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Abstract

Many studies have investigated short-term peak concentrations of pesticides in surface waters resulting from agricul-
tural uses. However, we lack information to what extent pesticides reoccur over medium (>4 days) and longer time
periods (> 10 days). We use here large-scale pesticide monitoring data from across Europe (~ 15 mil. measurements,
i.e, quantified concentrations in water at > 17,000 sites for 474 pesticide compounds) to evaluate the degree to which
pesticides were not only detected once, but in sequences of a compound repeatedly quantified in the same area
(0.015 km?) within 4-30 days. Reoccurrence was observed at ~ 18% of sites for > 76% of compounds, ~40% of which
not a priori considered to chronically expose aquatic ecosystems. We calculated a probability of reoccurrence (POR)
over medium-term (4-7 days) and long-term (8-30 days) time periods for ~ 360 pesticides. Relative PORs (ratio
between long-term and medium-term POR) revealed three occurrence patterns: ephemeral, intermittent and perma-
nent. While fungicides dominated intermittently occurring substances, aligning with application strategies and phys-
ico-chemical properties, neonicotinoids and legacy pesticides were among substances permanently occurring.

The results of this study shed new light on previously underestimated longer-term occurrence of many pesticides

in aquatic environments (35% of investigated substances occurring intermittently or permanently were previously
not considered to pollute the aquatic environment chronically), entailing new challenges for chronic risk assessments
and the evaluation of pesticide effects on aquatic biodiversity.
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Background

Pesticides are considered an important chemical threat to
aquatic ecosystems [38, 44, 65, 71] with a number of stud-
ies that have shown concentrations to exceed regulatory
threshold levels, implying risks for aquatic organisms
[13, 28, 38, 42, 63, 71, 77]. Assessing aquatic pesticide
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exposure is, therefore, vital to identify ecotoxicologically
relevant effects on a large scale.

Determining and evaluating these effects requires
knowledge about the exposure regimens to which aquatic
ecosystems are subjected (acute or chronic). In the eco-
logical risk assessment of pesticides there is no uniform
and generally accepted threshold criterion for chronic
exposure, due to different life-spans of assessed species
groups (i.e., aquatic invertebrates, fish, algae or aquatic
plants). However, durations of >30 days have sometimes
been mentioned [25]. Particularly in the case of aquatic
invertebrates, much shorter time periods are already
considered relevant in a chronic context. Standard labo-
ratory tests exceeding 96 h represent, i.e., (sub-)chronic
conditions and Daphnia reproduction tests employed
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worldwide to assess chronic toxicity, last 28 days [25].
For algae, chronic test durations are even shorter. We,
therefore, here consider time periods exceeding 96 h as
chronically relevant from an ecotoxicity perspective.
Although multiple different thresholds for the assess-
ment of chronic effects are considered for different
standard test species groups (i.e., aquatic invertebrates,
algae or aquatic plant and fish), 96 h or 4 days is assumed
as an absolute minimum for the consideration of chronic
exposure.

To assess chronically relevant exposure, data in suitable
temporal-spatial resolution are necessary to determine
reoccurring environmental concentrations. Governmen-
tal monitoring programs often employ regular sampling
regimes with repeated pesticide measurements con-
ducted, e.g., at weekly or monthly intervals [12, 20, 77] to
an extent, which allows for the evaluation of time series.
Many of the resulting data are accessible via large data
bases and can be used to assess whether pesticides reoc-
cur over periods of time exceeding the usual acute time
frame of 96 h.

Studies in peer-reviewed literature often measure pesti-
cides at fixed time intervals, but are, however, frequently
constrained to rather short periods of time. Their data,
therefore, do not necessarily allow for the derivation of
time series, which is necessary for the evaluation of sus-
tained or chronic exposure (e.g., [27, 47, 72]). Previous
evaluations of pesticides in European surface waters—
monitored over longer time periods—are either limited
to single countries (e.g., [36, 44]) or are meta-analyses
of peer-reviewed or specifically collected exposure data
(e.g., [14, 19,47, 63)).

In addition, many recent studies emphasized short-
term peak exposure [37, 38], which is considered an
important factor particularly for the (acute) effects
of insecticides on the aquatic fauna. Fungicides are,
however, considered as rather persistent in water in
comparison to other pesticide types [80] and—often pro-
phylactically—applied at comparably high application
rates, as fungal pests require long-term treatment [51,
69]. Similar conditions are relevant for neonicotinoids
[62]. Relatively few monitoring studies have investigated
longer-term aqueous-phase exposure of aquatic ecosys-
tems to pesticides [36, 44] in a way that would retrospec-
tively allow for the evaluation of chronic environmental
risks. Chronic pesticide risk evaluations are, however,
regularly done based on sediment concentrations (e.g.,
[48, 55, 61, 76]), due to pesticides’ longer residence times
in sediment phases [13, 21, 49].

The present study assesses pesticide reoccurrence
based on a large aqueous-phase pesticide monitoring
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dataset from the European Union (EU), containing~15
mil. Measurements, i.e., quantified concentrations in
water at>17,000 sites for 474 pesticide compounds.
Analysis was based on occurrences, considered here as
the categorization whether a pesticide was measured
above the detection limit—hence detected—or remained
below the analytical sensitivity threshold (limit of detec-
tion or LOD). The study has three main objectives: (1)
illustrate the extent of the phenomenon of reoccurrence
of pesticides in European surface waters for time periods
of 4 to 30 days, (2) evaluate trends of subsequent con-
centrations of reoccurring pesticides, i.e., whether sub-
sequent concentrations are lower than the initial ones
or whether reoccurrence provides an indication of per-
manent exposure and (3) evaluate how the probability of
reoccurrence (POR) of a pesticide after 4—7 days relates
to the POR after 8—-30 days.

Methods

Monitoring data

Data on pesticide measurements in surface waters were
downloaded in July 2022 from two European databases,
the EU Waterbase ([24, 75]; from here on referred to
as “WB”) and the NORMAN EMPODAT Database of
Chemical Occurrence Data ([60]; from here on referred
to as “NORMAN”), and one national database, the Water
Framework Directive Monitoring Data Germany ([20];
from here-on referred to as “WFD-DE”). The WFD-
DE was included to account for the sparse coverage of
Germany within NORMAN and WB (see Additional
file 1: Figure SI-1). The downloaded data sets com-
prised 60 million (WB), 6.5 million (NORMAN), and
3.8 mil. (WFD-DE) raw data entries, respectively. These
data were thoroughly harmonized and error checked
(see Additional file 1: Figure SI-2 and Methods), result-
ing in a combined data set which comprises pesticide
monitoring data for 40 European countries with varying
coverage (<50 datapoints in e.g., Greece or Turkey com-
pared > 1 mil. datapoints in, e.g., Germany or France; see
also Additional file 1: Figure SI-1) for more than 40 years
(1978-2021). The data describe 14,967,874 pesticide
measurements from>17,000 sampling sites at rivers
or streams (n=14,040,012), of which 52% relate to her-
bicides, 38% to insecticides and 10% to fungicides (for
more detailed descriptive statistics, see Additional file 1:
Table SI-1). A measurement was considered quantified if
the respective data source stated so, or, in case no explicit
statement was present, if the reported concentration was
greater than or equal to the reported limit of quantifica-
tion (LOQ).
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The processed data (~15 mil. measurements) were
attributed with specific to the catchment area regard-
ing hydrography (Strahler order, catchment size [km?],
catchment area [km?]; [23]), agricultural land use (crop-
type, e.g., orchards, cereals, vineyards) in close proximity
(point locations of the monitoring data intersected with
the land-use raster data) to the sampling site [29]. Fur-
thermore, physico-chemical properties (DT [days],
DTSO,water [days]’ DTSO,water/sediment [days]’ vapor pres-
sure [mPa], Henry coefficient H [-], aqueous solubility S
[mg/L], ko [-], kow [-], total polarizable surface area [A];
[68]), approval status [22] and approved applications [11]
have been attributed to the data. Measurements were
binned into a hexagonal hierarchical spatial index (H3,
zoom-level 10, corresponding to 0.015 km?% H3 hexa-
gon diameter; 150 m; [9, 66] to account for deviations in
coordinate accuracy, e.g., due to different rounding in the
three data sources.

Consecutive measurements and pesticide PORs

Whenever two measurements of the same pesticide
at the same location (defined by their H3 index) within
1-40 days were reported in the combined data set, these
measurements were considered a pair, regardless of
whether the measurement yielded a quantified concen-
tration or not. Acknowledging that a measurement can
be part of multiple pairs, the dataset detailed 13,187,219
pairs, whereof 9,813,492 (74%) consisted of two quanti-
fied concentrations. Likewise, measurements were con-
sidered triples if three of the same pesticide at the same
location were reported within 1-40 days in total (and a
minimum of one day between measurements; see Addi-
tional file 1: Figure SI-3 for the illustration of an exem-
plary time series). According to this definition, the
dataset contained 10,156,250 triples, whereof 7,844,495
(77%) consisted exclusively of quantified concentra-
tions. The time frame of 1-40 days to identify consecu-
tive measurements (i.e., pairs or triples) was chosen to
reflect typical ecotoxicological test durations (chronic
test designs for many aquatic invertebrates range from
96 h up to several weeks). Consecutive measurements
were further divided into temporal categories according
to typical monitoring intervals derived from the distri-
bution of durations between measurements (1-3, 4-7,
8-14, 15-30 and 31-40 days; see Additional file 1: Figure
SI-4).

PORs were calculated per substance (Eq. 1) based
on measurement pairs of 4—7 days intervals (medium-
term; n=241,895) and triples of 8-30 days intervals,
with the additional constraint in the latter case, that
the middle measurement took place approximately
in the middle of the interval between the first and
last measurement accounting for a triple (long-term;
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n=177,992; n= 34,496 or 9.69% of concentration pairs
also appear as part of concentration triples, hence
contributing to long-term POR calculations; see also
Additional file 1: Figure SI-2). The analysis was lim-
ited to a maximum of 30 days due to the availability of
data with respective sequences (see Additional file 1:
Figure SI-4) and due to the calculation of PORs, which
centers around the assumption of continuous expo-
sure, which becomes less maintainable with increasing
time intervals. The POR, thus, forms a measure that
describes by what probability a pesticide is repeat-
edly quantified at fixed locations (i.e., reoccurs in the
dataset as a quantified concentration) after medium or
long terms. Pesticides with a high POR are more likely
to reoccur in concentrations above their quantification
limit than those with a smaller POR. To avoid intro-
ducing interpretation bias through overestimating the
influence of substances with few overall occurrences,
only substances having more than 50 pairs and tri-
ples (medium-term: » =358, long-term: n=365) were
considered.
Calculation of POR per substance

NS[pairs 4—7d)
NS[pairs 4—7d)

NS ¢riples 8—30d]

PORS,medium—term = B PORS,long»term =

NS[triples 8—30d]

(1)
n=number of quantified concentrations with given con-
straints, S=substance, N=total number of concentra-
tions with given constraints

Statistical analysis

Differences between physico-chemical parameters,
chemical classifications (e.g., pyrethroids, neonicoti-
noids), hydrological properties and application schemes
were assessed by comparing group means using stu-
dent’s f-tests (in case of variance homogeneity) and
Kruskal-Wallis tests (in case of heterogenous variances).
These analyses were conducted for the two different
POR metrics (POR, cqium-term P@Sed on concentration
pairs and POR, ., e;m based on triples), both individu-
ally and in comparison (relation between PORjy,q term
and POR| .gium-term)- CoOncentrations making up pairs
and triples were further analyzed by linear regression
to evaluate to what extent concentrations of consecu-
tive measurements relate to each other. An a-level of
0.05 was taken as level of significance for all statistical
tests. Normality was assessed visually and through sta-
tistical testing (e.g., histograms, Anderson—Darling test).
Homogeneity of variances was tested using f-statistics.
Statistical analyses were conducted using R (R base: Ver.
4.2.2, 64-bit, Windows 11; [54]) and Python (Ver. 3.10.7,
64-bit, Windows 11; [70]). Geostatistical analyses were
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conducted using QGIS (Ver. 3.26.3, 64-bit, Windows 11;
[53]).

Results and discussion

Concentration sequences and probabilities of reoccurrence
The majority of measurements (n=474; 88.8%) of 534
pesticide compounds vyielded quantified concentra-
tions, spread over 17,638 sites (93.2% of all sites). From
these measurements, 9.8 mil. concentration pairs and
7.8 mil. concentration triples could be derived. Linear
relationships between consecutive concentrations of
concentration pairs and triples show that concentration
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levels are regularly present within the same order of
magnitude (median R?=81.4% of linear correlation of
consecutive concentration pairs and triples) at situa-
tion-specific levels. Figure 1 shows the linear relation-
ships of concentrations in concentration pairs for twelve
pesticides, indicative for the patterns found for most
pesticides (median R?>=281.3%, 84.4% and 81.4% of con-
centration pairs and triples between the first two and
the first and last concentration, respectively; see Addi-
tional file 1: Figure SI-5 for a linear regression across
all substances). Despite challenges regarding data qual-
ity (i.e., quantification status of a measurement, see SI
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Methods and Results for detailed descriptions), linear
relations between subsequent, quantified measure-
ments suggest a permanent presence of pesticides in
European rivers and streams. This suggests a poten-
tial for sustained stress for aquatic ecosystems, which
have been demonstrated to be affected negatively when
exposed to both constant and pulsed concentrations of
pesticides (e.g., [2, 8, 79]. For instance, chronic expo-
sure to chlorotoluron (at concentrations starting from
80 pg/L) has been demonstrated to constantly decrease
algal biomass [74], chronic exposure to metazachlor (a
mixture herbicide containing metolachlor and alachlor)
to negatively affect reproduction and survival of aquatic
invertebrates (Daphnia magna; determined lowest
observed effect concentration [LOEC] of 10 ug/L; [39]).
Our results hence indicate the probability of potential
detected risks for aquatic organisms, ecosystems and
ecosystem functions to reoccur due to the similarity in
the range of subsequent concentration values used for
the calculation of PORs, thereby extending risk consid-
erations to a temporal dimension.

Herbicides make up 46% (#ycqium-term =165, Miong.
term = 169) of substances for which medium- and long-
term PORs were calculated, followed by insecticides
with 29% (edium-term = 104> Migng.term =106) and fungi-
cides with 25% (Medium-term = 89 Miong-term = 90; see also
Additional file 1: Table SI-2). Differences in the number
of substances between pesticide groups not only depend
on the predictability of their POR, but also reflect on
their inclusion in monitoring campaigns as well as their
detectability (as can be seen in e.g., [26, 28]), sampling
frequency and strategies (e.g., flow-event-triggered or
composite samples, [78]). POR were overall calculated
for 358 (medium-term) and 365 substances (long-term),
respectively. Medium-term reoccurrence was hereby
indicated for 47.2% of pairs (quantified pairs derived
for 62.6%, n=11,846 of all sites), spread over 11% of
all sites (n=2122; 17.9% of sites with pairs) and 80% of
substances (n=428), while long-term reoccurrence was
shown for 61.7% of triples (derived for 48.3%, n=9140
of all sites), distributed across 6% of all sites (n=1256;
13.7% of sites with triples) and 76% of all substances
(n=406; see Additional file 1: Table SI-2 for a further
descriptive overview and Additional file 1: Table SI-3 for
a list of all substances with respective PORs). Based on
the proportion of sites contributing to reoccurrence, the
phenomenon is relevant for 14—-18% of Europe, how-
ever, it has to be taken into account, that reoccurrence
can only be assessed based on monitoring data allow-
ing for the derivation of time series. Our assessment
can, therefore, be regarded as conservative, as pesticide
reoccurrence could potentially affect more sites, if they
were more narrowly assessed.
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Pesticide occurrence patterns

Intermittent, ephemeral and permanent occurrence pat-
terns of pesticides were derived based on the relation
between medium- and long-term POR of the 326 pesti-
cides for which PORs were calculated (Fig. 2). Medium-
term POR of fungicides tend to be low (POR
of <50% for 80.9% of fungicides), whereas POR . 4ium-term
of herbicides and insecticides are relatively evenly dis-
tributed across all possible values (see Additional file 1:
Figure SI-6 I). All pesticide types contain a consider-
able number of substances with long-term POR>50%
(n=268, 82.2% of all substances in Fig. 2 with 47.4%
herbicides, 26.7% insecticides and 25.7% fungicides; see
also Additional file 1: Figure SI-6 II), while 39.6% of sub-
stances in Fig. 2 show long-term PORs of>85% (n=129
with 40.3% herbicides, 31.8% insecticides and 27.9% fun-
gicides; see Additional file 1: Figure SI-6 II). This observa-
tion suggests that all pesticide types contain substances
that are regularly found in in consecutive measurements
taking place between 8 and 30 days with the largest pro-
portion (almost half of all fungicides with PORs) of pes-
ticides reoccurring long-term belonging to fungicides.
Proportions of concentration pairs upon which medium-
term reoccurrence is calculated also account for the
calculation basis of long-term POR (see Eq. 1 and fur-
ther discussion below). From an ecosystem perspective,
repeated, long-term reoccurrence of fungicides poten-
tially results in chronic exposure of non-target species,
which likely bares risks for the individual and the com-
munity (e.g., [3, 35]).

Substance spectra differ by 39 substances for which
PORy, g term Were calculated, but no POR . giym-term Were
obtained, and 31 substances yielded POR . gium-term PUt
no PORy,,. o Pesticides were categorized into four
groups, represented by the quadrants of Fig. 2. Three
of these groups are of particular interest: (I) medium-
term and long-term POR are both <50%, ephemeral, (1)
medium-term POR<50% and long-term POR2>50%,
intermittent, and (7/]) medium-term and long-term POR
both >50%, permanent.

Quadrant III in Fig. 2 contains pesticides (n=123) that
exert a high POR, regardless of whether medium-term or
long-term POR are considered. This temporal invariance
suggests to conclude that certain pesticides occur perma-
nently at fixed locations: no matter after which time the
pesticide is sampled again, the probability to find it in a
quantifiable concentration is high. This group of pesti-
cides with permanent occurrence is important for herbi-
cides (46% of all herbicides) and insecticides (44% of all
insecticides), but less important for fungicides (20% of all
fungicides). Notably, the percentage of legacy substances
(i.e., pesticides no longer approved to be used in the EU,
e.g., thiamethoxam, endosulfan, chlorpyrifos, lindane)

medium-term
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is higher in this group (67.4%) compared to the over-
all percentage of non-approved pesticides in the dataset
(57.2%).

Most neonicotinoids belong to the permanent cate-
gory in quadrant III (n=3, i.e., thiamethoxam, chlothia-
nidin, acetamiprid). Neonicotinoids display a tendency
to expose aquatic ecosystems chronically [7, 16, 32, 50],
hence exerting chronic risks to aquatic or riparian non-
target organisms [32, 56, 59, 62], partly entering water-
bodies over multiple months post application [40]. Most
neonicotinoid substances (n=3, thiamethoxam, chlo-
thianidin, acetamiprid) are located in Fig. 2 III, indicat-
ing permanent occurrence, while thiacloprid is found in
Fig. 2 II, rather indicating intermittent occurrence. Imi-
dacloprid is the sole neonicotinoid insecticide located
in Fig. 2 I, which would, contrary to the knowledge on
neonicotinoids (e.g., high active substance content in
seed coatings widely used [30] and persistent environ-
mental behavior [16, 32], indicate a low likelihood of
chronically exposing aquatic ecosystems (low medium- &
long-term POR). Various global studies [1, 46, 57, 62, 73]

nevertheless highlighted the frequent detection of espe-
cially imidacloprid, suggesting that sampling strategies
are potentially especially relevant for the derivation of
PORs of these substances.

Quadrant I in Fig. 2 contains pesticides (n=288) that
show an ephemeral pattern of occurrence: after such a
pesticide is found with a quantified concentration at a
specific site, the likelihood to find it again at the same site
after a medium (4—7 days) or long-term (8—30 days) time
period is rather low. About one-quarter to one-third of
the pesticides follow this ephemeral pattern (26% of fun-
gicides, 25% of herbicides and 33% of insecticides) and
can, therefore, be characterized as occurring only ephem-
erally or sporadically at fixed monitoring locations. There
appears to be one characteristic of these pesticides that
might promote their ephemeral occurrence pattern: a
relatively high percentage of them is used only in sin-
gle applications instead of application sequences (69.2%
of approved pesticides compared to 40.9% of approved
pesticides in other groups). Among the pesticides in
this group are pyrethroid insecticides like deltamethrin,
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which have been shown to be the largest contributors
to the total applied toxicity for aquatic invertebrates in
Germany [10]. A high amount of applied toxicity com-
bined with sporadic occurrences in the aquatic environ-
ment due to situational applications means that the total
amount of toxicity per occurrence is potentially very
high, as it distributes among fewer cases, making these
pyrethroids especially prone to exerting acute risks to
aquatic environments. Several studies have indeed shown
that reported pyrethroid concentrations regularly exceed
acute regulatory thresholds (e.g., [41, 43, 64, 77]).
Quadrant II in Fig. 2 contains pesticides (n=108)
that show an interesting combination of medium-term
and long-term POR: their medium-term POR is rather
low (<50%), i.e., they tend to be not found again within
4-7 days after an initial quantification, whereas their
long-term POR is rather high (>50%), i.e., they tend to
be quantified at least twice between 8 and 30 days after
an initial quantification. In combination, this indicates an
intermittent occurrence of these pesticides. More gener-
ally, pesticides located in Fig. 2 II are neither unanimously
characterized by pseudo-persistent (continuous input
into surface waters, inducing ongoing pollution, [17, 52])
nor by strictly transient behavior. Fungicides express
such an intermittent pattern of occurrence particularly
often. While 29% of the considered herbicides and 23%
of insecticides are associated with this pattern, it applies
to more than half of the fungicides (55%). Fungicides
(n=45.4% of pesticide types in Fig. 2 II) are character-
ized by overall higher environmental aquatic persistence
compared to other pesticide types (e.g., insecticides;
[80]). In combination with their frequently prophylactic
application at comparably high rates [51, 69] with fre-
quently occurring minimum time periods between appli-
cations of i.e., 7-14 days [11], these characteristics can
enhance the intermittent occurrence profile of fungicides
observed in our analysis. While intermittent occurrence
of a substance (e.g., a fungicide), does not unanimously
allow conclusions to be drawn regarding chronic stresses
(since ecotoxicological testing of chronic risks requires
uninterrupted exposure; [25]), they at the same time do
not allow narrowing conclusions down to potential acute
risks. The date differences chosen to determine intermit-
tent occurrence (4—7 days in case of medium-term and
8-30 days in case of long-term PORs) are short enough
to assume constant stress to a certain extent, hence deliv-
ering a proxy for estimating a pesticide’s probability to
exert chronic stress in an aquatic ecosystem. The promi-
nent presence of fungicides in the category of intermit-
tently occurring pesticides raises the question, whether
field concentrations of fungicides in aquatic environ-
ments should not be generally evaluated on a chronic
basis (i.e., by comparing them to chronic ecotoxicological
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risk thresholds as done by e.g., [80]). Aquatic fungi, a spe-
cies group specifically prone to negative effects through
the exposure to fungicides [15, 31], are fundamental for
the functioning of aquatic ecosystems [31], which means
that the improvement of their protection should be a
focus of the further development of environmental expo-
sure and risk assessment.

Quadrant III in Fig. 2 is particularly relevant for poten-
tial chronic or repeated risks to aquatic environments,
emphasizing the need to analyze pesticide risks through
integration of the concepts of reoccurring exposure and
environmental persistence (see also the following chap-
ter). This implies frequent sampling at closely succeed-
ing time intervals, enabling the derivation of reliable time
series to assess substance PORs. Despite the distinction
between intermittently and permanently occurring pes-
ticides (Fig. 2 II and III), both substance categories are
potentially relevant in the assessment of (chronic) ecotox-
icological risks; while permanently occurring pesticides
could exert constant stress to aquatic ecosystems, inter-
mittent exposure is not necessarily less harmful. Eco-
systems require different time periods to recover from
damages inflicted by, e.g., pesticides and while it may be
possible for a variety of ecosystems to recover between
exposure events, having ecosystems in a consistent state
of recovery is not necessarily desirable, because these
ecosystems can, therefore, be rendered more vulnerable
to other stressors [45]. All three categories are, therefore,
relevant for the future evaluation of pesticide exposure
and the associated ecotoxicological risks for aquatic eco-
systems. It should be noted, that due to the skewedness
of the data available for this study (most frequent sam-
pling period monthly; see figure SI-4), PORs are likely to
even be underestimated in the present analysis.

Drivers of POR distribution

Fungicides categorized as intermittently and permanently
occurring are applied significantly more frequently (Fig. 2
II and III; maximum per year: 3.4 & 3, respectively; maxi-
mum per use: 2) compared to those ephemerally occur-
ring (Fig. 2 [; maximum per year: 2.1; maximum per use:
1.5). Insecticides applied at highest maximum rates per
year and use are, however, found in Fig. 2 I (2.3 and 1.8
respectively), followed by Fig. 2 II (1.7 each) and III (1.8
and 1.4 respectively), highlighting the importance of peak
exposure events in connection with insecticide applica-
tion and monitoring. Depending on weather conditions
during pesticide application (e.g., rainfall causing run-
off, drought causing increased soil porosity and result-
ing drainage or leaching or strong wind increasing drift),
their usage can potentially have a stronger influence on
their reoccurrence in adjacent water bodies than their
physico-chemical properties and be a major influencing
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factor for toxicity towards aquatic non-target organ-
isms [71]. This especially holds true in case of fungicides,
where no significant physico-chemical property differ-
ences were distinguishable between POR categories,
while application schemes of this pesticide types were
shown to influence their tendency to occur intermittently
or permanently.

Pesticide physico-chemical properties (i.e., water solu-
bility, DT, vapor pressure, Henry coefficient) differed
significantly among the compounds in the three quad-
rants (I-III in Fig. 2, see SI results for detailed results
description), indicating their role for PORs. Pesticides in
Fig. 2 II (intermittently occurring) expressed significantly
lower volatility (vapor pressure and Henry coefficient)
than pesticides in Fig. 2 I (ephemerally occurring; vapor
pressure) and III (permanently occurring; vapor pres-
sure and Henry coefficient). This pattern appears to be
mainly influenced by insecticides (Henry coefficient) and
herbicides (Henry coefficient and vapor pressure), with
fungicides not exhibiting these significant differences
(see Additional file 1: Figure SI-7). Lower volatility indi-
cates a tendency of pesticides to remain in the aquatic
environment for longer timespans, increasing their
potential to occur intermittently or even permanently.
However, fungicide PORs were not subject to this trend
and physico-chemical properties of a subset of pesticides
(e.g., tebuconazole, cyprodinil, the insecticide deltame-
thrin) furthermore suggest that environmental behavior
disagrees with relative POR categorizations, indicating
further drivers (e.g., sampling approach, application strat-
egies) influencing POR. Also, laboratory-based physico-
chemical properties have been shown to not fully align
with pesticide environmental behavior (e.g., DTy, [4]),
indicating additional parameters being relevant for pesti-
cide PORs (i.e., agricultural application practices).

Relative PORs of a majority of fungicides indicated
intermittent occurrence, an observation in line with phys-
ico-chemical properties of the fungicides found in Fig. 2
II (median values: log;)-koc=3.03, DT oo =5.11 days,
DT50 sediment/water = 34 days, solubility=8.01 mg/L), which
indicate a tendency to sorb to e.g., sediments while being
released therefrom rather slowly, followed by moderate
dissolution and dissipation or transformation beyond the
time-spans relevant for long-term POR (> 8 days). Along
with repeated applications (maximum of ten times, on
average three applications per year; [11]), this environ-
mental behavior, likely contributes to fungicides occur-
ring intermittently in aquatic environments, in turn
potentially causing negative effects to a variety of organ-
isms (e.g., to Gammarus fossarum by tebuconazole, [81]
or azoxystrobin, [34], both found in Fig. 2 II). Substance-
specific physico-chemical parameters and pesticide
application regulations hence are determining factors
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influencing the distribution of pesticide PORs, underlin-
ing the distinction of intermittently occurring pesticides
(i.e., mainly fungicides with lower volatility, soil half-life
and solubility) from ephemerally and permanently occur-
ring substances.

Disparities between POR as novel measure for the
reoccurrence of pesticides in aquatic environments and
knowledge about the environmental behavior (i.e., phys-
ico-chemical properties) of chemicals have to be taken
into account when interpreting these results. Out of 159
pesticides not considered persistent according to aquatic
half-life (DT5,<40 days; [67]), 30.8% (n=49) were found
to occur permanently (for 8—30 days). Contrarily, 41.5%
(n=66) of pesticides—45.4% of which (#=30) fungi-
cides—occurring intermittently are not considered per-
sistent. While the review or verification of environmental
persistence of pesticide was not within the scope of this
work, it can be assumed, that persistence is an influen-
tial factor for reoccurrence below the limit considered in
regulation (>40 days in water).

The observation of pesticides found to occur inter-
mittently, which are not considered to be persistent in
water, can be explained by application regimes, while
that of pesticides occurring permanently while not being
categorized as persistent opens the question, whether
basing decisions regarding the safety of a chemical on
laboratory-derived proxies of environmental behav-
ior—as it is currently implemented—is sufficient. Envi-
ronmental behavior has been shown to deviate from
laboratory-derived physico-chemical properties [4] and
conventional biodegradation test procedures, which were
designed a number of years ago for soluble, nonvolatile,
single-constituent test substances do no longer represent
the large spectrum of manufactured chemical substances
([18], see SI Results for further elaborations). In addition,
because persistence has the potential to increase a sub-
stance’s toxicity, which is crucial for compounds that are
present in the environment permanently, there are calls
for more cautious considerations of persistence in chemi-
cal evaluation and regulation [58].

Study limitations

The chosen terminology used to describe the presence
of a pesticide in the aquatic environment as (re-)occur-
ring depends on the sensitivity of the analytical method.
We, therefore, emphasized the inspection and incorpo-
ration of quality parameters (e.g., LOD) into our analy-
sis. This limitation in mind, we decided to base pesticide
POR solely on the binary evaluation whether a pesticide
occurred, hence was quantified as opposed to incorpo-
rating continuous concentration data, due to the similar-
ity of subsequent measurements and a major proportion
of the data identified as quantified, which gives a similar
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calculation basis for both approaches. Studying succes-
sive environmental concentrations of pesticides is, how-
ever, a subject for future research in the field of pesticide
exposure evaluation.

Subsequent occurrences of different pesticides with
concentration values within the same order of magnitude
can further indicate the probability of potential risks to
aquatic organisms to reoccur also. Depending on the pes-
ticides’ modes of action, subsequent occurrences of vari-
ous pesticides may also enhance the risks encountered by
aquatic organisms, which points to an essential point for
future research.

Finally, while physico-chemical properties can only
reflect POR to a limited extent (e.g., by providing infor-
mation to a pesticide’s tendency to be bind to or be
released from sediment), their evaluation with focus on
and in combination with application regimens, weather
events and further spatio-temporal factors will be valu-
able subjects of further research in this area.

Conclusion
Analyzing pesticide exposure based on publicly avail-
able monitoring databases provides new, comprehensive
insights into pesticide environmental reoccurrence in
aquatic ecosystems on a continental scale, highlighting
chronic exposure potentials of various substances across
pesticide groups. Established POR categories partially
aligned with expectations based on previous knowledge
about substance properties (e.g., neonicotinoids found as
permanently occurring due to their persistent environ-
mental behavior), while especially fungicides highlighted
the existence of a novel category between ephemeral
and permanent pesticide occurrence. These substances
occur to a large extent intermittently, while also tend-
ing to (pseudo)-persistent behavior (due to e.g., applica-
tion strategies). This category has previously not been
described separately from per-se persistent or pseudo-
persistent substances. Environmental behavior and
potential ecotoxicological impacts of these substances
are therefore sensible targets for further investigation.
The findings of this study are in line with recom-
mendations in peer-reviewed literature for improving
and updating the current environmental risk assess-
ment to prospectively estimate risks based on holisti-
cally assessed exposure scenarios (e.g., [5, 6, 18, 33,
38]). We presented a number of pesticides, previously
not known to contaminate the aquatic environment
at (sub-)chronic intervals, to occur intermittently or
permanently at 17% of sites contained in the Euro-
pean monitoring databases. Further research (e.g.,
investigation of potential non-parametric relation-
ships between PORs and environmental, geographical
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and substance-specific properties) based on and regu-
lar updates of the data used in this study are, however,
necessary to aid in completing the picture of pesticide
exposure patterns in aquatic ecosystems.
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EU European Union

H3 Hierarchical spatial index

LOQ Limit of quantification
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WFD-DE Water framework directive monitoring data Germany
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