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ARTICLE INFO ABSTRACT

Handling Editor: Frederic Coulon Human consumption of pharmaceuticals leads to high concentrations of pharmaceuticals in wastewater, which is
Keywords: usually not or insufficiently collected and treated before release into freshwater ecosystems. There, pharma-
Contaminants of emerging concern ceuticals may pose a threat to aquatic biota. Unfortunately, occurrence data of pharmaceuticals in freshwaters at
Pharmaceuticals the global scale is scarce and unevenly distributed, thus preventing the identification of hotspots, the prediction
Diclofenac of the impact of Global Change (particularly streamflow and population changes) on their occurrence, and the
g"bal chemical fate model design of appropriate mitigation actions. Here, we use diclofenac (DCL) as a typical pharmaceutical con-

1vers

taminant, and a global model of DCL chemical fate based on wastewater sanitation, population density and
hydrology to estimate current concentrations in the river network, the impact of future changes in runoff and
population, and potential mitigation actions in line with the Sustainable Development Goals. Our model is
calibrated against measurements available in the literature. We estimate that 2.74 + 0.63% of global river
network length has DCL concentrations exceeding the proposed EU Watch list limit (100 ng L™). Furthermore,
many rivers downstream from highly populated areas show values beyond 1000 ng L, particularly those as-
sociated to megacities in Asia lacking sufficient wastewater treatment. This situation will worsen with Global
Change, as streamflow changes and human population growth will increase the proportion of the river network
above 100 ng L™ up to 3.10 + 0.72%. Given this background, we assessed feasible source and end-of-pipe
mitigation actions, including per capita consumption reduction through eco-directed sustainable prescribing
(EDSP), the implementation of the United Nations Sustainable Development Goal (SDG) 6 of halving the pro-
portion of population without access to safely managed sanitation services, and improvement of wastewater
treatment plants up to the Swiss standards. Among the considered end-of-pipe mitigation actions, im-
plementation of SDG 6 was the most effective, reducing the proportion of the river network above 100 ng L
down to 2.95 * 0.68%. However, EDSP brought this proportion down to 2.80 * 0.64%. Overall, our findings
indicate that the sole implementation of technological improvements will be insufficient to prevent the expected
increase in pharmaceuticals concentration, and that technological solution need to be combined with source
mitigation actions.

1. Introduction animals lead to high concentrations in wastewater, which reach fresh-
water ecosystems either directly as untreated sewerage or open defe-

Pharmaceuticals are administered worldwide as prescription medi- cation, or after treatment at either in-situ sanitation facilities (e.g.
cines, over-the-counter therapeutic drugs, and veterinary drugs. Their septic tanks) or off-site at wastewater treatment plants (WWTP). Once
consumption and subsequent incomplete assimilation by humans or in the environment, pharmaceuticals might pose a threat to biological
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communities. Indeed, many pharmaceuticals cause harmful effects on
freshwater organisms at environmentally relevant concentrations
(Boxall et al., 2012; Brodin et al., 2013). Unfortunately, occurrence data
of pharmaceuticals in freshwaters at the global scale is scarce and un-
evenly distributed (aus der Beek et al., 2016). For example, most oc-
currence data of the anti-inflammatory DCL (CAS#15307-79-6) are
located in Europe and east Asia, but are poor or absent in many other
regions (Acufa et al., 2015a,b; Lonappan et al., 2016). Similarly, oc-
currence data of pharmaceuticals in seawater at the global scale is also
scarce and unevenly distributed (Arpin-Pont et al., 2016; Bonnefille
et al., 2018). To fill gaps in occurrence data, we need either monitoring
surveys or estimating occurrence by means of modeling (Gimeno et al.,
2017; Johnson et al., 2013; Ort et al., 2009; Strokal et al., 2019). Be-
cause of these knowledge limitations, we cannot anticipate how Global
Change (particularly streamflow and population changes) might influ-
ence occurrence of pharmaceuticals, and therefore river basin autho-
rities cannot design appropriate mitigation actions.

Here we use DCL as a typical pharmaceutical contaminant and a
global model considering human consumption, removal by different
sanitation treatment facilities, and natural attenuation in freshwater
ecosystems (Font et al., 2019) to estimate DCL concentration in the
global river network. We first develop and calibrate the model to esti-
mate DCL concentration under current conditions in order to fill oc-
currence gaps in the global river network. Second, we use the calibrated
model to predict the effects of changing river streamflow and growing
human population as a likely Global Change scenario for 2030. Third,
we assess the effectiveness of either source or end-of-pipe management
actions to mitigate the concentration increases associated with Global
Change. Specifically, we assessed the decrease in the per capita con-
sumption of DCL through EDSP, the implementation of the United
Nations SDG 6 (UN General Assembly, 2015), and the upgrading of the
WWTP to the Swiss current standards for microcontaminants removal
(Eggen et al., 2014).

2. Material and methods
2.1. Diclofenac as a model compound

DCL has been selected as a typical pharmaceutical because of the
relative abundance of occurrence data and because it is acknowledged
as the most commonly used non-steroidal anti-inflammatory drug, with
a market share close to that of the next 3 most popular anti-in-
flammatory drugs combined (ibuprofen, mefenamic acid, and na-
proxen) (McGettigan and Henry, 2013). Furthermore, anti-in-
flammatory drugs are among the most prescribed and used
pharmaceuticals worldwide because of their efficacy and low abuse
potential (Brune and Patrignani, 2015). Finally, DCL is an emerging
environmental contaminant included till recently in the EU watch list
and on the list of priority substances in the United Kingdom.

2.2. Global DCL model

We have used an improved version of the GLOBAL-FATE model
(Font et al., 2019), a GIS-based model that simulates the transport and
fate of pharmaceuticals for human use in the global river network,
considering direct disposal to freshwaters and through wastewater
treatment plants. The main improvement over the former version is the
inclusion of a third contaminant pathway (in situ treatments) to the
river network (see below).

2.2.1. Model structure

Estimating DCL concentration along discretized river networks is
based on a local mass balance that relates downstream loads in a river
segment or grid cell to loads from upstream segments and local con-
sumption, excretion, and decay in wastewater treatments and the river
network, including reservoirs and lakes. The core function of the model
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is the load calculation:

L= (ZieN,- Li + yM;B (1 = Wy Ewonep — Wrestjgres[))eikRTi o)
where L; is the DCL load in cell j and N; are the 8 neighbor cells con-
tributing load (L;) to L;. The contaminant load produced in cell j is a
function of population (P; supplied as a population raster), DCL con-
sumption (M), supplied at the country level in g inhab™ y™), and the
human excretion rate y (supplied as a fraction for the whole Earth).
Contaminant load generated by population locally in cell j can experi-
ence decay in WWTPs or in situ treatments (including disposal in soils).
Wywip and Wy are the fractions of wastewater treated in WWTP and in
situ, respectively, supplied at the country level differentiating between
urban and rural areas. €, and &,y are the pharmaceutical removal
rate in WWTP and in other sanitation services, respectively. Finally, the
total load in cell j experiences decay in the river network following a
first order reaction, controlled by a decay constant (k, hour) and the
residence time of the river water in the cell (RT, hours). The output of
the equation is the contaminant load (conveniently transformed from g
to ng y') at each pixel, that is later converted into DCL concentration
(ng L) dividing the load by an estimate of streamflow volume in each
cell.

To calculate RT and streamflow at each cell, we routed the runoff
generated locally at each cell along the river network. As a runoff
raster, we used a published composite global annual runoff (Fekete
et al., 2002), which consists in a raster of annual runoff with values in L
m~ 2 year™'. The runoff was then routed using the flow direction raster
of the Dominant River Tracing (DRT) (Wu et al., 2012), a database
designed to perform macro scale hydrologic calculations. The stream-
flow values generated were then used to calculate water velocity sol-
ving the Manning equation as in Font et al. (2019), who calculated
velocity at each cell deriving slopes from a global digital elevation
model, considering a constant Manning coefficient (0.044 sm™ '
Schulze et al. (2005)), and estimating the hydraulic radius using the
power functions of Leopold and Maddock (1953). RT was estimated
from velocity and the length of the river network at each cell. Residence
time in lakes and reservoirs were calculated using available global
databases on the location, shape, and volume of lakes and reservoirs.
These spatially explicit databases are converted into a raster with the
same resolution and projection as the other hydrological rasters. Re-
sidence time was calculated from volume and streamflow (Font et al.,
2019). The general strategy to include lakes in the contaminant simu-
lation is to store all features of a given lake (volume, residence time) in
the outlet cell (i.e., the cell routing the streamflow downstream from
the lake), making the rest of cells of the lake as mere pipes of water and
constituents to that outlet cell, where all contaminant reactions occur
(Font et al., 2019).

GLOBAL-FATE spatial resolution for this study was 1/16 degree,
corresponding to a cell size of approximately 7 x 7 km at the Equator.
For this study, we discarded all arid regions from final calculations,
because the runoff database used is highly uncertain in regions showing
less than 100 mm yr’1 (Schewe et al., 2014), leading to unreasonable
DCL concentrations. Similarly, only DCL concentrations modelled in
pixels draining > 150 km? (i.e., a pixel receiving two upstream pixels)
were kept for final calculations. This is based on the fact that we
identified huge DCL concentrations in large urban areas due to un-
realistic representation of river reaches and water infrastructure at the
working resolution in these areas (sewage infrastructure in large urban
areas is not accounted for in our model) (Font et al., 2019). The fol-
lowing is a description of the main data sources used in the im-
plementation of GLOBAL-FATE in this work.

2.2.2. Consumption

We estimate human consumption based on per capita consumption
(M) and human population (P). Human population was obtained from
the freely downloadable Gridded Population of the World version 4
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(GPWv4) (Center for International Earth Science Information Network -
CIESIN - Columbia University, 2016), whereas per capita consumption
was estimated from the IMS-Health dataset for the period 2011-2013.
Specifically, the IMS-Health dataset includes national human con-
sumption of DCL data for 86 nations (expressed as kilograms of con-
sumed DCL per year). Therefore, we estimated national consumption
for the remaining 145 nations. Although IMS-Health data was only
available for 38% of the global nations, these included ca. 82% of the
global population. National per capita consumption for the 86 nations
included in the IMS-Health dataset was estimated as the national con-
sumption divided by the national population. The per capita con-
sumption values of nations not included in the IMS-Health dataset were
estimated as equal to the adjacent nation per capita consumption (using
Adjacent Fields function of ArcMap, ESRI).

DCL is consumed for both human and animal health, and it can be
applied on the skin or administered orally in the case of humans.
Among these, oral administration it is the main form of administration
and accounts for about 70% of the worldwide DCL sales following IMS-
Health data (Zhang et al., 2008). The oral administration, either do-
mestic or in hospitals, is the only source of DCL consumption data at the
national scale and has been therefore used as input data in the model.
However, the IMS-Health database had data gaps, as data for domestic
and hospital use was not always reported. In order to correct these gaps,
we included 3 correction parameters in the model during calibration.
Specifically, the consumption correction parameter 1 (B;) was applied
to those countries with data on both domestic and hospital use, so that
values above 1 would account for skin application and animal health;
the correction parameter 2 (B,) was applied to those countries with
only domestic use, and the correction parameter 3 (B3) was applied to
those countries with only hospital use data (Table 1).

2.2.3. Excretion

Reported values of DCL excretion rate differ considerably in the
literature, and we took 12.5% as a mean value (Boxall et al., 2014;
Heberer and Feldmann, 2005; Johnson et al., 2013, 2007; Vieno and
Sillanpad, 2014) (Table 1).

2.2.4. Removal at sanitation facilities

We used the “Drinking Water Sanitation Hygiene” database from
the United Nations World Health Organization (version July 2017)
(WHO/UNICEF Joint Monitoring Programme for Water Supply and
Sanitation, 2017) to route wastewater from human excretion to the
river network through 3 pathways: wastewater transported through a
sewer and discharged to the river (i), wastewater transported and
treated off-site (Wwwip) (ii), and the rest (wyes), which included less
than safely managed and treated and disposed in situ (iii). The first was
estimated as the difference between the wastewater collected and
transported through sewers and the wastewater treated at WWTP. The
second was estimated as the sum of wastewater treated at WWTP and
“emptied and treated”, which accounts for the safely managed waste-
water treated off-site. The third was estimated as the sum of “septic
tanks”, “latrines and other”, “unimproved sanitation”, “limited (shared)
sanitation”, and “open defecation”. No removal rate was considered for
the first route of untreated sewerage, and a percent removal rate was

Table 1
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used for the second and third routes (g and &qy). The initial value
and the range of possible removal rates in WWTP (Table 1) to be used
during the calibration process were based on a literature review
(Tiedeken et al., 2017), whereas the initial value and the range of
possible removal attenuation rates in the other sanitation facilities
(Table 1) was based on expert knowledge. In fact, the wider range of
values reflects the uncertainty associated with this removal rate, which
lumps together very different contaminant pathways.

2.2.5. In-stream attenuation

The processes that drive in-stream attenuation (i.e., biological
transformations, photolysis, sorption, volatilization) of pharmaceuticals
depend on compound characteristics and on several physicochemical
and biological parameters including streamflow, temperature, tur-
bidity, dissolved oxygen concentration, biofilm biomass, and pH (Acufia
et al., 2015a,b). Consequently, in-stream attenuation rates show high
variability consistent with the spatial and temporal heterogeneity of
driver variables, which complicates the prediction of attenuation rates
across rivers. The paucity of studies reporting in-stream attenuation
rates preclude a comprehensive analysis on the variability of this
parameter at large scales for a particular compound, such as DCL. In-
stead, we decided to assign a single in-stream attenuation value for the
whole global river network. Although this is a huge simplification at
odds with the varying nature of in-stream attenuation rates measured in
the field, we decided not to over-parameterize our model considering
that the limited information on in-stream concentrations for pharma-
ceuticals would not allow for a proper identification of different in-
stream attenuation rates depending on potential driver variables (e.g.,
stream order, streamflow). To identify the best value of the decay
constant for first order in-stream decay, we reviewed the literature
(Aymerich et al., 2016; Acuia et al., 2015a,b; Johnson et al., 2013;
Kunkel and Radke, 2011; Radke et al., 2010) to set an initial value and a
range for the calibration (Table 1).

2.2.6. Calibration

The calibration of the model parameters k, &ywyp, &, and the con-
sumption data parameters B;, B,, andB; (see previous section on con-
sumption correction) was done through the genetic algorithm from the
NLOPT library (https://nlopt.readthedocs.io/en/latest/), which de-
livers a probable distribution of values for each calibrated parameter.
The upper and lower bounds for parameters during calibration were
decided using previous knowledge as detailed in the preceding sections
(Table 1). We used the sum of the absolute differences between the log-
observed and log-simulated DCL loads obtained with Eq. (1) as objec-
tive function (Acuna et al., 2015a,b). The observed loads were obtained
by multiplying observed DCL concentrations and the calculated flows at
the corresponding cells. After the calibration process reached the con-
vergence criterion, we assessed the goodness of fit of model predictions
using the Nash-Sutcliffe model efficiency coefficient (E), taking the
median of the distribution of each calibrated parameter to solve the
model (Table 1). The relationship between observed and predicted
values (Fig. 1) shows an E value of 0.37, which is a reasonably good
result. In fact, global models for contaminants always suffer from low to
medium performance scores due to the scarce and spatially biased

GLOBAL-FATE model parameters calibrated in this study, lower and upper bounds during calibration; and calibration results, showing the median values and the
percentiles 10th and 90th coming from the final distribution after the automatic calibration.

Parameter Lower bound Upper bound Median 10th perc 90th perc
In-stream attenuation (k, days’l) 0.0000001 0.2 0.00032 0.00032 0.00032
Removal efficiency at WWTP (%) 20 60 40.45 39.81 41.58
Removal efficiency at in-situ deposition or treatment (%) 0 80 8.45 6.81 9.99
Consumption corrector By 0.8 1.2 0.86 0.84 0.87
Consumption corrector B, 0.8 3 2.09 1.96 2.10
Consumption corrector B 1 50 17.06 17.06 17.06
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Fig. 1. Observed versus predicted DCL loads at 404 different sampling sites.
The dotted line indicates the 1:1 ideal relationship, and the Nash-Sutcliffe
model efficiency coefficient (E) is also reported.

datasets available for model evaluation (Strokal et al., 2019), and fre-
quently only show E values > 0.5 after intensive calibration procedures
(Harrison et al., 2019). In any case, models of this type aim at re-
conciling estimates with measurements and at exploring scenarios at
large spatial scales, but they cannot be interpreted as simulations of the
fate and transport of DCL that mimic reality across scales, particularly
at local ones.

2.2.7. Uncertainty analysis

The uncertainty in the GLOBAL-FATE model output has several
sources, such as input data and parameters, in addition to model as-
sumptions and simplifications. Considering the complexity of our
modeling exercise (11 potential adjustable parameters and 4 global
rasters providing key inputs), we discarded the calculation of un-
certainties using Monte Carlo techniques. Instead, we used a stochastic
approach to estimate the total uncertainty, without separating each
individual contribution (Montanari and Brath, 2004). After calibration,
the probability distribution of the model error is assessed conditioned
to the simulated DCL load, and the uncertainty for a particular pre-
diction is extracted from this probability distribution. In less technical
terms, the scatter plot between modeled and observed data (in our case
contaminant loads) is used to extract a Gaussian error distribution for
any value along the predicted variable. That is, for a particular modeled
value, an error distribution is generated using the information con-
tained in the comparison between modeled and observed loads. Con-
sidering that our data set is quite extensive (more than 400 data points),
representing a wide range of hydrological conditions and geographical
locations, the scatter between observed and modeled data is a re-
presentation of the error propagated by inefficiencies in all inputs,
parameters, and assumptions used in the model. Therefore, the error
distributions obtained with this method account for the uncertainty
propagated by the whole parametric, input, and model structure. This is
a great advantage over Monte Carlo methodologies that tend to restrict
uncertainty analyses to adjustable parameters, frequently resulting in
unrealistic narrow uncertainty bounds at odds with a visual comparison
between modeled and observed values. The drawback is that we cannot
identify the main sources of uncertainty in the model outputs. However,
considering the tremendous savings in computational time and the wide
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uncertainty bounds obtained (which place us in a very conservative
position respect the conclusions reached with our modeling), we opted
for the stochastic approach. We used this method to report all un-
certainties related to metrics reported in the paper, i.e. loads, con-
centrations, and river kilometers with concentration exceeding 30 and
100 ng L.

2.2.8. Limitations of the modeling approach

Considering the spatial resolution of our model (cells are ca. 7 X 7
km in the Equator), and the nature of most of the input information
related to contaminant consumption and treatment, we suggest not
using results from this implementation of GLOBAL-FATE to draw con-
clusions at the single cell resolution (Font et al., 2019). Also, GLOBAL-
FATE is a steady state model, so it cannot dynamically simulate climatic
extreme events or seasonality in hydrology or population. Therefore, all
results in this paper refer to average conditions. Our working resolution
also implies that our study is blind to impacts on very small rivers,
which would be severely affected by sewage discharge contamination.
In fact, sewage pollution including DCL in small, low order streams is
widespread (Acuna et al., 2015a,b). This would imply that this study is
underestimating the actual risk of DCL contamination to surface waters,
therefore conclusions in this study can be considered as conservative.

GLOBAL-FATE is among the first contaminant models that fully
integrates lakes and reservoirs in the routing of a contaminant along the
global river network (Font et al., 2019). The implementation of
GLOBAL-FATE in this work also considers the routing of contaminants
in lakes and reservoirs, but we could not identify reliable DCL con-
centration data in our observed data set sampled in lakes, because most
samples were collected very close to the shore or to contaminant point
sources, thus being a very poor proxy of average DCL concentration in
the whole lake, which is what GLOBAL-FATE can simulate. Therefore,
while still affecting the routing of contaminants, and in the absence of
appropriate observed data to compare with, we do not report results for
lakes and reservoirs in this paper. Another major limitation of the study
is the focus on a single pharmaceutical compound, with a particular
consumption rate per capita and removal efficiencies at sanitation fa-
cilities. Thus, other compounds differing in these 2 key aspects would
have provided different occurrence patterns, which limits the general-
ization of our results. However, our focus is not on the simulated spatial
patterns, but on the scenario analysis, which should not be dramatically
affected by the consumption and attenuation rates. However, we fully
support the recent call for multi-pollutant modeling (Strokal et al.,
2019), as the conclusions drawn from a multi-pollutant modeling ex-
ercise would be more robust.

2.3. Scenario definition and modeling

2.3.1. Global change scenario

The scenario for our planet in 2030 was defined considering plau-
sible changes in run-off (Schewe et al., 2014), population growth (Jones
and O’Neill, 2016), and an estimate of the sanitation services based on
the projection of the trends from the years 2000 to 2015 (business-as-
usual sanitation scenario) (Fig. 2). Note that run-off changes and po-
pulation growth scenarios were chosen according with the Shared So-
cioeconomic Pathway 2 (SSP2) (O’Neill et al., 2017), which corre-
sponds to the business-as-usual scenario.

2.3.2. Mitigation scenarios

We simulated the effects of the EDSP as a source mitigation action.
Specifically, we implemented a 10% reduction of the per capita con-
sumption of DCL. In fact, DCL can be either sold over-the-counter or
after medical prescription, and the balance between these two forms
changes over time and across nations (Gimeno et al., 2018). Despite the
relevance of the over-the-counter sales in DCL, we applied a reduction
of the per capita consumption which has been reported as feasible
through EDSP for other pharmaceuticals (Daughton and Ruhoy, 2013).
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Fig. 2. Global population with the different considered sanitation services
under current conditions, and the global change 2030 scenarios business-as-
usual (BAU), implementation of Swiss standards in WWTP, and implementation
of SDG6.
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Another relevant assumption in this mitigation action is that we im-
plemented a standard reduction for all nations instead of implementing
a reduction proportional to the current national per -capita
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consumption. Needless to say, modeling results are sensitive to these
assumptions, but they constituted the best trade-off between im-
plementing a realistic scenario for pharmaceuticals, and the specific
features (i.e. consumption national patterns, and chemical properties)
of DCL.

Among the SDG of the United Nations, SDG 6 refers to drinking
water, sanitation and hygiene. To define our scenario, we only con-
sidered targets 6.2 and 6.3, which refer to the access to adequate and
equitable sanitation and hygiene for all and ending open defecation
(6.2), and to halving the proportion of untreated wastewater and sub-
stantially increasing water recycling and safe reuse globally (6.3)
(WHO/UNICEF Joint Monitoring Programme for Water Supply and
Sanitation, 2017). Given the structure of our model, target 6.2 does not
influence the partitioning of wastewater among the 3 wastewater
pathways to the river network we model. However, target 6.3 does
influence the model reducing by 50% the proportion of untreated
wastewater (Fig. 2). This reduction affected all categories other than
safely managed, including estimated untreated sewerage. Wastewater
was reallocated to either safely treated in-situ or off-site, and the pro-
portion going to each one of these options was different for urban and
for rural areas depending on the current proportion of wastewater
treated either in situ or off-site. Specifically, in urban and rural areas, all
reallocated water from untreated sewerage goes to off-site treatment (i);
in rural areas, reallocated water from the third route goes to either in
situ (41%) or off-site (59%) (ii); and in urban areas, reallocated water
from the third route goes to either in situ (23%) or off-site (77%).

As for possible technological improvements to enhance the removal
efficiency in WWTP, we implemented a scenario simulating the Swiss
national strategy for upgrading WWTP at the global scale. To identify
the WWTP to upgrade, we used the criteria defined at the Swiss
strategy: WWTP serving more than 80,000 inhabitants (i), and WWTP
serving more than 8000 inhabitants and contributing more than 10% of
the dry weather stream flow (ii) (Eggen et al., 2014) (Fig. 2). In those
WWTP, the removal efficiency of WWTP was set at 80%, which is a
reduction commonly reported when using ozonation followed by sand
filtration, an acknowledged technique to eliminate pharmaceuticals
from wastewater (Eggen et al., 2014). The cost of implementing this
mitigation scenario was estimated multiplying the population affected
by the scenario implementation times the cost of treating wastewater
with ozonation (1.9 + 3.1 € inhabitant ™! y'l). This value includes
construction costs, operational costs (i.e. personnel, maintenance), and
variable costs (i.e. electrical consumption for ozone generation and
sand filtration, as well as the cost of pure oxygen for the ozone pro-
duction). Specifically, cost per inhabitant was estimated as the product
of wastewater generation per inhabitant per year times ozonation
treatment cost per volume of water, which is inversely proportional to
the population served by the WWTP (Gimeno et al., 2018). This as-
sumes an ozone dosage of 0.7 g O3 per gram of dissolved organic
carbon, and a retention time in the ozonation tank of 25 min.

3. Results and discussion

Our results indicate that 2119 Mg of DCL are consumed by the
World population every year, a number higher than previous estimates
(1450 Mg y* for 2012, (Acufia et al., 2015a,b); and 940 Mg y™* for 2005
(Zhang et al., 2008)). Our estimate differed from previously reported
ones because we allowed the model to correct for data inhomogeneities
in the data-bases used (see methods). 264 Mg y’1 are excreted and in-
troduced into the global water cycle, of which 30.4 Mg y! are removed
in WWTP, 11.9 Mg y™' are removed by in-situ treatment facilities or by
natural soils when disposed in situ (see Section 2.2.4.), 88.8 Mg y’! are
attenuated in the river network, and the remaining 133 Mg y are
delivered to the oceans. The estimated global WWTP removal efficiency
was 40.4% (Table 1), a value slightly lower than the mean but within
the range reported for conventional treatment facilities (63 * 24%)
(Tiedeken et al., 2017) and doubling a previous estimate based on
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Fig. 4. Modeled current global occurrence of DCL (a), DCL exports to the oceans (b), and change in concentration between current conditions and 2030 under

business-as-usual conditions (c).

Europe (Johnson et al., 2013). National DCL removal by sanitation
services ranged from O to 40% and was closely related with the per
capita nominal GDP (Fig. 3a). Thus, relatively low removals by sani-
tation services occur in nations under development, and removal values
above 30% are only observed in developed nations (Supplementary
Table S1). In contrast with the relatively high removal efficiency at
WWTP, the estimated removal efficiency of in-situ treatment facilities
or by natural soils when disposed in situ was only 8.4% (Table 1),

indicating that transport and treatment of wastewater in WWTP in-
volves a major change in the attenuation of pharmaceuticals occurrence
in freshwaters. The estimated natural attenuation in rivers
(k = 0.00032 d%; Supplementary Table S1) was lower than those re-
ported in studies at the river segment scale (Aymerich et al., 2016),
although higher than others that assumed DCL to behave conservatively
(Johnson et al., 2013; Kunkel and Radke, 2011; Radke et al., 2010).
Therefore, although the attenuation rate in freshwaters is small, the
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Table 2

Mean and standard deviations of concentrations, and load exports to the oceans
under current conditions (2015) and the business-as-usual Global Change sce-
nario for 2030, for selected river basins of each continent.

River basin  Drainage size Mean concentration (ng L) Export to oceans

Mgy
(10° km?) 2015 2030 2015 2030
Amazon 5.96 14 + 124 16 = 153  1.27 1.55
Colorado 0.84 27 + 106 3.0 = 122  0.04 0.04
Danube 1.13 55.8 + 195 54.6 + 176  3.93 3.79
Ebro 0.11 6.8 + 169 7.1 + 168  0.07 0.07
Ganges 1.06 59.9 + 155 59.1 * 155  6.48 7.83
Mississippi ~ 4.28 19 = 7.4 21 £ 6.7 0.53 0.64
Niger 2.19 12.6 + 293 162 = 347 1.66 2.58
Nile 3.18 252 + 67.8 337 + 981 3.81 4.42
Parana 2.97 21.4 + 90.6 261 * 108 1.77 1.91
Rhine 0.30 431 + 84.7 439 = 838 281 2.86
Yellow 1.24 131 + 380 109 + 311  0.49 0.48
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Fig. 5. Percentual reduction of the proportion of the river network exceeding
100 ng L™ for the different modeled mitigation actions, and differentiating each
SDG region (WHO/UNICEF Joint Monitoring Programme for Water Supply and
Sanitation, 2017) (see Fig. 1b for graphical representation of SDG regions).

amount of DCL attenuated at the global scale is by far larger than that
removed by sanitation services, and it is therefore advised to always
consider attenuation by freshwater ecosystems when modeling DCL
chemical fate.

The median DCL concentration in the global river network is
0.27 ng L, and ranges from 0 to 233 ng L! (99% distribution bounds)
(results available online in raster format at https://github.com/icra/
DCL (Fig. 4a and Supplementary Table S2). Concentration is particu-
larly high in extensive areas of the Indian subcontinent, East Asia,
Central Europe, and Tropical Africa. In fact, many rivers downstream
from highly populated areas show values beyond 1000 ng L; parti-
cularly those associated with megacities in Asia without sufficient
wastewater treatment. This is also reflected at the river basin scale, as
Asian basins like the Yellow River or the Ganges have the highest mean
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concentrations, although European river basins also show high values
(Table 2). Overall, our results indicate that around 2.7 * 0.6% of the
global river network (i.e., 172,114 km) has DCL concentrations ex-
ceeding the proposed EU Watch list limit (100 ng LY) (Council of the
European Communities, 2013). Likewise, 3.9 = 0.9% of the EU river
network (i.e., 12,293 km) has DCL concentrations exceeding 100 ng L,
similar to previous reports for the European Union, stating values be-
tween > 1 and 10% (Johnson et al., 2013). Moreover, 7.7 * 0.9% of
the global river network exceeds 30 ng L*, which is the concentration
identified as a threshold for measurable toxic effects in freshwater or-
ganisms (Acuna et al., 2015a,b). Last but not least, we estimated that
22.9% of the global coastline exports some DCL. Specifically, the mass
of DCL delivered to the oceans differs considerably among and within
countries, with a median of 1.03 g per coastline km and year, and
ranging from 0 to 2,474 g km ~ ! y'! (99% distribution bounds) (Fig. 4b).
Differences also exist between river basins, with values usually below
1 Mgy (Table 2), but with basins such as the Ganges exporting around
5% of the total global export. These exports are responsible of the DCL
occurrence in oceans, which range from a few ng L™ to 100 ng L*
(Bonnefille et al., 2018).

The modeled Global Change scenario for 2030, which considered
the joined effects of changes in run-off (Schewe et al., 2014), changes in
population (Jones and O’Neill, 2016), and an estimate of the sanitation
services for 2030 based on the projection of trends from 2000 to 2015
(business-as-usual sanitation scenario, see details in supplementary in-
formation), predicted an increase of the proportion of the river network
exceeding 100 ng L' up to 3.10 + 0.72%. Large differences will occur
between continents, as the increases in concentration mainly occur in
sub-Saharan Africa, the Mediterranean, the Caribbean, and some south-
eastern countries (Fig. 4c), while in other regions DCL concentration
will even decrease, due to higher dilution capacity with higher
streamflow values. These differences are also reflected at the river basin
scale, with some basins experiencing increases above 30% and others
decreases below 15% (Table 2). Global Change will also considerably
increase the exports to oceans in most river basins (Table 2).

Decreasing the per capita consumption through EDSP brought the
proportion of river network exceeding 100 ng L' down to
2.80 * 0.64% (Supplementary Table S2). Regarding the end-of-pipe
mitigation actions, the implementation of SDG 6 brought the proportion
of river network exceeding 100 ng L! down to 2.95 + 0.68%. The
implementation of tertiary treatment according to Swiss standards in
WWTP affected 13.7% of the global population, and brought the pro-
portion of river network exceeding 100 ng L* down to 2.98 * 0.62%.
Finally, the combined effect of all considered mitigation actions re-
sulted in a proportion of the global river network exceeding 100 ng L™
of 2.54 + 0.58%; which implies that the effects of Global Change in
the occurrence of DCL were only effectively mitigated when im-
plementing all the mitigation actions together. When analyzing the
results at the scale of SDG regions (WHO/UNICEF Joint Monitoring
Programme for Water Supply and Sanitation, 2017), EDSP is the most
effective mitigation action except in Eastern Asia and South-eastern
Asia, and in Australia and New Zealand, (Fig. 5). In regards to end-of-
pipe mitigation actions, the implementation of SDG6 was considerably
more effective than the Swiss standards in the regions under develop-
ment (SDG regions Sub-Saharan Africa, Western Asia and Northern
Africa, and Central Asia and Southern Asia) (Fig. 5), where the im-
plementation of advanced tertiary treatments for microcontaminants
removal is often limited due to lack of existing WWTP.

The implementation costs differ considerably between mitigation
actions. The estimated cost of implementing the SDG 6 scenario is
65.2 - 10° € y! (Hutton and Varughese, 2016), whereas implementing
the Swiss standards globally would cost 5.5 - 10° € y*. Therefore, the
implementation of the Swiss standards was more cost-effective than the
implementation of the SDG 6 in mitigating the effects of Global Change,
although it should be stressed that this comparison is only for a single
organic microcontaminant, and that a different pattern might emerge
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when considering all potential contaminants. Interestingly, the im-
plementation cost of the Swiss standards in WWTP is directly propor-
tional to nominal GDP (Fig. 3b). Thus, the effort for each nation would
be proportional to their income, facilitating this significant improve-
ment in sanitation services.

4. Conclusions

Overall, the sole implementation of technological improvements
will not suffice to prevent the expected increases of the concentration of
pharmaceuticals such as DCL in many regions, and affordable source
mitigation scenarios such as the simulated EDSP, environmental
friendly drug design and process development, and the take-back and
management of unused drugs (Daughton and Ruhoy, 2013) need to be
considered. Another reason for combining source and end-of-pipe mi-
tigation actions is that the projected impacts of Global Change are
largest in developing regions (Fig. 4c), where wastewater treatment is
still limited and where it might be difficult to deal with the costs as-
sociated to fully implementing the SDG6 (Guiteras et al., 2015; Kaiser,
2015; Mara and Evans, 2017; Narain, 2010). Similar calls for co-
ordinated efforts have been already done (Wen et al., 2017), and here
we note that the combination of actions seems to be the only reliable
strategy to counteract the Global Change-led impact of pharmaceuticals
on global freshwaters.
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