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a b s t r a c t
As ﬁlter-feeders, freshwater mussels provide the ecosystem service (ES) of bioﬁltration. Chemical pollution may
impinge on the provisioning of mussels' ﬁltration services. However, few attempts have been made to estimate
the impacts of chemical mixtures on mussels' ﬁltration capacities in the ﬁeld, nor to assess the economic beneﬁts
of mussel-provided ﬁltration services for humans. The aim of the study was to derive and to apply a methodology
for quantifying the economic beneﬁts of mussel ﬁltration services in relation to chemical mixture exposure. To
this end, we ﬁrst applied the bootstrapping approach to quantify the ﬁltration capacity of dreissenid mussels
when exposed to metal mixtures in the Rhine and Meuse Rivers in the Netherlands. Subsequently, we applied
the value transfer method to quantify the economic beneﬁts of mussel ﬁltration services to surface waterdependent drinking water companies. The average mixture ﬁltration inhibition (ﬁltration rate reduction due
to exposure to metal mixtures) to dreissenids was estimated to be <1% in the Rhine and Meuse Rivers based
on the measured metal concentrations from 1999 to 2017. On average, dreissenids on groynes were estimated
to ﬁlter the highest percentage of river discharge in the Nederrijn-Lek River (9.1%) and the lowest in the Waal
River (0.1%). We estimated that dreissenid ﬁltration services would save 110–12,000 euros/million m3 for drinking water production when abstracting raw water at the end of respective rivers. Economic beneﬁts increased
over time due to metal emission reduction. This study presents a novel methodology for quantifying the economic beneﬁts of mussel ﬁltration services associated with chemical pollution, which is understandable to
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policymakers. The derived approach could potentially serve as a blueprint for developing methods in examining
the economic value of other ﬁlter-feeders exposed to other chemicals and environmental stressors. We explicitly
discuss the uncertainties for further development and application of the method.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

calculated based on the bootstrapping approach developed by Collas
et al. (2020). Finally, estimated ﬁltration capacities were used to determine the beneﬁts of reduced drinking water treatment costs. The
assessed metals were chosen for reasons of both environmental signiﬁcance and data availability. Cu, Cd, Pb and Zn are common pollutants in
industrial and communal efﬂuents and cause adverse effects on human
health and aqueous ecosystem (Naimo, 1995; Leung et al., 2017;
Rainbow, 2018). Both toxicity data and monitoring concentration data
in the national surface water surveys for these metals were available.
Dreissena polymorpha (Pallas, 1771) and Dreissena rostriformis bugensis
(Andrusov, 1897) were chosen in this study as they are the most abundant mussel species in the Netherlands, although both mussels are considered alien species in the Netherlands (Matthews et al., 2014). We
discussed the uncertainties to identify focal points for application and
further development of the method.

1. Introduction
Since the release of the Millennium Ecosystem Assessment (MEA;
Millennium Ecosystem Assessment (2005)), the ecosystem service
(ES) concept has been increasingly applied in decision-making, particularly in the context of biodiversity conservation and sustainable ecosystem management (Breure et al., 2012; Apitz, 2013; Potschin and
Haines-Young, 2013; Costanza et al., 2014). ESs are deﬁned by the
MEA as ‘the beneﬁts that people can obtain from ecosystems’, and
they are further classiﬁed by CICES (Common International Classiﬁcation of Ecosystem Services) into three categories: Provisioning Services
(e.g. provision of food and water), Regulating and Maintenance Services
(e.g. water puriﬁcation, climate regulation, pollination) and Cultural Services (e.g. recreation and tourism) (see Haines-Young and Potschin
(2011) for a detailed list). Meanwhile, the ES concept elicits disputes
and criticisms, including ones on the implication that nature would
only exist to serve humans (Thompson and Barton, 1994; Mccauley,
2006; Child, 2009) and on economic valuation methodologies and accuracy (Hueting et al., 1998; Pearce, 1998; Bockstael et al., 2000; Redford
and Adams, 2009). Despite debate and controversy, the expression of
ESs in ﬁnancial terms has become an essential tool for comprehensive
assessments regarding trade-offs between ecological beneﬁts and land
use options (e.g. De Groot et al. (2010), Maes et al. (2013), Costanza
et al. (2017)).
In aquatic ecosystems, freshwater mussels (hereafter mussels) are
considered keystone fauna since they act as ecosystem engineers and
provide relevant ESs (Strayer et al., 1999; Sousa et al., 2009; Vaughn,
2018). One of the ESs that mussels provide is bioﬁltration. Mussels remove particles (e.g. phytoplankton, silt, zooplankton, bacteria, metals)
from water bodies by ﬁltering water to meet their nutritional demands
(i.e. ﬁlter-feeding) (Kreeger et al., 2018). Mussels have been shown to
result in an immediate improvement in water clarity, especially in
nutrient-enriched aquatic systems (Reeders and Bij De Vaate, 1990;
Kreeger et al., 2018). Consequently, the natural ﬁltering capacity of
mussels can improve the quality of entire ecosystem and potentially reduce the puriﬁcation costs associated with drinking water production
(Newton et al., 2011; Collas et al., 2020). However, chemical pollution
is exerting pressure on aquatic systems (Posthuma et al., 2020), affecting the provisioning of mussels' ﬁltration services (i.e. decreased ﬁltration rates) (e.g. Kraak et al. (1994b), Kraak et al. (1997), Faria et al.
(2009)). Due to ﬁnancial constraints, most studies focused on effects
of single compounds in laboratory settings (De Zwart and Posthuma,
2005; Hendriks, 2013; Vaughn, 2018), leaving the impacts of chemical
mixtures on mussels and their ﬁltration capacities in the ﬁeld largely
unknown. Moreover, the economic beneﬁts (i.e. in monetary units) of
mussels' ﬁltration capacity to surface water-dependent drinking water
treatment have not yet been quantiﬁed. The economic outcome could
be a necessary component in the cost-beneﬁt analysis regarding water
quality improvement measures (e.g. restoring and conserving extant
mussel beds) which often take costs into account only. The presentation
of the economic value could be understandable to both the public and
policymakers given the practical decision context.
Hence, the objective of the present study was to develop and to
apply a methodology for quantifying the economic beneﬁts of ﬁltration
services of mussels in relation to chemical mixture exposure in surface
water systems. To this end, we ﬁrst examined the effects of copper
(Cu), cadmium (Cd), lead (Pb) and zinc (Zn) on dreissenid mussels' ﬁltration rates. Subsequently, ﬁltration capacities of dreissenids from
1999 to 2017 in the Rhine and Meuse Rivers in the Netherlands were

2. Materials and methods
2.1. Study area
The Rhine River originates in the Swiss Alps and runs a total length of
1320 km through Switzerland, Germany and the Netherlands before
ﬂowing into the North Sea. The Rhine River enters the Netherlands
with an average annual discharge of 2200 m3/s (Benedict et al., 2017).
The lower Rhine River bifurcates twice. The ﬁrst bifurcation occurs at
Pannerdensche Kop into the Waal River and the Pannerdensch Canal,
and the Pannerdensch Canal further bifurcates into the Nederrijn-Lek
River and the IJssel River.
The Meuse River originates in France and runs a total length of
935 km through Belgium and the Netherlands before discharging into
the North Sea. The Meuse River enters the Netherlands with an average
annual discharge of 230 m3/s (Collas et al., 2020). Approximately 470
million m3 of raw water is abstracted from the Rhine and Meuse Rivers
for drinking water production every year (Vewin, 2017).
2.2. Filtration capacity of dreissenid mussels
2.2.1. Rationale: an overview
Filtration capacity of dreissenid mussels from 1999 to 2017 in the
Netherlands was calculated based on data on i) densities on groynes
(including stony banks, hereafter groynes); ii) groyne length; iii) groyne
surface area per meter groyne; iv) dreissenid ﬁltration rates and
v) mixture ﬁltration inhibition to dreissenids (i.e. ﬁltration rate reduction due to exposure to metal mixtures). Data on both dreissenid species were combined and an overall dreissenid ﬁltration capacity was
determined. Rivers of concern were divided into river stretches based
on monitoring sites of dreissenid densities along the rivers (Fig. 2). Following the method of Collas et al. (2020), we applied a bootstrapping
approach to take the variability of parameters into account (Fig. S1 in
the Supporting Information). For each river stretch, the probability density function (PDF) of submerged surface area per meter groyne (m2/m)
was used to sample 1000 surface areas per meter groyne. Each of the
1000 values was multiplied with a single dreissenid density (ind/m2)
based on the dreissenid density PDF in respective river stretches (obtained from dreissenid samples at the sampling locations in Fig. 2,
Table 1), resulting in a PDF of dreissenids per meter groyne (ind/m).
Subsequently, a ﬁltration rate (ml/h/ind) was assigned to each mussel
per meter groyne using a literature-based PDF of ﬁltration rates. Due
to metal mixture exposure, the ﬁltration rate was reduced by a fraction,
2
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Table 1
Summary of observed dreissenid densities per monitoring site.
River

Monitoring site

Abbr.

Latitude

Longitude

Mean (ind/m2)

SD

No. of records

Time period

Meuse
Meuse
Meuse
Meuse
Meuse
Meuse
Meuse
Meuse
Bovenrijn
Waal
Waal
Waal
Nederrijn-Lek
Nederrijn-Lek
Nederrijn-Lek
Nederrijn-Lek
Nederrijn-Lek
IJssel
IJssel
IJssel
IJssel

Eijsden
Elsloo
Lus van Linne
Belfeld
Aijen
Grave
Laag Hermaal
Drongelen
Lobith
Wolferen
Ophemert
Vuren
Wageningen
Remmerden
Steenward
Noorderlekdijk
Langerak
Velp
Olst
Wijhe
Kampen

Eij
Els
LvL
Bel
Aij
Gra
LaH
Dro
Lob
Wol
Oph
Vur
Wag
Rem
Ste
Ndl
Lan
Vel
Ols
Wij
Kam

50°46′N
50°57′N
51°10′N
51°18′N
51°35′N
51°45′N
51°47′N
51°43′N
51°51′N
51°53′N
51°50′N
51°49′N
51°58′N
51°58′N
51°58′N
51°59′N
51°56′N
51°59′N
52°21′N
52°24′N
52°34′N

5°42′E
5°45′E
5°57′E
6°06′E
6°03′E
5°45′E
5°22′E
5°03′E
6°06′E
5°44′E
5°24′E
5°01′E
5°42′E
5°33′E
5°12′E
5°03′E
4°54′E
6°01′E
6°06′E
6°08′E
5°55′E

56
29
214
38
45
174
417
52
11
11
26
55
155
372
589
186
100
123
79
83
74

3
6
7
3
5
6
5
6
5
4
4
4
5
4
9
9
9
5
4
3
3

5
17
8
16
23
25
25
23
6
7
8
12
13
15
13
10
22
68
32
43
15

2000, 2001, 2004–2005, 2007
2004, 2007–2017
2000, 2004, 2012–2017
2000, 2001, 2004–2005, 2007–2017
2004, 2007–2017
2000, 2004, 2007–2017
2000, 2004, 2007–2017
2000, 2004–2005, 2007–2017
1999, 2003, 2007
1999, 2007–2009, 2014–2015, 2017
2003, 2007–2011, 2014, 2017
1999, 2000, 2003, 2006–2017
1999, 2003, 2007–2017
1999, 2003, 2006–2017
1999, 2003, 2007–2017
1999, 2003, 2006–2007, 2009–2013, 2015
1999, 2003, 2006–2015
1999–2015
1999–2015
1999–2011, 2014–2015
1999, 2000, 2003, 2006–2017

expressed as mixture ﬁltration inhibition to dreissenids (FImix, fraction).
The assigned ﬁltration volume per hour in the previous step was
summed to obtain the ﬁltration capacity of dreissenids per meter
groyne, resulting in a PDF of ﬁltration capacity per meter groyne
under metal mixture exposure (ml/h/m). A ﬁltration capacity from the
PDF of ﬁltration capacity per meter groyne was assigned to the total
groyne length in respective river stretches (m). The calculation step
was repeated 1000 times to take the variability in ﬁltration capacity
into account. The dreissenid ﬁltration capacity (m3/s) for each river
stretch i along the river j was calculated with PDFs according to
(adapted from Collas et al. (2020)):


FRi ¼ f ðAi Þ  f ðDi Þ  f ð F Þ  1−FImix; j



10−6
 li 
3600

ecotope map for the year 2017 was retrieved from Rijkswaterstaat
(http://www.rijkswaterstaat.nl/). Due to limited maps of groynes, the
distribution of groynes in the Netherlands from 1999 to 2017 was assumed to be similar. Groyne length of each groyne was measured in
ArcGIS by applying a circular minimum bounding geometry to the
groyne ecotopes and determining the diameter of each circle as an approximation of groyne length. The groyne surface area per meter groyne
length followed a log-normal PDF, which was ﬁtted using the
‘ﬁtdistrplus’ package in R 3.5.3 (Delignette-Muller and Dutang, 2015;
R Core Team, 2020).
2.2.4. Dreissenid ﬁltration rates
The inventory of dreissenid ﬁltration rates was a result of a literature
review reported in Collas et al. (2020) and was used in the present
study. An exponential PDF was ﬁtted to all ﬁltration rates retrieved
using the ‘ﬁtdistrplus’ package in R 3.5.3 (Delignette-Muller and Dutang,
2015, R Core Team, 2020).

ð1Þ

where
FRi Dreissenid ﬁltration capacity in river stretch i (m3/s)
f Probability density function of respective parameters (e.g. lognormal)
Ai Groyne surface area per meter groyne length in river stretch i
(m2/m)
Di Dreissenid density in river stretch i (ind/m2)
F Filtration rates of dreissenids (ml/h/ind)
FImix,j Average ﬁltration inhibition of metal mixture to dreissenids in
river j (fraction)
li Groyne length in river stretch i (m)
10−6
3600

2.2.5. Mixture ﬁltration inhibition
In this study, the mixture ﬁltration inhibition (FImix) characterises
the fraction of dreissenid ﬁltration rate reduction due to exposure to
metal mixtures. The FImix was calculated based on experimentally constructed exposure-response curve parameters and ﬁeld measurements
of metal concentrations.
Assuming a log-logistic distribution of dreissenids' sensitivities towards metal exposure, we calculated the FI for the individual metal i
in the year j and monitoring site k following the Eq. (2) (De Zwart and
Posthuma, 2005):

Conversion factor (m3·h/(ml·s))

2.2.2. Dreissenid density
Dreissenid density data from the year 1999 to 2017 were acquired
from the Monitoring Programme of the National Water Systems
(MWTL). We used density data collected from the stony substrate and
sorted the data by monitoring site (Table 1). Densities of D. polymorpha
and D. rostriformis bugensis were combined. A log-normal PDF of
dreissenid densities was acquired using the ‘ﬁtdistrplus’ package in R
3.5.3 (Delignette-Muller and Dutang, 2015; R Core Team, 2020).

FIi; j;k ¼

1
1 þ e− logðC i; j;k =EC50i Þ=βi

ð2Þ

where Ci,j,k (μg/L) is the annual median concentration of metal i in the
year j and monitoring site k. EC50i and βi are the median effective concentration (expressed as total dissolved concentration, μg/L) and the
slope of the exposure-response curve for metal i (dimensionless),
respectively.
The mixture toxic pressure of metal Cu, Cd, Pb and Zn in the year j
and monitoring site k was calculated with the assumption of dissimilar
joint action of metals, using response addition as the predictive model
(De Zwart and Posthuma, 2005):

2.2.3. Estimation of groyne surface area
The surface area of groynes was inferred from visible groyne length
(including stony banks, retrieved from ecotope maps) using correlations between length and submerged surfaces for the Rhine and
Meuse Rivers in the Netherlands (F.P.L. Collas unpublished data). The
3
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m3/s and 230 m3/s, respectively (Benedict et al., 2017; Collas et al.,
2020). On average, approximately 68% of the Rhine discharge is directed
to the Waal River, 17% to the Nederrijn-Lek River and 15% to the IJssel
River (Reeze et al., 2017).

ð3Þ

i¼1

where FIi,j,k is the ﬁltration inhibition of species for metal i in the year j
and monitoring site k calculated from the Eq. (2).

2.3. Filtration capacity and ES relevance for drinking water production
2.2.5.1. Exposure-response curves. The United States Environmental Protection Agency ECOTOX database (U.S. EPA, 2019) was consulted to obtain the relevant studies of metal exposure effects on dreissenids'
behaviours (ﬁltration rate and valve closure). The mean response per
concentration tested was collected from each study. The software
‘digitizeit’ (https://www.digitizeit.de) was used to derive measurements presented in ﬁgures. In total, 82 exposure-response values
were retrieved from eight studies (Slooff et al., 1983; Bleeker et al.,
1992; Kraak et al., 1992; Mersch et al., 1993; Kraak et al., 1994a; Kraak
et al., 1994b; Stuijfzand et al., 1999; Faria et al., 2009). Since only data
of metal effects on D. polymorpha were available, we assumed similar effects on D. rostriformis bugensis for developing and illustrating the
method.
Laboratory-based exposure-response data with long-term test durations (> 7 days) were used since organisms in contaminated freshwater
ecosystems are often exposed to toxicants for their entire lifetime
(Kraak et al., 1993). Chronic experiments thus give a better reﬂection
of the ﬁeld situation than acute experiments. For acute experiments
(Slooff et al., 1983; Bleeker et al., 1992; Kraak et al., 1994b; Stuijfzand
et al., 1999; Faria et al., 2009), the acute-chronic ratio method (ACR;
the acute EC50 divided by the chronic EC50 for ﬁltration rate) was applied to transform the available acute values to chronic values. Chronic
values were derived from acute data using an ACR of 1.0, 14.4, 4.1 and
4.3 for Cu, Cd, Pb and Zn, respectively, as reported in Kraak et al.
(1994a).
The transformed chronic exposure-response data were classiﬁed per
metal, and corresponding curves were constructed separately. The drc
package in R 3.5.3 was utilised to determine the curve parameters (i.e.
EC50 and β) with a two-parameter log-logistic model as shown in
Eq. (2) (Ritz and Streibig, 2016; R Core Team, 2020).

2.3.1. Rationale
Dreissenid ﬁltration can signiﬁcantly reduce turbidity in lakes and
rivers (Higgins and Zanden, 2010). Meanwhile, the cost of drinking
water supply is directly linked to the quality of its raw water input,
with turbidity as the common water quality metric (Elsin et al., 2010;
Price and Heberling, 2018). Therefore, we associated the ﬁltration capacity of mussels with turbidity as a proxy for drinking water production costs. In the present study, the dreissenid ﬁltration capacity was
associated with a mean reduction of river turbidity by 50%, as observed
in Higgins and Zanden (2010) (the result was not signiﬁcant due to low
sample size). The value transfer method was applied to estimate the average economic beneﬁts of dreissenid ﬁltration capacity according to
(Elsin et al., 2010):
 
FRi
ΔC ¼ ε  C  %ΔT ¼ ε  C  0:5  ∑
Qj

ð4Þ

where ΔC is the estimated economic beneﬁt of dreissenid ﬁltration capacity for saved drinking water treatment costs (2016€/m3); ε is the
elasticity of cost to turbidity (dimensionless); C is the average production cost for surface water companies in the Netherlands (2016€/m3)
and %ΔT is the percentage change in turbidity (i.e. 50% of the cumulative
percentage of ﬁltered water).
2.3.2. Parameterisation
Turbidity elasticity (ε) represents the percentage change in drinking
water treatment costs resulting from a 1% change in turbidity. We included the studies summarised in Price and Heberling (2018) using surface water treatment plants as units of evaluation. We calculated the
average ε as 0.17 ± 0.09 (mean ± standard deviation) based on seven
U.S. and three non-U.S. studies (Table 2). The average drinking water

2.2.5.2. Environmental concentrations of metals. Measured metal concentrations from the year 1999 to 2017 for the Rhine and Meuse Rivers
were collected from www.waterinfo.rws.nl, a validated online database
of the Dutch Ministry of Infrastructure and the Environment. Levels
were reported as concentrations after ﬁltration in the measurement
process (i.e. they are assumed to represent the relevant fraction
exerting toxic effects). Data were sorted by monitoring site. Measurements below detection limits were included as half of the detection
limit (Macdougall and Crummett, 1980). A total of 10,243 measured
concentrations of Cu, Cd, Pb and Zn were included in our dataset and
summarised in Table S1 in the Supporting Information. To gain insight
into the effects of historical metal concentrations, we extracted metal
concentration data of the Rhine and Meuse Rivers from Rijkswaterstaat
Rijkswaterstaat (1980) and www.waterinfo.rws.nl for the period
1971–1975 and 1991–1995, respectively.

production cost for surface water companies in the Netherlands (C)
was reported to be 1.51 in 2016€/m3 excluding taxes (Horlings et al.,
2019).
3. Results
3.1. (Mixture) ﬁltration inhibition
Filtration rates of D. polymorpha were found to be most sensitive to
Cu and least sensitive to Zn (Fig. 1). The median effective concentrations
causing 50% of ﬁltration inhibition to D. polymorpha (EC50) were 43.7,
63.0, 99.3 and 380.2 μg/L for Cu, Cd, Pb and Zn, respectively (Table 3).

2.2.6. Groyne length of the river stretch
The total groyne length per river stretch was the sum of the groyne
length measured in Section 2.2.3 and summarised in Table S2 in the
Supporting Information.

Table 2
Summary of turbidity elasticities included in the present study.

2.2.7. River discharge
The cumulative percentage of ﬁltered water along the river j was calculated by comparing ﬁltration capacity FRi in river stretch i (m3/s) with
average annual river discharge Qj (m3/s) according to ∑(FRi/Qj). River
discharge is only monitored on a regular and long-term basis at two
gauging stations: at Lobith and Eijsden, where the rivers Rhine and
Meuse enter the Netherlands, respectively. The average annual discharge of the Rhine and Meuse River from 1999 to 2017 was 2200
4

Reference

Country

Elasticity of cost to
turbidity

Abdul-Rahim and Mohd-Shahwahid (2011)
Dearmont et al. (1998)
Forster et al. (1987)
Murray and Forster (2001)
Heberling et al. (2015)
Holmes (1988)
Moore and Mccarl (1987)
Price et al. (2017)
Singh and Mishra (2014)
Warziniack et al. (2017)

Malaysia
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
Canada
India
U.S.

0.07
0.27
0.12
0.30
0.11
0.07
0.33
0.10
0.20
0.19
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Fig. 1. Filtration inhibition to D. polymorpha after long-term exposure to copper (Cu, blue), cadmium (Cd, green), lead (Pb, orange) and zinc (Zn, red), based on data from Slooff et al. (1983)
(+), Bleeker et al. (1992) (□), Kraak et al. (1992) (△), Mersch et al. (1993) (◇), Kraak et al. (1994a) (▲), Kraak et al. (1994b) (○), Stuijfzand et al. (1999) (×) and Faria et al. (2009) (■).

3.2. Filtration capacity of dreissenid mussels
Based on the average FImix from 1999 to 2017, the estimated median
ﬁltration capacity of dreissenid mussels was the highest at 27.5 (95% CI:
21.9, 32.2) m3/s in the stretch between Steenwaard and Noorderlekdijk,
and the lowest at 0.008 (0.006, 0.011) m3/s in the stretch of the
Pannerdensch Canal (Fig. 2A, see Table S3 in the Supporting Information
for the full list). Relative to average annual river discharge, 9.1%, 7.1%,
1.9% and 0.1% of river discharge was estimated to be ﬁltered by
dreissenids on the groynes at the end of the Nederrijn-Lek River,
Meuse River, IJssel River and Waal River, respectively (Fig. 2B,
Table S3 in the Supporting Information).

Table 3
Summary of exposure-response curves of copper (Cu), cadmium (Cd), lead (Pb) and zinc
(Zn) in Fig. 1.
Metal

Cu
Cd
Pb
Zn
a

Number of records

25
21
17
18

Curve parameters
log(EC50) (μg/L)a

β

1.64
1.80
2.00
2.58

0.28
0.29
0.30
0.22

Values are base 10 log-transformed.

3.3. Economic beneﬁts of ﬁltration capacity for drinking water production
Surface water abstraction for drinking water production in the
Netherlands is mainly in lower reaches of rivers (Vewin, 2017). We estimated that dreissenid mussels, exposed to metal levels in the
Netherlands from 1999 to 2017, would save 110–12,000 euros/million
m3 for drinking water treatment when abstracting raw water at the
end of the river basins (see Table S3 in the Supporting Information for
beneﬁts at different water abstraction locations). The beneﬁts would

Based on the exposure-response curve parameters and metal concentrations from 1999 to 2017, the average FImix to dreissenids was estimated to be <1% in the Rhine and Meuse Rivers in the Netherlands
(Table 4). Cu was estimated to be the main contributor to the total pressure (>94%), while the other metals had limited contributions (Table 4).
A decline in FImix over the years was observed for rivers where historical
data were available (Table 4).

Table 4
The average (mixture) ﬁltration inhibition (%) (± standard deviation) for the Meuse River and Rhine River distributaries in the Netherlands over timea.
Metal

Cu
Cd
Pb
Zn
FImix (1999–2017)
FImix (1971–1975)
FImix (1991–1995)
FImix (2011–2015)

FI (1999–2017)
Meuse River

Waal River

Nederrijn-Lek River

IJssel River

0.70 (±0.17)
4.1·10−3 (±4.8·10−3)
7.2·10−3 (±9.2·10−3)
0.03 (±0.02)
0.74 (±0.21)
8.6 (±3.9)
1.3 (±0.35)
0.68 (±0.20)

0.79 (±0.18)
7.7·10−4 (±1.2·10−4)
1.6·10−3 (±4.8·10−4)
0.02 (±5.8·10−3)
0.81 (±0.19)
15.2 (±4.6)b
1.4 (±0.24)b
0.72 (±0.08)

0.73 (±0.07)
5.8·10−4 (±2.6·10−4)
1.7·10−3 (±1.4·10−4)
5.9·10−3 (±1.9·10−3)
0.73 (±0.08)

0.82 (±0.07)
8.0·10−4 (±3.4·10−5)
1.6·10−3 (±2.0·10−4)
0.01 (±3.6·10−3)
0.83 (±0.08)

0.69 (±0.06)

0.82 (±0.09)

a

The average FI (%) was calculated as the arithmetic mean based on measured metal concentrations in different monitoring sites from 1999 to 2017; the average FImix (%) was calculated
based on the average FI over time.
b
The average FImix (%) for the Rhine River was calculated based on measured metal concentrations at Lobith.
5
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Fig. 2. The ﬁltration capacity (A) and cumulative percentage of discharge ﬁltered by dreissenids (B) for the Meuse River and Rhine River distributaries in the Netherlands. Abbreviations:
Bi1 is where the Rhine splits into the Waal River and the Pannerdensch Canal; Bi2 is where the Pannerdensch Canal splits into the Nederrijn and IJssel River; End M = end of the Meuse
River; End W = end of the Waal River; End L = end of the Nederrijn-Lek River; End IJ = end of the IJssel River. Other abbreviations of locations are shown in Table 1.

have increased by 1–89 euros/million m3 without metal pollution (i.e.
FImix = 0, Fig. 3). With decreasing metal levels in Dutch rivers over
time, the beneﬁts of ﬁltration capacity were estimated to increase accordingly (Fig. 3).

4. Discussion
We developed a methodology to assess the economic value of mussels' ﬁltration services for drinking water production in relation to

Fig. 3. Economic beneﬁts (2016 €/million m3, error bars representing 95% CI) of dreissenid ﬁltration capacity when abstracting raw water at the end of the Meuse River and Rhine River
distributaries in the Netherlands over time. Economic beneﬁts of dreissenid mussels exposed to the three historical metal levels only considered changes in mixture ﬁltration inhibition to
dreissenids (i.e. it was assumed that dreissenid densities on groynes and groyne surface areas were historically the same as those from 1999 to 2017).
6
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chemical mixture exposure. As an application example, we ﬁrst quantiﬁed the ﬁltration capacity of dreissenid mussels under metal mixture
exposure in the Rhine and Meuse Rivers in the Netherlands, accounting
for the variabilities of mussel densities, ﬁltration rates and habitat surface areas. Subsequently, we estimated the economic value provided
by dreissenid mussels for drinking water production by linking ﬁltration
capacity to changes in river turbidity. With sufﬁcient data, our
methodology can be applied to quantify the economic beneﬁts of
other ﬁlter-feeders when exposed to more chemicals and their mixtures. The example outcomes expressed in economic terms demonstrate the magnitude of importance of mussels' water puriﬁcation
services. The economic results also suggest that water managers can
be supported if they compare alternative water quality improvement
plans through an analysis showing beneﬁts next to costs. Below, we discuss three key elements of our study, i.e. the mixture ﬁltration inhibition, ﬁltration capacity and its beneﬁts.

exposure-response curves can be created from ecotoxicity test data or
quantitative structure-activity relationship (QSAR) models.
4.2. Filtration capacity of dreissenid mussels
Bioﬁltration is a crucial riverine ES provided by freshwater mussels
(Vaughn, 2018). To our knowledge, this study is the ﬁrst to derive the
ﬁltration capacity of dreissenid mussels for the entire Rhine and
Meuse Rivers in the Netherlands. As the overall dreissenid density is
still increasing in the Netherlands (Matthews et al., 2014), an increase
in ﬁltration capacity is expected. Our study showed that the median ﬁltration capacity of dreissenids was 0.47 m3/s in the Meuse river stretch
between Aijen and Grave (5.6 km groyne length). In comparison, Collas
et al. (2020) reported the capacity of 3.03 m3/s in a sub-river stretch
(Sambeek - Grave with 1.0 km groyne length). The difference in ﬁltration capacity will directly affect the magnitude of economic beneﬁts,
yielding saved drinking water treatment costs of 6531 (in 2016€/million m3) in our study compared with 15,985 from Collas et al. (2020).
The discrepancy is mainly attributed to the differences in density data,
where median densities in Collas et al. (2020) (9270 ind/m2) were
two orders of magnitude higher than the data sampled by the MWTL
(45 ind/m2). The average mussel density in the Nederrijn River from
the MWTL (240 ind/m2) was ten times lower than the previously recorded densities in Leuven et al. (2014). A possible explanation could
be the differences in sampling protocols. The MWTL program sampled
dreissenid densities from randomly chosen stones without treating
the stones separately (the density is calculated as the total number of
dreissenids on selected stones divided by the sum of surface areas). In
contrast, Leuven et al. (2014) and Collas et al. (2020) sampled the surface area from a random side of the selected stone (often the bottom
side since dreissenids have a negative geotaxis). Densities were calculated for each groyne stone separately and subsequently averaged
(Collas et al., 2020). The low calculated dreissenid densities from
MWTL are likely leading to an underestimation of ﬁltration capacity. A
further underestimation might be caused by the focus on dreissenids'
habitat of groynes in the present study, while dreissenids are also present in the littoral zone on small cobbles placed locally for bank
stabilisation (Collas et al., 2020). Therefore, the ﬁltration capacity of
dreissenid mussels is likely higher than calculated here.
Additionally, the ﬁltration capacity of other bivalves (mussels and
clams), such as native unionid species and alien C. ﬂuminea that have
established in Dutch rivers, was not assessed in this study. Compared
to other freshwater bivalves, D. polymorpha's ﬁltration rate
(10–100 ml/h/ind) is intermediate among Sphaeriidae (0.6–8.3),
Unionidae (60–490) and Corbicula spp. (60–800) (Mackie and Claudi,
2009). Recently, Kreeger et al. (2018) reviewed that while bivalves provide water quality beneﬁts throughout mid-Atlantic watersheds, little
attention has been paid to bivalves. Few studies focused on the beneﬁts
of native mussels (e.g. Newton et al. (2011)). As an illustration of the
feasibility and potential utility of the method, we focused on only two
bivalve species in the Netherlands. Consequently, efforts should be
made to estimate the total ﬁltration capacity and corresponding economic beneﬁts of the entire bivalve community in regions of interest.

4.1. Mixture ﬁltration inhibition
The sensitivity of D. polymorpha ﬁltration rates after long-term exposure to the four metals was in the following order: Cu > Cd > Pb > Zn.
Regardless of test duration, the order was in agreement with results for
other bivalves such as Anodonta cygnea (Linnaeus, 1758) (Huebner and
Pynnönen, 1992) and Corbicula ﬂuminea (O. F. Müller, 1774) (Cherry
et al., 1980). Over the last two decades, the average mixture ﬁltration inhibition (FImix) to dreissenids was estimated to be <1% based on the
measured metal concentrations in the Netherlands. The improved
water quality over time was shown to reduce the ﬁltration rate inhibition of D. polymorpha from 15% to less than 1%. The relatively low
metal concentrations over the last decades are the result of clean-up
campaigns from the late 1970s and several international agreements
and regulations to reduce metal emissions, such as the Rhine Action
Programme and Water Framework Directive (WFD) (ICPR, 1987;
European Commission, 2000; Middelkoop, 2000). The decline in FImix
is an illustration of the effectiveness of these programs and the success
of the WFD implementation.
We constructed the exposure-response curves using chronic laboratory toxicity data and we applied ACRs when only acute data were reported. Compared with short exposure laboratory studies, long-term
laboratory studies could provide a better representation of sensitivity
in naturally occurring ﬁeld situations (Leung et al., 2005; Brix et al.,
2011). Since only data of metal effects on D. polymorpha were available,
we assumed similar effects on D. rostriformis bugensis. Therefore, further
research should focus on evaluating the long-term effects of metals on
ﬁltration rates of D. rostriformis bugensis, which is particularly important
to the D. rostriformis bugensis dominated communities as in the
Netherlands (Collas et al., 2020).
In the analysis, we considered the exposure-response data based on
total dissolved concentrations, while the effects of metals in ecotoxicological tests are determined by bioavailable concentrations
(Fedorenkova et al., 2012). Metal toxicity often relates to the different
forms of metals that can exist in nature (speciation) (Vink, 2009). The
variabilities in water chemistry, such as low pH, low hardness and low
dissolved organic carbon (DOC), can induce the dissociation of metals,
increasing their solubility and consequently their toxicity (Bjerregaard
et al., 2015; De Paiva Magalhães et al., 2015). Additionally, since mussels
are fed by straining suspended matter and particles from water (Kelly
et al., 2009), the assimilated fraction of metals can interact with receptors and physiological sites fundamental to the body's metabolism,
thus triggering toxic effects (Rainbow and Luoma, 2011). Therefore, corrections for bioavailability of metals may yield uncertainties in FImix, depending on environmental and toxicological bioavailability.
Nevertheless, the method for estimating chemical impacts on ﬁltration
rates (i.e. FImix) could be applied for any measurements of metal concentrations and for more chemicals and their mixtures, provided that

4.3. Beneﬁts of ﬁltration capacity
4.3.1. Economic beneﬁts of ﬁltration capacity
Natural capital contributes to the well-being and prosperity of people (e.g. Daly (1996), Costanza et al. (1997), Tallis (2011)). The ﬁltration
capacity of mussels helps to provide a clean environment for people to
live in and is crucial for public health. The water puriﬁcation service of
mussels is therefore an important ecosystem service. By expressing
this service in monetary units, we may help policymakers take a holistic
view of water quality management that includes not only the costs of
‘river basin management planning’ under WFD, but also the value generated by our natural capital. We explicitly assessed the value of non7
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market ﬁltration service as reduced drinking water production costs, as
it is a straightforward way to link speciﬁc water quality changes (i.e. turbidity) to particular economic outcomes (Elsin et al., 2010). In terms of
changes in drinking water provision costs, our study is the ﬁrst step towards the establishment and development of a methodology for estimating the potential economic beneﬁts of mussels.
Regardless of conservative estimates of dreissenid ﬁltration capacity
as discussed, dreissenids would potentially save production costs for
drinking water companies due to improved source water quality. Economic beneﬁts for the Waal River were estimated to be relatively low,
mainly due to the low measured dreissenid densities (up to ﬁfty times
lower) compared to those in other rivers. Notably, beneﬁts to speciﬁc
drinking water companies are determined by their raw water source locations and speciﬁc production and treatment procedure. The net water
clarity effects of mussels also depend on the eventual fate and form of
ﬁltered matters (excreted in sediments, remineralised, or partially
returning to the system after mussels die) (Kreeger et al., 2018),
where the recycled chemical inﬂow is negligible compared to anthropogenic emissions. Nevertheless, the method linking the ﬁltration capacity
of mussels to turbidity as a proxy for drinking water production costs
provides a generic method to assess the value and magnitude of ﬁltration services provided by mussels. The beneﬁts of past cleaning-up of
rivers were also evident from the increasing production cost reduction
over the years. Additionally, if the raw water source is contaminated
with more chemicals, as is often the case, the beneﬁts for drinking
water production calculated in the example study are an overestimate
(although metal exposure is often an important part of chemical pollution impacts).
In the present study, we applied the turbidity elasticity (ε) to link ﬁltration capacity and production cost. Unfortunately, the ε values collected from the literature mostly originated from the United States,
while values for the Netherlands were unavailable. Turbidity elasticities
seem consistent regardless of the diversity of spatial scales and analytical methods (Table 2). However, it is recommended to study the relationships between costs and turbidity based on Dutch situations.

2009; Leuven et al., 2009), as substantiated in this study. Given the overall increase of dreissenids and other alien species (Limburg et al., 2010;
Matthews et al., 2014), further ES valuation should consider both the
potential positive and negative impacts of alien species on ecosystem
resilience for a more comprehensive assessment (Leuven et al., 2014;
De Hoop et al., 2015), instead of only considering negative impacts.
4.4. Relevancy
We developed a novel methodology to determine the economic
value of bioﬁltration capacities of mussels under chemical exposure by
linking a ﬁltration capacity model by Collas et al. (2020) to changes in
river turbidity. The case study of long-term metal-exposed dreissenid
mussels in the Rhine and Meuse Rivers in the Netherlands is intended
to illustrate the magnitude of ﬁltration services provided by mussels
and the feasibility of the proposed approach. The economic outcome enables us to value mussel ecosystem services in a manner that is understood by the public and policymakers. We identiﬁed main
uncertainties and recommended further research for developing the
proposed methodology. The present study only quantiﬁed the ﬁltration
capacity and its economic beneﬁts of dreissenid mussels on groynes
under a limited number of chemical stressors. We encourage the reﬁnement and application of this systematic method to determine the total
economic beneﬁts of ﬁltration capacity of freshwater bivalves in rivers
and the potential impacts of chemicals and other pressures on their economic value.
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4.3.2. Beneﬁts of ﬁltration capacity to other ecosystem services
In addition to reduced water treatment expenditures, increased
water clarity beneﬁts people in numerous pathways, from health impacts to recreation and aesthetics. For example, changes in water clarity
are commonly associated with recreational activities such as swimming
and nature viewing (Keeler et al., 2012). The valuation of these nonmarket services often accounts for social demands such as social perceptions or willingness to pay (WTP) for improved water quality (Vaughn,
2018). For instance, Limburg et al. (2010) found that water clarity
through dreissenid ﬁltration was positively associated with changes in
revenues and property values based on key informant interviews. Additionally, improved water clarity might beneﬁt waterboards in the
Netherlands by lowering the necessity to take other (costly) measures
to achieve WFD water quality target. Therefore, we suggest that a holistic analysis, such as surveying large regions for WTP or changes in housing and property values as a function of water clarity and quality, could
provide better estimates on the beneﬁts generated by mussels.
In the Netherlands, alien mussels (e.g. dreissenids) have established
themselves in rivers and outcompete native mussels (e.g. unionids)
through fouling their shells and depleting food sources (Strayer et al.,
1999; Leuven et al., 2009; Matthews et al., 2014). The occurrence and
high densities of dreissenid mussels negatively affect native mussel
communities and zoobenthos populations, cause a shift in ﬁsh species
community composition and alter entire freshwater food webs (Kelly
et al., 2009; Strayer et al., 2011). While bio-invasions may have detrimental impacts on ecosystems (European Commission, 2013), alien
species can still provide the water ﬁltration functions and services previously provided solely by native species. Handling novel ecosystems
should not only consider adverse effects of invaders on biodiversity
but also weigh their effects on ecosystem functioning (Hobbs et al.,
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