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• The ﬁrst ever conducted mesocosm
study focusing on the ecotoxicological
potency of an alkylating drug.
• The ecotoxicological potency of cyclophosphamide on freshwater communities is much higher than expected from
existing toxicity data.
• Cyclophosphamide induces adverse effects on populations at the highest ambient concentration ever observed.
• At the community level, the zooplankton community is the most sensitive,
followed by phytoplankton and macroinvertebrates.
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a b s t r a c t
Cyclophosphamide (CP) is a chemotherapy drug which is widely used in the treatment of neoplastic diseases and
have often been detected in urban and hospital wastewater, and surface waters. However, at present the effects
of CP on aquatic organisms and ecosystems are poorly understood. The main objective of the present study was to
assess the effect of CP on the structure and functioning of a sub-tropical freshwater ecosystem (macroinvertebrates, zooplankton and phytoplankton) at environmental relevant concentrations. CP (0, 0.5, 5 and 50 μg/L)
was applied weekly to 13,600 L mesocosms over a period of four weeks followed by a one month post exposure
period. CP was found to dissipate much faster than previous reported in literature and the half-dissipation times
were treatment dependent, being 2.2, 21.3 and 23.6 days in the lowest, middle and highest treatments respectively. Only treatment related effects were observed on the community structure at individual samplings with
zooplankton (NOECcommunity = 0.5 μg/L) responding at lower concentrations than phytoplankton
(NOECcommunity = 5 μg/L) and macroinvertebrates (NOECcommunity ≥ 50 μg/L). The dissolved organic carbon
concentration was consistently higher in the 2 highest treatments, indicating a potential effect on food web
interactions and/or the microbial loop. At the population level, consistent adverse effects were observed for
the plankton taxa Pleuroxus laevis, Dissotrocha sp. and Oscillatoria sp. at all CP concentrations (NOEC <0.5 μg/L).
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Additionally, at the highest CP treatments 7% of all the taxa showed a clear short-term adverse effect. Based on
comparison with literature data it can be concluded that these taxa have the highest CP sensitivity ever recorded
and these ﬁndings indicate a potential CP risk to aquatic ecosystems at environmental relevant concentrations.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

The biological risks posed by CP and its metabolites on aquatic
species and ecosystems are not well known (Li et al., 2021; Queirós
et al., 2021). At present there are very few studies that have assessed
the effects of CP on aquatic freshwater organisms. The effect of CP has
been studied on the algae Synecococcus leopoliensis (Grung et al.,
2008) and Pseudokirchneriella subcapitata (Białk-Bielińska et al., 2017;
Russo et al., 2018a), the macrophyte Lemna minor (Białk-Bielińska
et al., 2017), the Crustacean Daphnia magna (Białk-Bielińska et al.,
2017; Grzesiuk et al., 2018; Zounková et al., 2007), Ceriodaphnia dubia
(Russo et al., 2018b) and Thamnocephalus platyurus (Russo et al.,
2018b), the rotifera Brachionus calyciﬂorus (Russo et al., 2018b), the
Annelida Nereis diversicolor (Fonseca et al., 2018) and the ﬁsh Danio
rerio (Zhu et al., 2014). However, these studies mainly focus on the
acute toxicity using mortality and immobilization as endpoints at concentrations far above environmental relevant concentrations (mg/L).
The lack of chronic or higher-tier data including non-lethal endpoints
such as reproduction, growth and genotoxicity makes it impossible to
make an accurate prediction of the potential effects CP would have on
aquatic communities and the ecological risks it poses at environmental
relevant concentrations.
To address this knowledge gap, a mesocosm study was conducted to
determine the direct and indirect effects of CP on the community
structure and functioning of a freshwater ecosystem (phytoplankton,
zooplankton and macroinvertebrates). Mesocosm studies facilitate a
more realistic risk assessment than lower-tier single species tests, and
provide information on the effects of chemicals at the population and
community level (Brock et al., 2014). The mesocosms were exposed to
four different CP concentrations (0, 0.5, 5 or 50 μg/L) added 4 times in
a period of 21 days, followed by a period of 37 days of no additional
CP spiking. The lowest CP concentration (0.5 μg/L) was based on highest
measured CP concentration in surface water and represents the present
realistic worst case exposure scenario.

1. Introduction
The use of anticancer drugs in chemotherapy is increasing every year
and the residues of these pharmaceuticals are continuously discharged
into the aquatic environment through urban and hospital wastewater
and water treatment plants efﬂuents (Grung et al., 2008; Ventura
et al., 2017). Among the many pharmaceuticals used to treat cancer,
alkylating drugs are one of the oldest well established classes of anticancer drugs (Brock, 1989). In general, the alkyl carbon groups of alkylating
drugs act directly on the DNA double strand which alters the DNA helical structure by affecting the binding of chromatin protein and inducing
DNA strand breaks, followed by genotoxic effects and tumour cell death
(Lien and Ou, 1985; Peterson, 1980). However, normal growing cells
could also be affected through the same mode of action which could
harm all eukaryotic organisms by being cytotoxic and genotoxic, and
by inducing mutagenic and carcinogenic effects (Boisseaux et al.,
2017; Grzesiuk et al., 2018; Johnson et al., 2008; Lien and Ou, 1985;
Peterson, 1980).
Cyclophosphamide (CP) is one of oldest and most widely prescribed
alkylating cytostatic medicine. In Europe the consumption data of CP for
countries such as France, Spain, Germany and Portugal are in the order of
tons per year (Queirós et al., 2021; Gómez-Canela et al., 2020). GómezCanela et al. (2020) reported that the mean European use of CP was
10.4 μg/inhabitant/day and is most likely to increase. After consumption,
CP is excreted by the patient through urine and faeces and discharged
into the hospital and household wastewaters. Consequently, CP is detected at low levels (ng to μg/L) in aquatic ecosystems. The highest CP
concentrations are being detected in hospital wastewater efﬂuents,
ranging from <0.0002 to 22.1 μg/L (Gómez-Canela et al., 2012; Grung
et al., 2008; Isidori et al., 2016; Lin and Lin, 2014; Steger-Hartmann
et al., 1997; Yin et al., 2010). High CP concentrations as high as 0.3 μg/L
are also being detected In wastewater treatment plants efﬂuent (Česen
et al., 2015; Gómez-Canela et al., 2012; Grung et al., 2008; Isidori et al.,
2016; Lin and Lin, 2014; Steger-Hartmann et al., 1997). CP has been
demonstrated to be a very persisted compound in aquatic systems
with a poor biodegradability and low removal efﬁciency by conventional
water treatment methods (Buerge et al., 2006; Lin et al., 2014; Lin and
Lin, 2014; Steger-Hartmann et al., 1997). Li et al. (2021) for example, reported a log Kow, DT50water (dissipation time 50% in water), DT50sediment
and BCF (bioconcentration factor) of 0.97, 38d, 338d and 0.5, respectively for CP. Consequently, CP is often still being detected in the ﬁnal
water treatments plant's efﬂuent (detection frequencies of 20 to 100%)
and drinking water (Česen et al., 2015; Gómez-Canela et al., 2012;
Grung et al., 2008; Gu et al., 2019; Isidori et al., 2016; Lin and Lin,
2014; Steger-Hartmann et al., 1997). Gu et al. (2019), for example, reported that CP was still being detected in 33% of the monitored sampling
sites in Shanghai. At present the concentrations of CP in efﬂuent receiving surface waters varied between 0.009. and 0.14 μg/L (10th–90th percentile) and had detection frequencies of 24 to 100% (Buerge et al., 2006;
Busetti et al., 2009; Franquet-Griell et al., 2017; Lin et al., 2013; Martín
et al., 2011; Steger-Hartmann et al., 1997; Li et al., 2021). The highest
CP concentrations ever found in surface waters was in the Jingmei
river (Taiwan) and ranged up to 0.5 μg/L (Lin et al., 2013). It can be hypothesized that the low removal efﬁciency and increased use of CP will
lead to increasing environmental concentrations in the future. Additionally, while low degradability may lead to higher CP concentrations, this
is balanced by its low predicted log Kow, which would suggest a broad
distribution within the aquatic ecosystem.

2. Materials and methods
2.1. Test systems
The present study was conducted in thirteen outdoor mesocosms
located at the South China Normal University Environmental Research
Institute (SERI, Guangzhou, China) and ran from July till October 2020.
To prevent excessive rainfall during the experimental period the experimental area was roofed by a plastic tent which were completely open
sideways and were placed high enough not to block the majority of
the sunlight nor to interfere with the migration of ﬂying insects between the systems (Fig. S1). Each mesocosm consisted of a PVC tank
(diameter: 122 cm; height: 79 cm; max water volume: 800 L) which
was initially ﬁlled with 600 L tap water and 4.5 cm of sediment collected
from uncontaminated nearby ponds. An aeration system was installed
just below the water surface of each mesocosm to provide a constant
soft water current. An aeration period of one week was used to dissipate
the possible tap water related chloride residues from the mesocosm
water. After the aeration period the mesocosms were inoculated with
plankton and macroinvertebrates from several uncontaminated ponds
located in protected wetlands and parks nearby SERI. These ponds
were representative for the local aquatic communities. The stock of
macroinvertebrates was made up by distributing an equal number of
individuals of each species to each mesocosm. Additionally, an equal
volume of a concentrated plankton community was inoculated to each
2
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mesocosm. The aquatic communities were allowed to establish themselves for a period of six weeks prior to the start of the experiment
(pre-treatment period). During the pre-treatment period, about 20% of
the mesocosm water was taken out from each tank weekly and mixed
in a central tank and randomly exchanged between mesocosm in
order to homogenize the community structure. Phosphorus (KH2PO4:
0.18 mg/L) and nitrogen (CH4N2O: 1.4 mg/L) were added to the
mesocosms every two weeks to stimulate phytoplankton growth. In
case of water loss (e.g. by evaporation) the water levels of each
mesocosm was adjusted to approximately 600 L by adding additional
tap water (aerated for 1 week and ﬁltered through 0.4 μm prior to
adding) once a week. At the end of the pre-treatment period the daily
average (± standard deviation) DO, conductivity and pH values in the
mesocosms were 7.7 mg/L (± 1.9 mg/L), 191 μS/cm (± 23 μS/cm) and
8.6 (± 0.6), respectively.

Firstly, all macroinvertebrates present at the water surface were visually
identiﬁed and counted. Secondly, one of the two pebble baskets was
carefully retrieved from each mesocosm by a net. The stones within
the basket were put in a white tray and carefully washed to collect all
the organism within the basket. After washing the stones and basket
were placed back into the mesocosm. The pebble baskets were samples
alternately to ensuring a minimum colonisation period of 2 weeks.
Thirdly, the swimming animals and the ones resting on the mesocosm
walls of half the mesocosm (every week another side was chosen)
were caught using a pelagic net (mesh size: 0.5 mm) and collected in
a white tray. All the acquired macroinvertebrates were identiﬁed till
the lowest practical level and returned unharmed to the original
mesocosm after identiﬁcation.

2.2. Cyclophosphamide application and analyses

Plankton samples (zooplankton and phytoplankton) were taken on
days −1, 2, 9, 16, 23, 30, 44 and 58. To assess the plankton (zooplankton
and phytoplankton) community a series of depth-integrated (Perspex
tube: length 0.4 m; volume: 0.8 L) subsamples were collected randomly
from each mesocosm and pooled into two 5 L samples and ﬁltered
through a zooplankton (mesh size 55 μm; Hydrobios) or phytoplankton
net (mesh size 20 μm; Hydrobios). After ﬁltering, the remaining water
was returned to the mesocosm and the collected plankton samples
were preserved in lugol. Additional water samples (0.5 L) were collected from each mesocosm to monitor the chlorophyll-a concentrations of the phytoplankton. Chlorophyll-a concentrations were
determined based on the method described by APHA (2005).
An inverted microscope (Nikon model Eclipse Ts2R) was used to
identify the plankton to the lowest practical taxonomic level. All
macro-zooplankton (i.e. Cladocera, adult and copepodite stadia of
Copepoda and Ostracoda) individuals present in the 5 L sample were
identiﬁed. Copepoda were only classiﬁed as Cyclopoida, Calanoida
(Diaptomus sp.) and nauplii. A subsample of a known volume was
used to count the number of individuals of phytoplankton and microzooplankton taxa (i.e. Rotifera, nauplii and Chaetonotus sp.) and later
these numbers were recalculated to abundances per litre. At least 400
individuals of each community were counted and identiﬁed along longitudinal transects according to Utermöhl (1958) for each subsample.
Colonies of algae were counted as individuals.
The possible effect of CP on the periphyton community were
assessed by measuring the chlorophyll-a content on glass slides on
days 2, 16, 30 and 58. Four series of 3 microscopic glass slides
(7.5 cm × 2.5 cm) were placed in a rack 30 cm below the water surface
7 days before the ﬁrst treatment for periphyton colonisation. For each
sampling one series of slides was scraped clean using a toothbrush
and the algae were transferred to a glass container with 0.25 L tap
water. The chlorophyll-a concentration was measured in the same
way as for the phytoplankton.

2.4. Zooplankton, phytoplankton and periphyton

After the pre-treatment period, the mesocosms received a ﬁrst CP
dose. The experimental design consisted of three different CP treatments
(0.5, 5 and 50 μg/L) with three replicates each and four untreated controls. For deciding the CP exposure concentrations it was decided not
to focus on CP concentrations found in hospital efﬂuent waters since
they are expected to represent local, short term peak exposure concentrations and not the exposure concentration of the receiving aquatic
ecosystem. Therefore, the lowest initial CP exposure concentration was
based on the highest ever measured CP concentration (0.5 μg/L) in surface water (Lin et al., 2013). By doing so, the selected exposure concentrations tried to simulate realistic worst case exposure scenarios.
CP applications were performed on days 0, 7, 14 and 21. For each
treatment stock solutions of 1 L were prepared by diluting a pure CP
(6055-19-2, Cyclophosphamide Monohydrate; HPLC >97%) stock solution to Mili-Q water. Control mesocosms were spiked with 1 L of pure
Mili-Q water. After each spiking a stick was used to facilitate the homogenisation of the CP over the whole water column after each spiking.
After 1, 24 and 48 h of the ﬁrst CP application, 10 mL depth-integrated
water samples were taken by a PVC tube from each mesocosm. These
samples were used to monitor and calculate the weekly CP concentration losses. CP concentrations were weekly adjusted to their nominal
concentrations by additional spiking to compensate for losses from
the water column. In case of the second, third and fourth applications
additional 10 mL samples were taken just before the new dosing and
at least 1 h after the dosing. All the samples were immediately preserved in the freezer (−20 °C) until analysis. Water samples were centrifuged at 3500 rpm for 5 min, and 2 mL supernatant were taken and
ﬁltered by 0.22 μm ﬁlters. CP was separated on an ACQUITY UPLCTM
BEH C18 column (2.1 mm 9150 mm, 1.7 mm) using an ACQUITY Ultra
Performance LC system from Waters Company. LC analyses were done
with 0.01% formic acid in ultrapure water as eluent A and acetonitrile
as eluent B at a ﬂow rate of 0.3 mL/min. Gradient conditions were as
follows: 0–2.50 min, linear from 5 to 35% B; 2.50–4.00 min, linear
from 35 to 70% B; 4.00–4.50 min, linear from 70 to 100% B;
4.50–6.50 min, isocratic 100% B; 6.50–7.00 min, linear from 100 to 5%
B; 7.00–10.00 min, isocratic 5% B. The oven temperature of the column
was 40 °C. An injection volume of 2 μL was used. The limit of detection
(LOD) and the limit of quantiﬁcation (LOQ) in the present study were
0.01 and 0.03 ng/L, respectively.

2.5. Community metabolism and general chemical properties of the water
Twice a week pH, dissolved oxygen (DO) and temperature were
measured at mid-water depth, in the morning (at the start of the photoperiod) and evening (1 h before the end of the photoperiod), starting
5 days before the ﬁrst application by using a WTW multimeter. The net
primary production was estimated (DOevening day x - DOmorning day x)
after each DO measurement. Additionally, once a week the conductivity
was measured using a multimeter.
On days −5, 2, 9, 23, 44 and 58 additional water samples (0.5 L)
were collected for nutrient analysis (soluble reactive phosphorus
[SRP], ammonium, nitrate and nitrate) and at each day of biological
sampling for dissolved organic carbon (DOC) analysis. Nutrient concentrations were determined by standard colorimetry methods (APHA,
2005) while the DOC concentrations were measured using a Shimadzu
TOC-L analyser equipped with an ASI-μl autosampler.

2.3. Macroinvertebrates
Two pebble baskets (height: 30 cm; diameter: 20 cm) were placed
on the sediment surface in every mesocosm twenty one days before
the ﬁrst sampling for macroinvertebrate colonisation. Macroinvertebrates were sampled on days −5, 2, 9, 16, 23, 30, 44 and 58 relative to
the ﬁrst application. To assess the whole macroinvertebrate community
three different methods were applied and the results were pooled.
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The half-lives (dissipation time 50%, DT50) of the CP concentrations
in the mesocosm water were calculated by Ln(2) divided by the dissipation coefﬁcients (k). The dissipation coefﬁcients of each CP treatment
were calculated by means of linear regression of the ln-transformed
CP concentrations assuming ﬁrst order kinetics.

2.6. Data analysis
Prior to the analysis, the biological data were ln (Ax+1) transformed
where x is abundance value. This was done to down-weight high abundance values and to approximate a log-normal distribution of the data.
The A used for each data set was 0.043, 10 and 2 for the phytoplankton,
zooplankton and macroinvertebrates data sets, respectively, see (Van
den Brink et al., 2000) for rationale how to determine the A for each
data set. No Observed Effect Concentrations (NOECs) (p ≤ 0.05) were calculated by the Williams test (analysis of variance) using the Community
Analysis software (Hommen et al., 1994; Williams, 1972) to assess the
effect of CP at the parameter or taxon level. This test assumes an increasing effect with increasing dose. NOECs were considered consistent when
they showed statistically signiﬁcant deviations in the same direction
(adverse or beneﬁcial) for at least 2 consecutive sampling dates.
The plankton and macroinvertebrate community compositions were
analysed by the Principal Response Curves method (PRC) (Van den
Brink and Ter Braak, 1999) using Canoco 5.12 (Ter Braak and
Šmilauer, 2018). The resulting PRC diagram shows the difference in species composition between the CP treatments and the control as they
develop over time. The statistical signiﬁcance of the CP effects on the
species compositions were assessed by performing a Monte Carlo permutation test under the redundancy analysis (RDA) option. The
Monte Carlo permutation test computed the signiﬁcance of the PRC diagram in terms of displayed treatment variance, by using an F type test
statistically based on the eigenvalue of the component (Van den Brink
and Ter Braak, 1999). To assess the signiﬁcance of the treatment effects
for each sample date, a Monte Carlo permutation test was conducted for
each sampling day, using the ln-transformed nominal treatment concentration as the explanatory variable. In case of a signiﬁcant relationship between the treatment and the species composition, the NOEC at
the community level (NOECcommunity) was calculated for each
sampling date by applying the Williams test on the PCA sample scores
resulting from a PCA analysis performed for each sampling date separately (Van den Brink et al., 1996).
In order to evaluate the treatment effects, the observed effects were
summarized into effect classes These effect classes classiﬁes effects
based on reliability of the data and the magnitude of the effect, incorporating the Minimum Detectable Difference (MDD) as proposed by Brock
et al. (2014) (Brock et al., 2014). A MDD of >100% indicates that the
statistical power of the test is too low to demonstrate treatmentrelated changes in abundance.
Brieﬂy, the MDD categorizes the taxa in 3 different categories (Brock
et al., 2014):

3. Results and discussion
3.1. Cyclophosphamide concentrations
The average (± standard deviation) CP concentrations during the
ﬁrst 21 days of the experiment in the lowest, middle and highest treatments were on average 0.33 ± 0.22 μg/L (65%), 5.71 ± 0.92 μg/L (114%)
and 50.63 ± 6.52 μg/L (101%), respectively (Fig. 1 and Table S1). For
simplicity we will further refer to the nominal concentrations (0.5, 5
and 50 μg/L) throughout the paper.
The low predicted log Kow of CP (0.96) indicates that CP is a highly
water soluble compound and suggests a very limited potential for CP
partitioning onto organic matter and sediments (Li et al., 2021). In surface waters, indirect photochemical (e.g. HO radicals), and to a lesser extent dark-chemical (non-photolytic) degradation are the dominant
pathways for CP degradation (Buerge et al., 2006; Lin et al., 2013; Lin
and Lin, 2014). HO radicals are primarily formed by the photolysis of nitrate and nitrite (Schwarzenbach et al., 2003), which indicate a faster CP
degradation at higher nitrate and nitrite concentrations (Buerge et al.,
2006; Lin et al., 2013; Lin and Lin, 2014). Carbonate, DOC and bicarbonates on the other hand are important HO scavengers, limiting CP degradation (Schwarzenbach et al., 2003; Lin et al., 2013). During the ﬁrst
21 days of the experiment the weekly average DT50's of the CP concentrations in the lowest, middle and highest treatments were 2.2, 21.3 and
23.6 days, respectively. These DT50's are much lower than reported by
previous studies. Buerge et al. (2006) for example, estimated a DT50
of 90 days in lake water under dark conditions and Li et al. (2021) predicted a DT50 of 37.5 days by using a quantitative structure–activity relationship model. However, the DT50 of the lowest CP treatment is more
in range with the ﬁndings of Lin et al. (2013) who estimated DT50's
ranging between 4.2 and 7.3 days for Taiwanese rivers. Consequently,
it can be stated that CP degradation occurs faster under more natural
conditions (present study and Lin et al., 2013) than estimated by models
and lab studies conducted under less realistic conditions (Buerge et al.,
2006; Li et al., 2021). The differences in DT50 between the different CP
treatments and other studies are probably related to differences in
light intensity, DOC and nitrate/nitrite concentrations. For example,
during the ﬁrst 21 days the average DOC concentrations (Fig. S2) in
the lowest, middle and highest treatments were on average 3.3, 3.6
and 3.5 times higher than the highest DOC concentrations used by Lin

• Category 1: The MDD of the taxon meets at least one of the following
conditions during exposure period: < 100% for at least 5 sampling
moments; < 90% for at least 4 sampling moments; < 70% for at least
3 samplings or < 50% for at least 2 samplings.
• Category 2: MDD of the taxon does not meet criterion for category 1
but a LOEC can be calculated for at least 1 sampling period.
• Category 3: MDD of the taxon did not meet the category 1 and 2
criteria.

Concentration (µg/L)

100.00

Data of taxa that fall within category 1 and 2 can be used for effect
classiﬁcation of the treatment-related effects. We used 4 effect classes,
which were slightly adapted from (Brock et al., 2014) and adjusted to
the experimental setup:

10.00

1.00

0.10

• Effect class 1: No effect observed.
• Effect class 2: Slight effects. Effects only observed on individual
samplings.
• Effect class 3: Clear short-term effects. Effects observed at, at least two
subsequent sampling dates. Full recovery occurred within the study
period.
• Effect class 4: Signiﬁcant effects for which recovery cannot be demonstrated within the experimental period.

0.5 µg/L

5 µg/L

50 µg/L

0.01
0

5

10

15

20

Days after the first treatment
Fig. 1. Measured dissolved cyclophosphamide concentrations (μg/L) before and after
spiking on day 0, 7, 14 and 21.
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endpoints and Table S5 for the complete list of the calculated NOECs
of all observed taxa throughout this study.
Throughout the study only 3 macroinvertebrate taxa (Gerris sp.,
Bellamya puriﬁcata adult and Mesostoma sp.) were consistently adversely affected by the CP treatments (Tables 1 and 2). These taxa
were only consistently affected in the highest CP treatment (NOEC =
5 μg/L). However, the semi-aquatic insect Gerris sp. (Fig. 2A) was adversely affected even at the lowest CP treatments 23 and 44 days after
the ﬁrst application. At present, Boisseaux et al. (2017) is the only available CP study evaluating the effects on Mollusca and they observed no
treatment related effect (mortality, immune responses) on Lymnaea
stagnalis after 3 days exposure between 0.001 and 1 μg/L (Table 3).
Therefore it is unclear whether the observed adverse effects of CP on
B. puriﬁcata adult (Viviparidae family) (Fig. 2B) are the results of a direct
or indirect treatment effect. The Mollusca M. tuberculate adults
(Thiaridae family) (Fig. S1A) probably indirectly beneﬁted from the
population declines of B. puriﬁcata which could explain the observed
consistent positive effect at the end of the experiment (Table 1)
(Fleeger et al., 2003).
Additionally to clear population level effects (e.g. population decline), it is not uncommon for chemotherapy drugs for inducing various
physiological and behavioural effects (Fonseca et al., 2018; Li et al.,
2021) which often lead to non-monotonic dose responses (Fonseca
et al., 2018; Lagarde et al., 2015). Fonseca et al. (2018), for example,
found a CP dose behaviour response for the Annelida Nereis diversicolor,
in which animals were mostly impaired at lower concentrations
(0.01–0.5 μg/L), whereas at the highest concentrations (1 μg/L) all

et al. (2013) and 6.4, 7.2 and 6.9, respectively, than the highest DOC concentrations used by Buerge et al. (2006). Another possible important
factor affecting the CP removal are bioﬁlms. Although several active
sludge studies have indicated that CP biodegradation is neglectable
(Buerge et al., 2006; Steger-Hartmann et al., 1997), Česen et al. (2015)
(Česen et al., 2015) found a CP removal efﬁciency of 59% when the Moving Bed Bioﬁlm Reactor technique was applied with attached growth
biomass. It is possible that the bioﬁlms and nitrogen (nitrate and nitrite)
concentrations within our mesocosms had only a limited removal capacity which could partly explain the difference in DT50's between
the lowest and the higher treatments. However, due to the lack of
data about CP persistence (e.g. in bioﬁlms) and bioavailability, the potential additional risk of trophic CP transfer within the food web is unknown (Li et al., 2021).
3.2. Macroinvertebrates
In the present study a total of twenty-two different macroinvertebrate taxa were identiﬁed belonging to Insecta (11 taxa), Mollusca
(7 taxa), Annelida (2 taxa), Turbellaria (1 taxon) and Arachnids
(1 taxon). The PRC of the macroinvertebrate data set (Fig. S3) did not indicated a signiﬁcant overall treatment related effect on the macroinvertebrate community (Monte Carlo p-value = 0.59) and no speciﬁc
consistent NOECcommuny (≥50 μg/L) could be calculated (Table 1).
A list of all the taxa (plankton and macroinvertebrates) and endpoints for which a consistent NOEC could be calculated are provided
in Table 1. See Table S2 for all calculated MDD values of the different

Table 1
No-observed-effect concentrations (NOECs) (Williams test, p < 0.05) per sampling date for the different macroinvertebrate, zooplankton and phytoplankton taxa as well as community
metabolism and chemistry endpoints. NOECS are in μg/L. Only taxa or parameters for which a consistent NOEC was calculated are presented. ↓ = decrease; ↑ = increase. ≥: indicate that
NOEC were equal to or higher than the highest tested concentration (50 μg/L). NP: taxa not present; NM: endpoint not measured on that speciﬁc sampling day; DOC: dissolved organic
carbon. See Table SX3 and SX5 for the results for all taxa and parameters.
Endpoint

Macroinvertebrates
PRC
Insecta
Gerris sp.
Mollusca
Bellamya puriﬁcata adult
Melanoides tuberculata adult
Turbellarian
Mesostoma sp.
Zooplankton
PRC
Cladocera
Pleuroxus laevis
Simocephalus vetulus
Rotifera
Dissotrocha sp.
Branchionus angularis
Brachionus forﬁcula
Trichocerca elongata
Testate amoebae
Arcellax sp.
Phytoplankton
PRC
Cyanobacteria
Oscillatoria sp.
Chlorophyta
Desmodesmus sp.1
Westella sp.
Monoraphidium sp.
Chlamydomonas sp.
Bacillariophyta
Centric diatom sp.
Physico-chemistry
DOC

Days relative to ﬁrst application
-5

-1

2

9

16

23

30

44

58

≥

NM

≥

≥

≥

≥

≥

≥

≥

≥

NM

≥

≥

≥

< 0.5↓

5↓

< 0.5↓

5↓

≥
≥

NM
NM

≥
≥

5↓
≥

≥
≥

5↓
≥

5↓
≥

≥
< 0.5↑

≥
< 0.5↑

< 0.5↓

NM

< 0.5↑

≥

5↓

5↓

≥

≥

≥

NM

≥

≥

≥

0.5

≥

≥

≥

≥

NM
NM

≥
≥

≥
≥

< 0.5↓
5↑

< 0.5↓
5↑

≥
≥

≥
≥

NP
≥

NP
≥

NM
NM
NM
NM

≥
≥
≥
≥

NP
≥
≥
NP

≥
0.5↑
0.5↑
≥

< 0.5↓
5↑
5↑
0.5↑

< 0.5↓
≥
≥
0.5↑

≥
≥
≥
5↑

NP
≥
≥
≥

NP
≥
≥
0.5↑

NM

≥

5↓

5↓

≥

≥

≥

≥

≥

NM

≥

≥

≥

≥

5

≥

≥

≥

NM

≥

5↓

< 0.5↓

NP

NP

≥

NP

< 0.5↓

NM
NM
NM
NM

≥
≥
≥
≥

≥
≥
0.5↑
≥

5↓
≥
5↑
5↑

≥
< 0.5↓
≥
5↑

5↓
5↓
≥
≥

5↓
≥
≥
≥

≥
≥
≥
≥

≥
0.5↓
≥
≥

NM

≥

≥

≥

5↓

5↓

5↓

≥

≥

≥

NM

≥

< 0.5↑

5↑

< 0.5↑

0.5↑

≥

≥

≥: no signiﬁcant effect (NOEC ≥50 μg/L); PRC: principal response curve; NM: not measured; ↓ = decrease; ↑ = increase compared to control; NM: not measured; NP; not present.
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treatments with recovery after 44 days (Fig. 3). The species weights indicated that Keratella quadrata, two taxa belonging Lecanidae (Lecane gr
lunaris and Lecane gr luna), Ascomorpha sp., Polyarthra vulgaris, Sididae
sp., Synchaeta sp., Ceriodaphnia sp. and Diaptomus sp. were the taxa
which were most pronounced adversely affected by the CP treatments
(Fig. 3). On the other hand, two taxa belonging to Brachionus sp.
(Brachionus forﬁcula and Brachionus angularis) and Trichocerca sp.
(Trichocerca elongate and Trichocerca pusilla), Anuraeopsis ﬁssa, Keratella
tropica, Ostracoda sp. 1, Cephalodella gibba, Chyodorus spaericus and
nauplii showed the most prominent increase in abundance related to
the CP treatments (Fig. 3).
Pleuroxus laevis (Fig. 4A) and Dissotrocha sp. (Fig. 4B) were the taxa
most negatively responding to the CP treatments, with a calculated consistent NOEC of <0.5 μg/L. At the highest treatment a consistent
decreases was observed for Arcellax sp. (Testate amoebae) (Fig. 4D).
At 5 μg/L consistent treatment related increases were observed for
T. elongate (NOEC = 0.5 μg/L) (Fig. S4D) and at the highest treatment
for S. vetulus (Fig. S4B) and some taxa belonging to Brachionus sp.
(B. forﬁcula [Fig. 4C] and B. angularis [Fig. S4C]) (NOEC = 5 μg/L)
(Table 1).
The few studies (Table 3) that have investigated the effect of CP on
crustacean and rotifer taxa have shown their relative insensitivity to
acute CP exposure with 48 h-EC50immobilization of >1 × 106 μg/L for
Daphnia magna and 24 h-LC50 of 9.87 × 105, 1.396 × 106,
1.927 × 106 μg/L for Ceriodaphnia dubia, Thamnocephalus platyurus and
Brachionus calyciﬂorus, respectively (Russo et al., 2018a; Zounková
et al., 2007). However, semi-chronic (5–21 days) CP exposure studies
conducted by Grzesiuk et al. (2018) found that at 0.01 μg/L the growth
rate of D. magna was 5% lower and their reproduction was delayed by
1 day but producing on average 38% more offspring that the control.
These results were, however, clone depend and are not representative
for the whole population (Grzesiuk et al., 2018). Although several crustacean taxa within our study showed a positive species weights in the PRC
diagram (e.g. Sididae sp., Ceriodaphnia sp., Diaptomus sp. and P. laevis)
only P. laevis showed a signiﬁcant consistent direct adverse effect at the
population level. The abundance decline of P. laevis and some of the
other crustaceans probably resulted in an indirect (as a result of reduced
food competition) positive effect on S. vetulus, T. elongate and Brachionus
sp. (B. forﬁcula and B. angularis) (Fleeger et al., 2003). Additionally, the
abundance decline of the macroinvertebrate predator Mesostoma sp.
at the highest CP treatment could have indirectly positively affected
the crustacean and rotifer populations (Fig. 5). The lack of relevant
toxicity data makes it unclear to determine whether the observed
adverse effects on Dissotrocha sp. and Arcellax sp. are a direct toxic effect
or an indirect, food-web mediated, effect. Additional single-species tests
should be conducted to conﬁrm the toxicity of CP to these taxa.

Table 2
Observed effect classes per sampling date for the different endpoints and taxa. Only taxa or
physico-chemical parameters for which a consistent NOEC was calculated are represented
here. The numbers of the preselected effect classes (Brock et al., 2014) refer to: 1 = no effect; 2 = slight effect; 3 = clear short-term effects; 4: clear short-term effects for which
recovery cannot be demonstrated within the experimental period (effects occurring at
the end of the experimental period. ↓ = decrease; ↑ = increase. DOC: dissolved organic
carbon.
Endpoint

Macroinvertebrates
PRC
Insecta
Gerris sp.
Mollusca
Bellamya puriﬁcata adult
Melanoides tuberculata adult
Turbellarian
Mesostoma sp.
Zooplankton
PRC
Cladocera
Pleuroxus laevis
Simocephalus vetulus
Rotifera
Dissotrocha sp.
Branchionus angularis
Brachionus forﬁcula
Trichocerca elongata
Testate amoebae
Arcellax sp.
Phytoplankton
PRC
Cyanobacteria
Oscillatoria sp.
Chlorophyta
Desmodesmus sp.1
Westella sp.
Monoraphidium sp.
Chlamydomonas sp.
Bacillariophyta
Centric diatom sp.
Physico-chemistry
DOC

Effect classes
0.5 μg/L

5 μg/L

50 μg/L

1

1

1

2↓

2↓

4↓

1
4↑

1
4↑

3↓
4↑

2↑a

2↑a

2↑a - 3↓

1

2

2

3↓
1

3↓
1

3↓
3↑

3↓
2↑
1
1

3↓
2↑
2↑
3↑

3↓
3↑
3↑
3↑

1

1

3↓

1

1

2

3↓b

3↓

4↓

1
2↓
1
1

1
2↓
2↑
1

3↓
4↓
3↑
3↑

1

1

3↓

2↑

3↑

3↑

a: Observed 2 days after ﬁrst application; b: expert judgment corrected value; PRC: principal response curve.

animals were fully buried after 30 min. Hence, it is possible that at
higher CP doses, behavioural effects could become of higher importance
for N. diversicolor. Therefore, it can be speculated that the CP treatment
effects found for Gerris sp., which follow a non-monotonic dose response, include possible additional CP induced physiological and behavioural effects. However, Gerris sp. is a very mobile surface insect and it
cannot be excluded that this species relocated itself from the lowest
CP treatments. Additionally to behavioural effects, Fonseca et al.
(2018) found that at 1 μg/L CP induced enzymatic antioxidant inhibition
and oxidative and DNA damage in N. diversicolor. In our study no significant treatment related effects were observed on the Annelida D. digitata
but Mesostoma sp. (Fig. 2C) was consistently adversely affected
(NOEC = 5 μg/L). Therefore it can be hypothesized that the population
decline of Mesostoma sp. was the result of a direct CP effect.

3.4. Phytoplankton and periphyton
A total of sixty-six phytoplankton taxa were identiﬁed in this study.
These taxa belonged to the Chlorophyta (34 taxa), Cyanobacteria
(9 taxa), Bacillariophyta (9 taxa), Euglenophyta (6 taxa), Cryptophyta
(4 taxa), Chrysophyta (3 taxa) and Dinophyta (1 taxon). In the present
study, the chlorophyll-a concentrations of the phytoplankton and periphyton did not show consistent CP treatment related effects
(Table S5). The PRC analysis did not showed a signiﬁcant overall treatment related effect on the phytoplankton community (Monte Carlo
test p-value = 0.15) (Fig. S5). A signiﬁcant related treatment effects
were shown by the Monte Carlo analysis performed per sampling day
for day 2, 9 and 30. However, only for day 23 a NOECcommunity of
5 μg/L could be calculated and thus no consistent NOECcommunity could
be determined (Fig. S5 and Table 1).
Oscillatoria sp. (Fig. 6A), Desmodesmus sp.1 (Fig. S4E), Westella sp.
(Fig. 6B) and Centric diatom sp. (Fig. 6C) showed a consistent abundance decline at the highest CP treatment (NOEC = 5 μg/L) (Table 1).
Signiﬁcant abundance declines were also observed at even the lowest

3.3. Zooplankton
The zooplankton community consisted of forty-eight different taxa,
belonging to Rotifera (28 taxa), Cladocera (14 taxa), Copepoda
(2 taxa), Ostracoda (2 taxa) and Testate amoebae (2 taxa). The PRC
showed a signiﬁcant overall treatment related effect for the zooplankton community (Monte Carlo p-value = 0.001) (Fig. 3). However,
only for day 16 a NOECcommunity of 0.5 μg/L could be calculated and
thus no consistent NOECcommunity (Table 1) was found, although the
PRC shows short-term deviations from the control for the two highest
6
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Fig. 2. Dynamics per treatment concentration of Gerris sp. (A), Bellamya puriﬁcata adult (B) and Mesostoma sp. (C) are shown. Calculated no-observed-effect concentrations are plotted on
the top of the ﬁgures.

CP treatment (NOEC <0.5 μg/L) for Oscillatoria sp. at day 9 and 58 after
the ﬁrst application. Oscillatoria sp. disappeared from all the mesocosms
after day 16 and only reappeared in the control mesocosms afterwards.
When these effect are assumed to be direct effects, Oscillatoria sp. is the
most sensitive phytoplankton taxa within our study with a NOEC
<0.5 μg/L. These results are in contrast with previous studies (Table 3)
which reported a 72 h-LOECgrowth of 100,000 μg/L for the
cyanobacteria Synecococcus leopoliensis (Česen et al., 2016; Grung
et al., 2008) and a 72 h-NOECgrowth of 6300 μg/L for Pseudokirchneriella
subcapitata (Russo et al., 2018b). At the highest CP treatment a consistent treatment related abundance increase was observed for
Monoraphidium sp. (Fig. S4F) and Chlamydomonas sp. (Fig. 6D)
(Table 1). Theses abundance increases are most likely the indirect result
of a reduced grazing pressure (by P. laevis and Arcellax sp.) and reduced
competition (with Oscillatoria sp., Desmodesmus sp.1, Westella sp. and
Centric diatom sp.) observed at the highest CP treatments (Fleeger
et al., 2003) (Fig. 5).

(Table S2 and S3). DOC was the only physicochemical parameters that
showed a signiﬁcant consistent treatment related effect (Table 1
Fig. S2). At day 9 and 23, the DOC concentrations were signiﬁcantly
higher in all treatments compared to the control, but throughout the experiment only a consistent NOEC of 0.5 μg/L could be calculated
(Table 1). Recovery was observed after 40 days. DOC levels are an important indicator for the functioning of the pelagic food web and the microbial loop (Brönmark and Hansson, 2005). Since most studies have
shown that bacterial and bioﬁlm communities are not sensitive to CP
(even at concentrations several orders higher than tested in this
study) (Buerge et al., 2006; Česen et al., 2015) it can be assumed that
the DOC treatment related increases are the result of CP altered food
web interactions. For example, the CP induced population declines of
the micropredator Testate amoebae (Arcellax sp. and Difﬂugia sp.)
could have directly (e.g. through grazing on bacteria, ciliates, DOM
and microalgae) and indirectly affected the microbial loop and thus
the DOC concentrations (Gilbert et al., 2000) (Fig. 5). Additionally, by affecting the DOC concentrations, the CP itself may have inﬂuenced its
own exposure concentrations and thus toxicity as increasing DOC concentrations will bind more HO radicals, limiting CP degradation
(Schwarzenbach et al., 2003; Lin et al., 2013).

3.5. Community metabolism and general physicochemical properties of the
water
The water temperature in the mesocosms was on average 29 °C and
ranged between 23 and 33 °C. The average DO, conductivity, pHmorning,
pHevening and pHmean values in the mesocosms was 9.6 mg/L (ranged
between 3.1 and 21 mg/L), 171 μS/cm (101–222 μS/cm), 8.3 (6–9.9),
9.3 (7.5–10.7) and 8.8 (6.9–10.3), respectively. The DO and pH levels
and their ﬂuctuations indicate a highly productive ecosystem and are
presentative to the (sub-)tropical freshwater ponds. The average concentration levels throughout the experiment of SRP and ammonium, nitrate and nitrate were 0.02 mg P/L (ranged between 0.006 and 0.01 mg
P/L), 0.27 mg N/L (0.10–0.87 mg N/L), 0.39 mg N/L (0.07–1.04 mg N/L)
and 0.03 mg N/L (0.003–0.14 mg N/L), respectively. However, DO and
none of the nutrients showed any treatment related differences

4. Conclusions and CP risk assessment
This is the ﬁrst study that evaluated the sensitivity of a freshwater
community to CP. Mesocosm studies are higher-tier studies that support a more realistic risk assessment than lower-tier single species
tests by, among others, providing a realistic fate of the chemical and including intra- and inter-species interactions. Brock et al. (2014) recommended that least eight populations of potential sensitive category 1
taxa (taxa that have a high enough statistical power to demonstrate
treatment-related changes in abundance) should be present in the
mesocosms to assure that the statistical power is high enough to
7
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Table 3
Short review of the toxicity of CP observed in laboratory single species and mesocosm tests for invertebrate, plankton and plant taxa. For the mesocosm study only taxa that showed a
consistent adverse CP effect are represented.
Species

Macroinvertebrates
Annelida
Nereis diversicolora
Turbellarian
Mesostoma sp.
Insecta
Gerris sp.
Mollusca
Lymnaea stagnalis
Bellamya puriﬁcata adult
Zooplankton
Cladocera

Daphnia magna

Ceriodaphnia dubia
Thamnocephalus platyurus
Pleuroxus laevis
Rotifera
Brachionus calyciﬂorus
Dissotrocha sp.
Testate amoebae
Arcellax sp.
Phytoplankton
Cyanobacteria
Synecococcus leopoliensis
Oscillatoria sp.
Chlorophyta
Pseudokirchneriella subcapitata
Desmodesmus sp.1
Westella sp.
Bacillariophyta
Centric diatom sp.
Plants
Lemna minor

Mesocosm experimentj

Acute/chronic single species tests
Endpoint

Exposure duration

Toxicity endpoint

Result (μg/L)

Exposure duration

NOEC (μg/L)

Behavioura

14-d

Increased borrowing

1

–

–

Abundance

–

–

–

23-d

5

Abundance

–

–

–

58-d

5

Mortalityb
Abundance

3-d
–

NOEC
–

≥1
–

–
30-d

–
5

Immobilizationc
Immobilizationc
Immobilizationc
Growth rated
Reproductiond
Reproductiond
Reproductiond
Mortalitye
Mortalitye
Abundance

48 h
48 h
48 h
5-d
10-d
21-d
21-d
24 h
24 h
–

NOEC
LOEC
EC50
Decreased
Delayed
NOEC
LOEC
LC50
LC50
–

≥1 × 106
≥1 × 106
≥1 × 106
0.01
0.01
5.6 × 104
1 × 105
9.87 × 105
1.39 × 106
–

–
–
–
–
–
–
–
–
–
16-d

–
–
–
–
–
–
–
–
–
< 0.5

Mortalitye
Reproductione
Abundance

24 h
48 h
–

LC50
EC50
–

1.92 × 106
8.98 × 104
–

–
–
23-d

–
–
< 0.5

Abundance

–

–

–

9-d

5

Growth inhibitionf
Abundance

72 h
–

LOEC
–

1 × 105
–

–
9-d

–
< 0.5⁎

Growth inhibitiong
Growth inhibitiong
Growth inhibitionf
Growth inhibitionh
Abundance
Abundance

72
72
72
72
–
–

NOEC
LOEC
NOEC
LOEC
–
–

6.3 × 103
1.25 × 104
≥3.2 × 105
1 × 105
–
–

–
–
–
–
30-d
23-d

–
–
–
–
5
5

Abundance

–

–

–

30-d

5

Growth inhibitioni

7-d

EC50

≥1 × 105

–

–

h
h
h
h

a

(Fonseca et al., 2018).
b
(Boisseaux et al., 2017).
c
(Zounková et al., 2007).
d
(Grzesiuk et al., 2018).
e
(Russo et al., 2018b).
f
(Grung et al., 2008).
g
(Russo et al., 2018a).
h
(Česen et al., 2016).
i
(Białk-Bielińska et al., 2017).
j
Present study.
⁎ Expert judgment corrected value.

Dissotrocha sp. and Oscillatoria sp. at all CP treatments (NOEC
<0.5 μg/L). The NOEC values of these planktonic species are 12.6 × 103
times lower than the lowest NOEC value found by us for any freshwater
plankton species (Table 3). Therefore, our results suggest that ecotoxicological potency of CP may be much higher than expected from sparce
literature data. This indicates that environmental relevant concentrations pose a potential CP risk to aquatic ecosystems. However, since
our study did not include concentrations <0.5 μg/L it's impossible to indicate what the actual NOEC in the environment will be at the population level. Additionally, at the highest two CP treatments, 7% of all the
taxa showed a clear short-term CP adverse effect and 5% all the taxa
showed a clear short term CP related population increase, which could
imply large environmental risks at concentrations found in hospital efﬂuent water (ranging up to 22.1 μg/L).

demonstrate possible treatment-related responses in terms of abundance. Eighteen different category 1 taxa (Table S2) were observed in
our study, conﬁrming the reliability of our study.
At the community structure level none of the aquatic communities
showed any treatment related effects at the highest ever measured CP
concentration (0.5 μg/L) in surface water (Lin et al., 2013). At higher
CP treatments only slight effects, observed at individual samplings
(Table 2) were found for the zooplankton and phytoplankton communities with the zooplankton community being most sensitive
(NOECcommunity = 0.5 μg/L), followed by the phytoplankton
community (NOECcommunity = 5 μg/L) and the macroinvertebrate
community (NOECcommunity ≥ 50 μg/L).
At the population level, however, clear short-term adverse effects
(Table 2: clear effects, effect class 3 and 4) were observed for P. laevis,
8
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Fig. 3. Principal response curve (PRC), resulting from the analysis of the zooplankton data, indicating the effects of the different cyclophosphamide treatments. The vertical axis represents
the differences in community structure of the treatments compared to the controls expressed as regression coefﬁcients (Cdt). The afﬁnity of a taxon to the PRC is expressed as the species
weight (bk). Only taxa with bk values above 0.3 or below −0.3 are displayed. *: Signiﬁcant difference in community structure from the control (p < 0.05, Monte Carlo permutation test).
Calculated Monte Carlo permutation test p values are plotted at the top of the ﬁgure. Of all variance, 34% could be attributed to sampling day and 21% percent of all variance could be
attributed to treatment of which 24% is displayed in the PRC diagram.

there is no information available whether CP toxicity is affected by temperature (e.g. by affecting the uptake and elimination rates) (Li et al.,
2021). Therefor it cannot be assessed yet whether the effects observed
in this study are representative for other ecoregions (e.g. temperate
conditions). Additionally, at present very little is known about the
possible sub-lethal effects (e.g. behavioural) of CP, trophic transfer
and bio-magniﬁcation. Therefore we recommend further long-term
single-species or community studies to get a better insight of the
effects of CP on aquatic organisms at environmentally relevant
concentrations.

At present D. magna is the only aquatic species for which the chronic
effects of CP were investigates at the species level and this lack of data
greatly limits our understanding of the possible long term effects of CP
on aquatic ecosystems. The present study is the ﬁrst study that assessed
the overall effect of CP at more environmental relevant concentrations
and provides ample information on the long term sensitivity of freshwater organisms at the population and community level. At present, there
are still many knowledge gaps left about the possible effects of CP on
aquatic organisms and communities. For example, the present study
has been conducted under sub-tropical conditions. However, at present

Fig. 4. Dynamics per treatment of Pleuroxus laevis (A), Dissotrocha sp. (B), Brachionus forﬁcula (C) and Arcellax sp. (D). Calculated no-observed-effect concentrations are plotted on the top of
the ﬁgures.
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Fig. 5. Schematic overview of the observed effects of CP 50 μg/L treatments on the ecosystem structure of subtropic aquatic community (+ = increase; − = decrease;? not sure whether
vit is a direct or an indirect effect).

Fig. 6. Dynamics per treatment of Oscillatoria sp. (A), Westella sp. (B), Centric diatom sp. (C) and Chlamydomonas sp. (D). Calculated no-observed-effect concentrations are plotted on the
top of the ﬁgures.
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