concentrations, dis-
playing different behaviors depending on the storm event analyzed (Appen-
dices D, E, F, and G).

Due to the availability of 4-hourly high-frequency data, various sam-
pling schemes could be tested to determine the minimum acceptable mon-
itoring frequency without compromising the export results. As expected,
sampling frequencies beyond daily yielded the highest export differences
with the reference method (beyond 10%) in our study site (Fig. 5). They
would also imply a cost reduction of around 80% in our study. This cost es-
timate includes sample collection and analysis, transportation, and human
resources.

These results reflect those of Tang et al. (2008), who reported N and P
underestimations of 30% with weekly samples in a Chinese subtropical
catchment. Additionally, these results further support the idea that monthly
to weekly samples are not reliable to draw conclusions about a catchment's
hydrochemical behavior (Kirchner et al., 2004).

Our study also found that for DOC and most cations no relevant effect of
the sampling hour was identified, with differences mainly below 10%.
These results would imply that sampling could be done during any time
of the day, regardless of the sampling frequency. However, this is not the
case for nutrients and heavy metals. The export rates were randomly
under- or overestimated depending on the sampling hour, particularly at
lower frequencies. These findings may be related to specific ecosystem hy-
drometeorological and biogeochemical processes. In the ZEO, Correa et al.
(2017), Lazo et al. (2019), and Mosquera et al. (2015) have highlighted the
importance of wetland contributions to runoff generation. Hence, a possible
explanation might be that rainfall in the ZEO is predominant during the af-
ternoon hours (Carrillo-Rojas et al., 2019; Padron et al., 2015), which
would produce soil water recharge at night and consequently an export
from shallow horizons. As for heavy metals, Walling and Webb (1985) indi-
cate that the degree of under- or overestimation will depend on the concen-
tration variability of each solute. This statement becomes true for heavy
metals because of their particularly low concentrations, where a small var-
iation can be significant.

4.3. Negative and positive total solute budgets in a pdramo ecosystem

The majority of the solutes presented positive budgets considering that
rainfall inputs were not particularly high nor the export rates particularly
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low. This would imply that the catchment is accumulating solutes. These re-
sults may even be understated since only rainfall input was considered, and
fog and dew are presumed to be an important input in cloudy humid ecosys-
tems (Bendix et al., 2008; Buytaert et al., 2006a, 2006b, 2006¢; Schmitt
et al., 2018). These additional solute inputs are yet to be studied.

DOC and TNb exhibited the highest net gains among all solutes ana-
lyzed. These findings may suggest that rainfall is an important source of car-
bon to the ecosystem, contributing to the large carbon storage in soils and
therefore to carbon in stream water. However, Carrillo-Rojas et al. (2019)
demonstrated that the ZEO acts as a source of atmospheric carbon.

Si and the base cations (Na, Ca, Mg, and K) presented the highest export
rates during the study period. These findings imply that the catchment is re-
leasing Si and base cations to stream water. These solutes are associated
with geological weathering and are released from the same sources
(Correa et al., 2017). Some researchers have studied different scenarios in
which rock weathering may be altered. For instance, in future climate-
change scenarios where temperature, precipitation, and atmospheric CO5
levels are expected to increase, weathering is assumed to be dramatically
enhanced (Hung et al., 2020; Lindberg and Turner, 1988; Qafoku, 2015).
In fact, Gislason et al. (2009) demonstrated that weathering rates have al-
ready been increasing over the past four decades as a consequence of global
warming. Moreover, Kaushal et al. (2017), suggested that urbanization can
also increase the export of solute concentration of cations from headwater
catchments to downstream receiving bodies. These findings could pose
challenges for water purification plants, irrigation systems, water distribu-
tion, and even long-term health risks.

5. Conclusions

This study aimed to quantify solute fluxes in a pAramo ecosystem testing
different commonly used export methods and to establish an optimum sam-
pling frequency to be used in water quality monitoring programs.

The solute fluxes revealed that this ecosystem has high concentrations
of DOC, TNb, Si, and base cations. They also showed that streamwater
from the paramo naturally contains heavy metals due to the volcanic origin
of the soils. These values are likely to rise due to enhanced weathering rates
caused by climate change-induced increased atmospheric emissions.
Concentration-discharge relationships revealed clear solute dynamics of
discharge, with DOC, TNb, Al, Fe, and Cu representing mobilization behav-
iors, and Ca, K, Mg, Na, and Si representing dilution behaviors. These find-
ings can be used as a baseline for possible water quality alterations in
péramo headwaters in the future.

The selection of the most suitable export method for each ecosystem
should be based on several factors, including sampling frequency, sampling
representativeness of the entire range of flows, the strength of the
concentration-discharge relationships, and discharge variability. In this
paramo ecosystem, the interpolation method was found to be the most ap-
propriate for 4-hourly data.

A minimum of daily stream samples is recommended in order to esti-
mate export rates accurately (< 10% difference) and avoid severe underes-
timations at lower sampling frequencies. However, the sampling hour may
be an important issue to consider if nutrients or heavy metals will be ana-
lyzed. These results will help optimize and/or reduce monitoring resources
and establish proper long-term sampling programs at low cost and mainte-
nance, according to the research needs. Future research should consider fog
and dew water inputs to solute budgets.
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