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ABSTRACT

Caffeine is used worldwide as a chemical tracer to identify anthropic pressures on urban
water resources. Nevertheless, its quantification demands great financial investments. This
research created a model that would indirectly determine a range of possible caffeine
concentrations along an urban river, without the need for extensive laboratory work. The model
is based on Canonical Correlation Analysis (CCA), which can correlate two sets of different-
sized independent and dependent variables in order to generate a single empirical equation. This
equation takes as input the concentrations of ammonia nitrogen and orthophosphate, as well as
the total population and the population inhabiting irregular housing areas. From the model’s
results, it was possible to elaborate a spectrum of possible concentrations of caffeine along the
Atuba River (Curitiba-Brazil). The tendency of water quality degradation of this river was also
predicted. This model could become a useful preliminary analysis for water resource managers
and researchers alike.

Keywords: caffeine, canonical correlation analysis, water quality modeling.
Modelagem indireta de cafeina em um rio urbano

RESUMO

A cafeina ¢ utilizada mundialmente como um tracador quimico para identificar pressées
antropicas em recursos hidricos urbanos. No entanto, a sua quantificacdo demanda grandes
investimentos financeiros. Este estudo tem como objetivo criar um modelo que determinaria,
indiretamente, uma banda de possiveis concentragdes de cafeina ao longo de um rio urbano,
sem a necessidade de esfor¢o laboratorial. O modelo se baseia na andlise de correlacéo
canbnica, que é capaz de correlacionar dois conjuntos de variaveis, dependentes e
independentes, de diferentes dimensdes e gerar uma equagdo que resumiria a relagdo. Esta
equacao utiliza como entrada as concentracdes de nitrogénio ammoniacal e ortofosfato, e como
saida a populacdo total, e habitantes em zonas irregulares, assim como a concentragdo de
cafeina. A partir do modelo, foi possivel elaborar uma banda de possiveis concentracdes de
cafeina ao longo do rio. Este modelo possui a capacidade de ser utilizado como uma ferramenta
preliminar para gestores e pesquisadores.
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1. INTRODUCTION

The rise in urban population in the last decades has put increasing pressures on urban water
bodies. These pressures include increased water demand, wastewater influx and pollution
discharge onto these systems. The degradation of the water quality of urban rivers has become
a challenge faced by society and academia when attempting to supply the population with water
with enough quality and quantity (Woodhouse and Muller, 2017; Han et al., 2018).

Caffeine is a stable compound under different environmental conditions. It is also very
soluble and not volatile. It may be used as an indication of the discharge of wastewaters into an
urban river. Due to these characteristics, several studies have indicated the viability of caffeine
(1,3,7 — trimethylxanthine) as a chemical tracer for the identification of domestic wastewater
discharge, compared with other microbiological or chemical indicators (Dafouz et al., 2018;
Mizukawa et al., 2019). Also, there exists a possible correlation between high concentrations
of caffeine and the presence of viral genome in natural waters has been observed (Gourmelon
et al., 2010, Sidhu et al., 2013, Kumar et al., 2019, Rimoldi et al., 2020).

The determination of caffeine concentrations in natural waters can be costly and labor
intensive. The machinery, the specialized personnel, the laboratory facilities and glassware, the
chemical reagents and consumables are neither easy to acquire nor inexpensive (Colim et al.,
2019). Therefore, budgetary limitations constrain repeated caffeine analyses. To circumvent
this problem, a model which could indirectly estimate caffeine concentrations in an urban river
would be a useful tool for water resource managers and researchers, due to lower costs and
faster assessment of the water quality situation. A statistical method that could be used in this
context and for which can correlate different sets of multiple independent and dependent
variables could be correlated and transformed into an equation is the Canonical Correlation
Analysis (CCA) (Hotelling, 1936; Malacarne, 2014; Tiyasha et al., 2020).

CCA has seen an increase in use in environmental sciences for its ability to identify and
quantify possible associations among groups of different-sized sets of independent and
dependent variables. Some examples of these properties: Gershunov et al. (2018) have used
CCA to quantitatively assess the effect of the precipitation on water quality of coastal waters in
the USA; Wei et al. (2018) have observed the relationship among 5 types of heavy metal
pollution to 9 different traditional water quality parameters and concluded that for the case of
the Dongtinghu Lake orthophosphate, E. Coli and the concentration of dissolved organic
presented the highest correlation to the heavy metal pollution; Khalil et al. (2011) have
implemented a CCA-based neural network to model and forecast water quality parameters of
the Nile River, Egypt, using the rainfall in 50 different sub catchments of the river as input.

This study aims to present a model that can predict caffeine concentrations along an urban
river, using the Atuba River as the study area. The parameters used as inputs for this model are
the concentrations of ammonia nitrogen and orthophosphate and the total population (and the
population in irregular housing) in this river’s basin. The concentrations for the compounds
were set as being dependent on the socio economic parameters. Such a model could improve
the understanding of the behavior of contaminants along an urban river and its relationship to
social characteristics of the population.

2. MATERIAL AND METHODS

2.1. STUDY AREA
The Atuba River Basin is located entirely within the Curitiba Metropolitan Area (CMA)
in the State of Parana (Southern Brazil). It has a total area of 129.94 km?2. Its main course (the
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Atuba River) is 21.57 km long. About 562,700 people inhabited this basin at the time of the
sampling. This population is spread through 4 different municipalities (Curitiba, Pinhais,
Almirante Tamandare, and Colombo).

The Atuba River was chosen for this study for three reasons: 1) The river’s basin is totally
urbanized; 2) Though it occupies only 0.8% of the CMA’s total area, it is responsible for 15%
of the CMA’s total gross income; 3) It is socially and physically diverse along its main course.

In early April/2019, 20 surface water samples were collected from the river. The locations
of the sampling sites are shown in Figure 1. They were designated from P1 to P20, by their
proximity to the river’s spring. The zone of hydrological influence of each sampling site is also
presented. These were used to establish the population of influence for each site.

Figure 1. a) Location of the State of Parana within Brazil; b) Location of the Iguassu
River Basin (yellow) and the Atuba River Basin (red) within the State of Parana; c)
Location of the sampling sites, and zones of hydrological influence, on the Atuba River
Basin.

The socio economic profiles of the inhabitants are unevenly distributed throughout the
length of the river. Table 1 presents the distribution of the population for each of the sampling
sites, as well as the distribution of the residents that inhabit irregular housing within each zone
of hydrological influence.

The socio economic diversities of the profiles within the zones of hydrological influence
for the 20 sampling sites may be divided into three specific regions: a) zones for sites P1 to
P10 are characterized by sparse regularized horizontal housing; b) zones for sites P10 to P16
are characterized by denser high-income vertical housing; c) zones for sites P17 to P20 are
characterized by denser low-income irregular horizontal housing.

BN Rev. Ambient. Agua vol. 17 n. 2, 2810 - Taubaté 2022
IPABH?



4 Luis Otavio Miranda Peixoto et al.

Table 1. Distribution of total population and inhabitants is irregular for the zones of hydrological
influence of the 20 sampling sites along the Atuba River.

Site POP APOP  POPi APOPi Site POP APOP  POPi APOPI

P1 58,526 58,526 0 0 P11 498 264,423 86 3,780
P2 36,966 95,492 841 841 P12 8,768 273,191 263 4,043
P3 21,329 116,821 560 1,401 P13 13,068 286,259 194 4,237
P4 35676 152,497 312 1,713 P14 133,831 420,090 2,885 7,122
PS 45,075 197,572 549 2,262 P15 15,687 435,777 506 7,628
P6 3,405 200,977 91 2,353 P16 8,407 444,184 550 8,178
P7 6,460 207,437 162 2,515 P17 43,525 487,709 2,687 10,865
P8 17,912 225349 716 3,231 P18 33,241 520,950 2,943 13,808
P9 19,390 244,739 270 3,501 P19 25,320 546,270 4,269 18,077
P10 19,186 263,925 193 3,694 P20 16,430 562,700 2,038 20,115

POP = Total inhabitants; APOP = Accumulated Population; POPi = Inhabitants in irregular housing;
APOPi = Accumulated population in irregular housing.

Another point of interest for this basin is the existence of the wastewater treatment plant
Atuba Sul (WWTP-Atuba Sul). This complex is located between the sampling sites P19 and
P20. It is responsible for the treatment of most of the sewage collected in the northern area of
the CMA. This facility’s design is composed of Upflow Anaerobic Sludge Blanket (UASB)
reactors, followed by dissolved air flotation systems. These processes are not designed to
efficiently remove ammonia nitrogen.

2.2. SAMPLING

For the determination of the concentration of nutrients (ammonia nitrogen and
orthophosphate), twenty samples of surface water of the Atuba River were collected in April
2019. These samples, collected in a 5 L Van Dorn bottle, were stored in twenty 500 mL
polyethylene terephthalate (PET) bottles. These bottles had been previously decontaminated by
a 5% v/v. HCI solution.

For the caffeine analyses, surface water samples from eight sites were collected (P1, P3,
P7,P10, P13, P15, P19, and P20). The samples were stored in 1 L amber bottles until analyzed.
These bottles had been decontaminated by a 5% v/v. Extran® detergent solution (Merck
Milipore — Darmstadt, Germany).

After collection, all bottles were stored in thermally isolated boxes and immediately
conducted to the laboratory.

2.3. CHEMICAL ANALYSES

The analyses for the determination of the concentration of both nutrients (ammonia
nitrogen and orthophosphate) were performed in accordance with APHA et al. (2012).
Orthophosphate concentrations were determined by the molybdate/ascorbic acid colorimetric
method. Ammonia nitrogen concentrations were obtained through the nitroprusside/phenol
spectrophotometric method.

For the determination of caffeine concentrations, the chromatographic analysis was
performed in accordance with the method presented by Ide et al. (2013). The surface water
samples were filtered through a membrane of cellulose acetate (0.45 um). These filtered
samples proceeded to flow through 6 mL octadecylsilane cartridges (Agilent - Santa Clara,
USA). These cartridges had been conditioned by hexane, ethyl acetate and acidified ultra-pure
water (pH close to 3) in a velocity that varied from 6 to 8 mL min™. After being vacuum dried,
a solution of acetone and acetonitrile (v/v, 1:1) eluted the cartridges. The extracts were then put
in flat-bottomed glass balloons and retro evaporated at 40°C. The contents left in the flat-
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bottomed glass balloons were dissolved, yet again, in 1 mL of acetonitrile and passed into a 2
mL vial.

The vials were sent for injection in a liquid chromatograph Agilent (Santa Clara, USA),
Model 1260, with a photodiode array. This equipment featured an octadecylsilane column with
a length of 250 mm, internal diameter of 4.6 mm, and a particle diameter of 5 um. Then, 5 pL
of sample were injected at a speed of 1.0 mL.min™* on isocratic mode with a composition of 1:1
of ultra-pure water and acetonitrile (HPLC grade purity, > 99.9% — Sigma-Aldrich (St. Louis,
USA)).

The monitored wavelength for caffeine was 273 nm and its retention time was 2.4 min.
The calibration curves were established with concentrations ranging from 0.02 mg L-1 to 2.0
mg L-1 which resulted in a wide linear range with a regression coefficient (R?) of 0.9971 with
the equivalent equation: 1,742,329x + 67,869. The recovery test was performed with 6 different
concentrations of caffeine and resulted in 49.3%+9.3%. Reproducibility and repeatability
values of 0.8 and 4.0, respectively, expressed as coefficients of variation, were considered
satisfactory (<15%). The repeatability was assessed with the injection of analytes in
quintuplicate (three different concentrations) in the same day and reproducibility was assessed
with the injection of analytes in quintuplicate (same concentrations as in repeatability) in three
different days: 1st day, 7th day and 14th day. The limit of detection (LD) of 12.0 ng.L-1 and
limit of quantification (LQ) of 40 ng.L-1, calculated using the standard deviation of at least
three blank samples and IC is the inclination of the analytical curve (multiplied by 3 for LD and
10 to LQ).

2.4. MODEL GENERATION

The Pearson coefficient is a tool used to determine the linear correlation between two
variables. As the Pearson coefficient is based solely on linear behaviors, non-linearly correlated
variables might appear to be uncorrelated. Despite this limitation, the Pearson coefficient is
widely used, due to its ease of implementation and its numerically tangible inputs and outputs.
The Pearson coefficient is defined as (Equation 1):

__ IGe-0G-) @
V- 02 X(y-3)?

The Pearson coefficient is the basis for the Canonical Correlation Analysis method (CCA).
The CCA is a statistical method based upon the principles of the Principal Component Analysis.
This method aims to explore the dependence between multiple dependent variables (DVs) and
independent variables (1Vs).

The CCA presents itself as a robust tool to evaluate the relevance of complex relationships
between environmental variables (Khalil et al., 2011; Di Felici et al., 2012; Wei et al., 2018;
Mangadze et al., 2019).

The method of the CCA was first presented by Hotelling (1936). This process consists of
the synthetic creation of two canonical variable matrices (CV). These are composed of two
vectors, called A and B . The elements of these vectors, when multiplied by the sample values,
would determine the optimal coefficients for the maximal Pearson correlation between the 1Vs
and the DVs. That could be summarized as (Equation 2):

CV\v has the maximum Pearson correlation to CVpv:
CVIV = A]_IVl + A21V2 AnIV;l and CVDV = BlDVI + BzDVZ BiDVi (2)

CV\v = Coefficients of the canonical variables matrix for the independent variables; CVpv
= Coefficients of the canonical variables matrix for the dependent variables; An= n" coefficient
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of the A vector; B = i" coefficient of the ~B vector; IV, = n" independent variable; DV; = it
independent variable.

Therefore, the matrices of coefficients A and B create a weighted sum of each variable in
such a way that the Pearson correlation between the complex CViv and CVpy is the best
possible.

For the determination of these matrices, it is considered the covariance between every
single variable, including itself, by means of a covariance matrix (S). According to this, the
final set of canonical values depend upon the number of the variables (dependent or
independent) that have the lowest number of instances (Malacarne, 2014)

After the normalization of the canonical weights to the experimental data, it is possible to
approximate the equation CV\v = CVpy + 1 (1 is a transposition constant). This approximation
enables the creation of an equation capable of interpolating within the experimental data. For
the scope of this study, this equation would be capable of determining the quantitative
relationship between the socio economic data (total population and population residing in
irregular housing) with the concentration of orthophosphate, ammonia nitrogen and caffeine.
This quantitative relationship would be turned into an equation.

It is not within the scope of this paper to explain thoroughly the implementation of the
CCA. Therefore, the authors point to the didactic works of (Hotelling, 1936; Malacarne, 2014;
Rencher, 2002; Ferreira, 2018) for further information on the subject.

2.5. ERROR ANALYSES

To determine the statistical validity of the model, three different procedures were executed,
the root mean square error (RMSE), the chi-squared (y?) test for association and the
determination of the margin of error.

The RMSE is a widely used measure of error of a model. The lower its value, the closer
the distribution of the modeled values are to the observed ones. It is given by the following
equation (Equation 3).

RMSE = [2m=vo)” (3)
n

RMSE = Root Mean Square Error; vy = value modeled; v, = value observed; n = n° of samples

One of the ways to test the hypothesis that the correlation/independence between two
variables is statistically significant is by the Chi-Squared test for Association. Its statistic is
given by the following formula (Equation 4):

_ 2
y? =y e @)

Vo
¥? = Chi-squared statistic; M = Modeled value; O = observed value.

The Chi-squared statistic would then be confronted to a curve of the probability density
distribution of a Chi-distribution for the same degree of freedom, to discover its equivalent p-
value. In the case of the test for association, a p-value lower than 0.05 means that the two
variables entered are independent. A p-value higher than 0.05 would then mean that the two
variables are associated.

The function that produces a chi-distribution for k degrees of freedom is given by
(Equations 5 and 6, where I" is the gamma distribution, also provided):
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_x*
ck=1"7

forx 20, f(x; k) = m N 1“(%) = foooxge‘xdx ()

forx <0, f(x;k) =0

To determine the limits of the model, the margin of error was calculated:

M= 1.96% (6)

M = Margin of error; ¢ = standard deviation of the modeled values.

3. RESULTS AND DISCUSSION

3.1. Chemical Analyses
The observed concentrations for ammonia nitrogen, orthophosphate, and caffeine for the
20 sampling sites located along the Atuba River are presented on Table 2.

Table 2. Concentrations in the Atuba River for ammonia nitrogen, orthophosphate,
and caffeine.

Chemical Parameters Chemical Parameters
Site Na PO CAF Site Na PO CAF
(mg L) (mg LY (Mg L™ (mgL?) (mgL™") (ugL?)
P1 0.111 0.381 0.639 P11 2.959 0.655 -
P2 0.219 0.422 - P12 2.929 0.721 -
P3 0.236 0.452 0.642 P13 3.315 0.743 3.124
P4 1.764 0.542 - P14  3.213 0.720 -
P5 2.070 0.589 - P15 3.250 0.724 4.087
P6 2.257 0.590 - P16 3.276 0.682 -
P7 2.162 0.607 1.007 P17 3.629 0.828 -
P8 2.569 0.654 - P18  3.298 0.697 -
P9 2.492 0.655 P19 3.219 0.700 7.168

P10 2327 0.660 1186 P20 8.873 0.870 8.524
Na = Ammonia nitrogen; PO* = Orthophosphate; CAF = Caffeine.

The concentrations for all parameters analyzed presented a rising behavior along the course
of the river. The smallest concentration was observed on P1, which was closest to the river’s
spring, while the largest value was observed on the site P20. The site P20 was the one located
the furthest from the spring, as well as being the only site which was influenced by the discharge
from the WWTP Atuba Sul. The concentration rise found through the sites P19 and P20 may
point to an inefficient treatment of the sewage processed on this WWTP regarding the ammonia
nitrogen removal

Likewise, the spike in caffeine concentration starting at P13 may be explained by the
demographic density found within these zones of hydrological influence. The largest
concentration raise was 3.081 pg L™, between sites P15 and P19. This may be due to the higher
density of irregular housing found in this region. As Katukiza et al. (2012) and Kelman (2015)
proposed, these areas tend to be hotspots for hydric pollution for two reasons: i) lower
governmental incentive to connect these residences to the public sewage and solid waste
collection systems; ii) the irregular aspect of the domicile creates insecurity for their inhabitants,
which usually are not willing to invest in individual wastewater treatment solutions. These
factors point to the importance of the study of the social aspects of the residents of a river’s
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8 Luis Otavio Miranda Peixoto et al.

basin to better understand the source and fate of water pollution in urban rivers.
Table 3 presents the concentrations determined for the Atuba River by other researchers
that also encompassed the Atuba River in their study areas.

Table 3. Concentrations for caffeine (CAF), ammonia nitrogen (N») and orthophosphate (PO4*) for
other sampling campaigns performed on the Atuba River.

Caffeine concentration
Na PO43'

i (ng L)
Sampling Date Reference (mg L) (mg LY)

Min Max Mean

April/2014 0.65 5375 2.89 9.77 (+15.6) n.a.
June/2014 158 536 358 17.5(x19.4) n.a.
October/2014 Mizukawa et al. (2019) 0.53 4.39 3.06 10.6 (£6.7) n.a.

March/2015 03 496 3.35 2.0 (x2.0) n.a.

June/2015 146 344 279 184 (x9.9) n.a.

February/2010 8.97 6.9 7.93 n.a. n.a.

May/2010 039 214 126 n.a. n.a.
Ide et al. (2017)

August/2010 514 6.73 5.93 n.a. n.a.

November/2010 05 558 3.04 n.a. n.a.

April/2012 Feb/2013" Osawaetal. (2015) n.a. na. na.  16.2(£26.8) 0.48 (+0.88)

April/2011-Nov/2011* Kramer etal. (2015) n.a. n.a. na. 25.91(£20.72)1.84 (£1.71)

Na = Ammonia Nitrogen; PO, = Orthophosphate; * = Four sampling campaigns were performed
through this period.

Mizukawa et al. (2019) analyzed four sampling sites (named P1, P7, P9 and P20 in this
study) and Ide et al. (2017) analyzed two (named P19 and P20). Though, the caffeine
concentrations found by both groups were lower than the ones determined in this study. This
result could be explained by the date of the sampling, which influences the amount of people
residing on this basin, as well as the volume of wastewater processed by the WWTP Atuba Sul.
According to the Brazilian Institute for Geography and Statistics (IBGE, 2019), the population
for the area grew 6.4% from 2010 to 2014, 3.9% from 2014 to 2019 (a total of 10.4% from
2010 to 2019).

The concentrations for ammonia nitrogen determined by Mizukawa et al. (2019), Osawa
et al. (2015) and Kramer et al. (2015) were higher than those observed in this study. This might
be due to an improvement in ammonia nitrogen removal efficiency by the WWTP Atuba Sul.
A reason that might explain a higher concentration of caffeine, yet a lower concentration of
ammonia nitrogen, is the dilution of these contaminants by the rainy season, which could
indicate that during a drier season the concentration of caffeine might be higher.

The concentration of orthophosphate observed in this study was on par with the ones
observed by Osawa et al. (2015) and Kramer et al. (2015).

The concentrations of caffeine observed by other researchers in Brazil and other countries
are presented in Table 4.
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Table 4. Concentrations for caffeine observed by other researchers.

Country Location Caffeine concentration (ug L™?) Reference
Sinos River 3.73 (£ 6.76) Peteffi et al. (2019)
Brazil Do_urados R_iver 0.14 (= 0.33) Sposito et al. (2018)
Brilhante River 0.02 (= 0.02)
Taiwan Taiwan Strait (Seawater) 0.002 (+ 0.002) Fang et al. (2019)
Ukraine Dnieper River 19.2 Ho et al. (2020)
China Shijing River (Mass flow) 446.57 g d -1 Yuan et al. (2020)

The concentrations observed by the studies shown on Table 4 (Lopez-Doval et al., 2016;
Sposito et al., 2018; Peteffi et al., 2019; Fang et al., 2019; Yuan et al., 2020) corroborate the
idea that caffeine contamination present on urban water bodies is not a problem confined only
to the Atuba River Basin, or even to Brazil, but a worldwide problem. On a smaller scale,
caffeine was also found on sea waters across the planet. Thus, the monitoring of caffeine
presents itself as a viable way to understand the extent of the anthropic pressures put upon water
resources.

Therefore, the existence of a tool (in this case, a model) able to determine indirectly the
caffeine concentration on an urban river could improve the understanding of water
contamination, across the world.

3.2. MODEL GENERATION

The model created aimed to determine the concentrations of caffeine in an indirect way.
The model used as input the following social parameters: total population and population
residing in irregular housing within the zones of hydrological influence of each sampling site.
The chemical parameters used as inputs were the concentrations of ammonia nitrogen and
orthophosphate, found on the same sites.

The first step used to generate the model for the caffeine concentration to determine which
of the variables would be independent or dependent. It was decided that the chemical
parameters were a portrait of the behavior of the population which resides in the basin, and not
the opposite. Therefore, the total population and the population residing in irregular housing
were set as the independent variables. Consequently, the chemical parameters were set as the
dependent variables.

The second step was to determine the variance and covariance of all variables. The results
for this procedure are presented on Table 5.

Table 5. Variance-Covariance matrix for the social and chemical
parameters of the Atuba River.
1Vs DVs
Pt P; CAF Na PO,

Pr 23188528890 780977474 339923 20833 15643
Pi 780977474 30550886 12846 7724 490.8

S

CAF 339923 12846 5.629 3291 0.210
Na 20833 7724 3.291 3.094 0.184
PO4 15643 490.8 0.210 0.184 0.015

IVs = Independent Variables; DVs = Dependent Variables; Pt =
Total Population; P; = Population in irregular housing; CAF =
Caffeine; Na = Ammonia nitrogen; PO4 = Orthophosphate.
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10 Luis Otavio Miranda Peixoto et al.

Through the S matrix, it was possible to determine the vectors with the canonical values
for the independent (A) and dependent (B) variables. There are two instances of canonical
values for each set of variables, these values are represented by the columns of their respective
vectors (Equations 7 and 8).

0,00000318 0.00001732

A:[—O.00009672 —0.00047545 (7)
~0,379812 —0.20066088

B =1|0.05470996 —0.79124554 (8)
—1.88825624 16.42867095

The next step was to establish which of the sets of canonical values are the most
appropriate; for this purpose, the Ry}, matrix was used. The R}, matrix determines the value
of the linear correlation among the coefficients in both matrix A and B (Equation 9).

r, = 0.9865

-1 _ [1.01365326 0 {

Riy =770 L seasr073 s = 07063 ®)
The first column of the matrices A and B presented a correlation of r = 0.9865, which is

significantly higher than the second column (r = 0.7063). Therefore, the first set of canonical

values was the chosen one. These values, along with the observed variables, were then formed

into an equation (Equation 10):
—0.00000318P; — 0.00009672P;, = —0.379812CAF + 0.05470996N, — 1.88825624P0, + 0.2033  (10)

To make the equation more easily understandable, the values were transformed to into
integers (Equations 11 and 12):

2Pp 1720N 4

21 1 P, = 3981CAF — 24 + 19786P04 — 8409 (11)
Solving for CAF:
CAF =214+ 2L _ 0144 N, + 4.970 PO, — 2.112 (12)

112270 3981

Where: CAF = caffeine concentration (ug L™?); Pt = Total Population; P; = Population in
irregular housing; Na = concentration of ammonia nitrogen (mg L™); PO4 = concentration of
orthophosphate (mg L™?).

The modeled values for the caffeine concentrations for the sites P1, P3, P7, P10, P13, P15,
P19 and P20 (the ones in which caffeine was analyzed) were determined. The correlation
coefficient between the ones modeled was r = 0.984. It presented a total RMSE of 1.18 ug L™
The culprit for this error statistic is the consistent overestimate of the model (excepting P13),
when compared to the observations. The Chi-squared statistic for these two datasets (degrees
of freedom = 7) was y*> = 0.9661, which provided a p-value of 0.955. This led to the exclusion
of the null hypothesis (that these two datasets were independent).

The correlation graph for the observed and modeled values is presented on Figure 2.

The values for the concentrations of caffeine for the twenty sampling sites were then
calculated. These are presented in Table 6.
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Figure 2. Correlation of the concentration of caffeine observed on the
sampling sites P1, P3, P7, P10, P13, P15, P19 and P20 and the values

predicted for the same sites using the CCA-generated model.

Table 6. Concentrations of caffeine (ug L *) found for the 20 sampling sites through the model generated
by CCA compared with the values observed at 8 sampling sites across the Atuba River.

Modeled caffeine

Observed Caffeine

Modeled caffeine

Observed Caffeine

Site concentration concentration Site concentration concentration
(mg L) (ngLY) (mg L) (ngL?)

P1 0.728 0.639 P11 2.539 -

P2 1.069 - P12 2.355 -

P3 1.244 0.642 P13 2.472 3.124
P4 1.407 - P14 4.550 -

P5 1.754 - P15 4.815 4,087
P6 1.834 - P16 5.248 -

P7 1.832 1.007 P17 5.672 -

P8 2.000 - P18 7.340 -

P9 2.225 - P19 8.640 7.168
P10 2.401 1.186 P20 9.283 8.524

The distribution of the modeled values presented a standard deviation of 3.853, which led
to a margin of error of 1.6887 ug L™ (probability = 95%, z = 1.96). Figure 3, below, presents
the comparison of the model (and its probable spectrum) to the studies that analyzed caffeine
concentrations performed on the Atuba River.

The modeled spectrum covers all the values observed for this sampling campaign. This
was expected, as these were the concentrations used to generate the model. The values for the
other campaigns performed on the Atuba River (by Ide et al. (2017) and Mizukawa et al. (2019)
are not, for the most part, encompassed by the model. This could be explained by the differences
that occurred in the study area during this nine-year span. While the concentrations found on
sites P19 and P20 were consistently lower than those found on this study, the ones found on
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site P7 were consistently higher. This could be explained by the different behavior of the
population, as the latter two sampling sites are in a lower income, irregular housing area.

Prezent Study
=] Predicted Caffeine Concentration _ | _ m April/2019
[ Margin of error

10

Mizukawa et al (20193)
April/2014
June/2014
COctober/2014
Marchf2015
June/2015

Ide et al (2014)
February/2010
May/2010
August/2010
Nowvember/2010

+—o4e>-ll Pbu

Caffeine Concentration (pg )

-|. B+ a@t i .

' ' ' — '
P1 P3 P7 _ Pm. P13, P13 P20
Sampling Site
Figure 3. Distribution of three studies performed on the Atuba River compared with the modeled
caffeine concentrations.
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Another topic that has risen concern recently is the presence of viruses in water resources.
This model might be a tool to better understand the behavior of these microorganisms in the
aquatic environment. Gourmelon et al. (2010) and Kumar et al. (2019) have observed
concomitantly the concentrations of caffeine and viral genomes in wastewater, rivers and lakes.
Their results might indicate somewhat of a correlation between the concentrations of these two
parameters. As their results pointed out, higher concentrations of caffeine were usually followed
by a higher concentration of viral genome and a higher presence of the bacteria Escherichia
coli. Their studies analyzed the concentrations of genomes from Norovirus, Hepatitis A,
Aichivirus, Pepper Mild Mottle Virus and F-specific RNA bacteriophages. The results observed
by Sidhu et al. (2013) have also pointed to some correlation between higher concentrations of
caffeine and the presence of viral genome in water systems.

Due to the pandemic the world was under in 2021, the analysis of viral presence (especially
SARS-CoV-2) in water resources have raised even more concerns. Rimoldi et al. (2020) have
observed some possible correlation between the presence of this specific virus on waters with
high concentrations of caffeine (above 0.44 ug L™?). Interesting future studies could be done to
better understand this correlation.

The model was able to interpolate a possible range of concentrations of caffeine that could
be observed along the river. It took as input only socio economic data and the concentrations
of nutrients, whose determination is cheaper and less labor intensive. The information provided
by this model, when applied to other basins, might be useful to managers, researchers, and
decision-makers to better understand the pressures a given urban river might be under.

4. CONCLUSIONS

The concentrations for ammonia nitrogen and orthophosphate for 20 sampling sites along
the Atuba River were quantified. Also, the population of influence that inhabited each of the
zones of hydrological influence was defined (from which the total population and population
residing in irregular housing for each sampling site were established). For 8 of these sampling
sites, the concentrations of caffeine were determined. Using these observed datasets, a model
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was created through the manipulation of the CCA method. The study generated a spectrum of
probable ranges of caffeine concentrations for the course of the river, based on 4 inputs: the
total population; the population inhabiting irregular housing; then population residing in the
zone of hydrological influence; and the concentrations of ammonia nitrogen and
orthophosphate at the sampling site. Even though the water resource system of the Atuba River
is complex, being home for over half a million people and receiving the discharge from the
WWTP Atuba Sul, the model had a satisfactory performance. More studies should be performed
to understand the effects of generalization for water resource systems that are under different
pressures, as well as different climatic, cultural, and infrastructural situations.

Due to the characteristics of caffeine as a chemical tracer for anthropic pressures on water
systems, a model that could predict indirectly its concentration along a river might provide more
information at a lower cost. The method for generating the model’s equation could be applied
to different urban rivers, becoming a useful tool for water-resource managers, researchers, and
decision-makers to better understand the environmental impact the population inhabiting a
given basin will have on its water resources. This model could be particularly beneficial for
regions that do not have systematic sampling campaigns, by being able to determine zones
which would demand higher attention from managers and decision-makers, with a small
number of sporadic non-uniformly spread data samples.
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