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a b s t r a c t

New Zealand uses more than a ton of pesticides each year; many of these are mobile, relatively
persistent, and can make their way into waterways. While considerable effort goes into monitoring
nutrients in agricultural streams and programs exist to monitor pesticides in groundwater, very little is
known about pesticide detection frequencies, concentrations, or their potential impacts in New Zealand
streams. We used the ‘Polar Organic Chemical Integrative Sampler’ (POCIS) approach and grab water
sampling to survey pesticide concentrations in 36 agricultural streams in Waikato, Canterbury, Otago and
Southland during a period of stable stream flows in Austral summer 2017/18. We employed a new
approach for calculating site-specific POCIS sampling rates. We also tested two novel passive samplers
designed to reduce the effects of hydrodynamic conditions on sampling rates: the ‘Organic-Diffusive
Gradients in Thin Films’ (o-DGT) aquatic passive sampler and microporous polyethylene tubes (MPTs)
filled with Strata-X sorbent. Multiple pesticides were found at most sites; two or more were detected at
78% of sites, three or more at 69% of sites, and four or more at 39% of sites. Chlorpyrifos concentrations
were the highest, with a maximum concentration of 180 ng/L. Concentrations of the other pesticides
were generally below 20 ng/L. Mean concentrations of individual pesticides were not correlated with in-
stream nutrient concentrations. The majority of pesticides were detected most frequently in POCIS,
presumably due to its higher sampling rate and the relatively low concentrations of these pesticides. In
contrast, chlorpyrifos was most frequently detected in grab samples. Chlorpyrifos concentrations at two
sites were above the 21-day chronic ‘No Observable Effect Concentration’ (NOEC) values for fish and
another two sites had concentrations greater than 50% of the NOEC. Otherwise, concentrations were
well-below NOEC values, but close to the New Zealand Environmental Exposure Limits in several cases.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Many of the pesticides commonly used in agriculture today are
sufficiently water soluble and persistent to enter nearby water-
ways, usually via surface runoff (Sz€ocs et al., 2017). Here, they have
the potential to impact aquatic organisms, especially when present
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as complex mixtures of toxicants (Bradley et al., 2017; Nowell et al.,
2018) and/or in the presence of other agricultural stressors such as
elevated nutrients, fine sediment, water temperature or decreased
stream flow (Liess et al., 2016). For these reasons, pesticide con-
centrations are regularly monitored in agricultural waterways in
many parts of the world, including in the European Union
(Integrated River Basin Management for Europe) and the United
States (USGS Pesticide National Synthesis Project). In New Zealand,
where more than a ton of pesticide active ingredients (including
insecticides, herbicides, and fungicides) are used each year
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Fig. 1. New Zealand Regions where sampling took place. Dots show approximate lo-
cations of stream sites.
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(Manktelow et al., 2005; Chapman, 2010), pesticides are regularly
monitored in groundwater (Close and Skinner, 2012) and nutrients
are regularly monitored in freshwaters (Ministry for the
Environment & Stats NZ 2017). However, pesticide monitoring in
surface waters does not occur, and no comprehensive survey of
pesticides in surface waters has been conducted. Thus, very little is
known about pesticide detection frequencies, concentrations, or
their potential ecological impacts in New Zealand streams. This
information is urgently needed because a number of pesticides
have been identified for reassessment review by the NZ Environ-
mental Protection Authority (New Zealand Environmental
Protection Authority 2018,b). Moreover, New Zealand still uses
several pesticides that have been banned elsewhere (e.g. atrazine,
chlorpyrifos, and the neonicotinoids) due to concerns about effects
on non-target organisms, including freshwater organisms.

Several approaches exist for sampling pesticides and other
contaminants in aquatic systems (Bundschuh et al., 2014). Spot grab
water sampling is the most common and straight-forward
approach; however, pesticides may not be detected due to low
sample volumes (usually 0.5e1 L) and since measured concentra-
tions are obtained for a snapshot in time, results may bemisleading
in dynamic systems (Bundschuh et al., 2014). Active sampling de-
vices can be used to sample larger volumes, but equipment is
expensive, complex and requires a power source. An alternative is
passive sampling, which pre-concentrates dissolved-phase analy-
tes in situ from a relatively large volume of water and, if in the
uptake mode, produces a time-weighted average (TWA) concen-
tration (Zabiegała et al., 2010). Passive sampling theory, and the
approaches used to calculate concentrations in water from those in
samplers, have been described in many previous publications
(Vrana et al., 2005; Alvarez et al., 2007; Gong et al., 2018). In brief,
passive water samplers contain a sorbent to which freely dissolved
pesticides bind as water flows past the sampler and most samplers
use a diffusive membrane to control uptake rates. Passive samplers
are usually deployed at field sites for 10e30 days; analytes are then
extracted from the sorbent for quantification.

The ‘Polar Organic Chemical Integrative Sampler’ (POCIS)
(Alvarez et al., 2004) is one of the most commonly used and best
characterized passive samplers for polar and mid-polarity analytes.
Despite its popularity, a drawback with POCIS is that analyte
sampling rates are affected by environmental factors such as hy-
drodynamic conditions and water temperatures, and attempts to
use performance reference compounds to address this issue have
had limited success (Harman et al., 2012; Fauvelle et al., 2017a). This
issue arises because the thickness of the water boundary layer
(WBL) throughwhich analytes cross to enter the sampler is affected
by the water flow rate; likewise, water temperature controls the
analyte diffusion rate through the WBL. Since POCIS sampling rates
are generally measured at only a few flow rates and temperatures,
sampling rates that represent actual field conditions are usually not
available. To address these issues, Djomte et al., (2018) recently
introduced a new model for calculating site-specific POCIS sam-
pling rates that takes into account flow and temperature effects.
Researchers have also begun introducing alternative samplers that
are designed such that the WBL has a reduced impact on sampling
rates. These samplers use a relatively thick diffusive membrane so
that the sampling rate is controlled by the rate at which analytes
cross the diffusive membrane instead of the WBL.

The first objective of this study was to identify which pesticides
are present in New Zealand agricultural streams and to determine
their frequencies of detection, concentrations, and potential to
impact aquatic organisms. Considering that freshwater nutrient
concentrations are well-documented in New Zealand and because
fertilizers and pesticides are often used on the same fields, our
second objective was to determine if nutrient data could be used to
identify stream sites with relatively high pesticide concentrations.
To address these objectives, we measured pesticides and nutrients
in 36 streams in four Regions across New Zealand. To obtain time-
integrated pesticides concentrations, we used POCIS with 0.132-
mm thick polyethersulfone (PES) diffusive membrane, at all sites.
We also collected grab water samples at all sites to generate com-
plementary data. Since our study included 36 stream sites with a
range of water flow rates and temperatures, we explored the new
approach introduced by Djomte et al. (2018) for calculating site-
specific POCIS sampling rates.

Our third objective was to test two novel passive samplers and
to evaluate their applicability for measuring pesticide concentra-
tions in streams. The first of these samplers was a new configura-
tion of the ‘Organic-Diffusive Gradients in Thin Films’ (o-DGT)
aquatic passive sampler (Stroski et al., 2018) that uses a 0.90-mm
polyacrylamide diffusive gel and Septa™ ZT sorbent. The second
novel sampler we testedwas composed of 2-mm thickmicroporous
polyethylene tubes (MPTs) filled with Strata-X sorbent, which is
chemically equivalent to Septa™ ZT. This design was similar to that
previously described for glyphosate uptake using TiO2 gels as the
sorbent (Fauvelle et al., 2017b) and for per- and polyfluoroalkyl
substance (PFAS) uptake using Strata X-AW as the sorbent
(Kaserzon et al., 2019).
2. Methods & materials

2.1. Sampling sites, approach, and dates

Pesticide concentrations were measured in 36 agricultural
streams located in four Regions of New Zealand. Twelve of the
stream siteswere located in theWaikato Region on the North Island
of New Zealand while another 24 were located on the South Island
of New Zealand (six in Otago, six in Southland, and 12 in Canter-
bury) (Fig. 1 and Supplemental Information (SI) Table S1); exact
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locations were not included to protect land owner privacy. We
selected sites with relatively high nutrient concentrations, as
shown in previous studies, based on the assumption that pesticide
and nutrient concentrations would be correlated (see second
objective). Each site was classified according to the dominant land
use observed at the time of sampler deployment and retrieval in a
100e200m radius surrounding the site. The resulting four riparian
land use categories were dairy/beef/sheep pasture (27 sites),
cropland (three sites), native bush (shrubs or forest) (three sites),
and lifestyle blocks (i.e. small farms operated for pleasure or sup-
plemental income) (three sites). The majority of sites were sur-
rounded by pasture because this is a dominant land use in New
Zealand and because when last reported in 2005, the majority of
the insecticides and herbicides used in New Zealand were applied
to dairy/beef/sheep pasture (Manktelow et al., 2005; Chapman,
2010). Pasture type was not further differentiated because reliable
classification could not be achieved without surveying land owners
and because pastures in New Zealand are often used for more than
one type of animal.

Photos of each passive sampler type are shown in Fig. S1.
Detailed descriptions of passive sampler preparation, deployment,
and extraction methods, as well as grab sampling methods, are
provided in Section 1 of the SI. POCIS were deployed at all 36 sites;
the o-DGT and MPT samplers were co-deployed with POCIS at the
12 Canterbury sites. The Canterbury Region was selected for
comparing all sampling approaches because of high agricultural
intensity. POCIS samplers were found damaged upon retrieval at
Waikato Site 4 and all passive samplers weremissing upon retrieval
at Canterbury Site 7. Grab samples for pesticide and nutrient
analysis were collected at the time of passive sampler retrieval.
Samples were collected during December 2017 and January 2018
(i.e. during Austral summer). Due to logistical limitations, sampling
dates varied between Regions and passive sampler deployment
times ranged from 22 to 24 days (Table S2). The sampling period
was characterized by unusually dry and hot weather, with negli-
gible precipitation, that affected most of New Zealand between
November 2017 and February 2018 (National Institute of Water and
Atmosphere 2018).

Each type of passive sampler was deployed in triplicate. Grab
samples were collected in triplicate at three sites; single samples
were collected otherwise. Nutrient samples were always collected
in triplicate. At each site, passive samplers, two temperature/light
loggers (Hobo pendant 8 K data loggers, Onset Computer Corpo-
ration, Massachusetts, USA), and two passive flowmonitors (PFMs)
were attached to a 1.5-m steel stake driven into the streambed.
Water temperature was logged every 30min and averaged for the
entire period (Table S1). PFMs were prepared from gypsum dental
plaster as described previously (Kaserzon et al., 2014) and used to
estimate the water flow velocity over the surface of samplers
(Table S1). Temperature/light loggers and PFMs were missing upon
retrieval at three sites.

2.2. Analyte quantification

Analytes in POCIS, o-DGT, and grab sample extracts were
quantified at the University of Winnipeg with an Agilent (Mis-
sissauga, ON) 6410B tandem mass spectrometer (MS/MS) with
electrospray ionization in both positive and negative mode using
multiple reactionmonitoring (MRM). Analytes were separatedwith
an Agilent 1200 Series ultra-high-performance liquid chromatog-
raphy (UHPLC) system and a Phenomenex (Torrance, CA) Kinetex
XB-C18 column (50mm� 2.1mm� 1.7 mm particle size) with a C18
SecurityGuard ULTRA Cartridge. Target analytes, with respective
isotopically labelled internal standards, and method detection
limits are listed in Table S3; their physicochemical properties are
listed in Table S4. All other details about the instrumental method
have been described previously (Challis et al., 2016).

Analytes in MPT extracts were quantified at The University of
Queensland using an AB/SCIEX (Ontario, Canada) 6500 QTRAP
system with electrospray ionization using positive and negative
ionization based on a scheduled multiple reaction monitoring
(MRM) switching process. Analytes were separated with a Shi-
madzu Nexera HPLC system (Kyoto, Japan) and Phenomenex
biphenyl column (50mm� 2.1mm� 2.6 mm particle size) with a
Kinetex EVO C18 pre-injector column. Target analytes, with
respective isotopically labelled internal standards, and method
detection limits are listed in Table S5. All other details about the
instrumental method have been described previously (Kaserzon
et al., 2017).

2.3. Quality assurance

Two laboratory blanks were prepared per sample type (POCIS,
o-DGT, and grab); these underwent all sample processing steps and
were processed alongside real samples. Laboratory blank concen-
trations were divided by the average number of sample deploy-
ment days, which was 24 days (Table S2), and the sampling rate
(Table S7) to obtain an equivalent concentration in water. These
concentrations were then multiplied by three to obtain sampler-
specific method detection limits (Table S3). Four POCIS field
blanks, three o-DGT field blanks, and four grab sample field blanks
were collected by bringing each sampler type to the field during
passive-sampler retrieval and then extracting and processing them
in the same way as real samples. Most field blank concentrations
were lower than method detection limits, with a handful of ex-
ceptions shown in Table S6. Three MPT solvent blanks and three
laboratory procedural blanks, which underwent all processing
steps, were processed alongside real samples. In addition, three
MPT field blanks were collected at the time of passive sampler
retrieval. No target analytes were detected in any MPT blanks.

The use of two different laboratories and instruments with
different detection limits has the potential to introduce systematic
error in data analysis. Nonetheless, we have confidence in our
comparison of data because (a) the concentrations of pesticides
that were detected at both laboratories were similar, (b) the
detection frequency was generally highest for POCIS, indicating
that the lower sensitivity of the University ofWinnipeg laboratory's
UHPLC was not a limiting factor, and (c) isotopically labelled in-
ternal standards were used at both laboratories.

2.4. Calculation of pesticide concentrations in water from passive
water samplers

Pesticide concentrations in water (Cw) were calculated using
Equation (1), which is found in Alvarez (2010) and other references
that describe passive sampling theory.

Cw ¼ Ns

Rst
(1)

where Rs is the sampling rate (L day�1), t is the deployment time
(days), and Ns is the mass of chemical accumulated in the sampler
at time (t). The theoretical development of this equation is briefly
described in SI Section 2. Sampling rates obtained from the litera-
ture for POCIS and o-DGT samplers, and from previously unpub-
lished laboratory calibration studies for MPT samplers, are provided
in Table S7. The POCIS sampling rates listed in Table S7 are typical of
those used in most studies; however, stream hydrodynamic con-
ditions andwater temperatures are known to affect POCIS sampling
rates (Djomte et al., 2018). Djomte et al. recently used laboratory
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experiments to develop equations for estimating temperature-
dependent POCIS sampling rates under flowing (6e21 cm/s) and
stagnant (<6 cm/s) conditions for 12 pesticides, including atrazine.
We used the equation and atrazine Arrhenius parameters (SI Sec-
tion 3, Table S8) reported by Djomte et al. to calculate atrazine
POCIS sampling rates specific for the temperatures and flow con-
ditions at our study sites (Table S9). We then compared the calcu-
lated atrazine concentrations obtained using the generic POCIS
sampling rate to those obtained using site-specific sampling rates.

2.5. Nutrient sampling and quantification

At each site, triplicate samples for nutrient analysis were
collected in 50-mL falcon tubes (APHA, 1998) at the same time and
from the same locations as grab samples. Samples were kept cool
using ice packs in the field and during transport. Samples were
filtered through a 0.7-mm glass fiber filter and then stored frozen
for <30 days before analysis. Quantification of dissolved inorganic
nitrogen (DIN) and dissolved reactive phosphorus (DRP) was con-
ducted at the University of Otago using standard, colorimetric
protocols (APHA, 1998) with a SANPlus segmented flow auto-
analyzer (Skalar Analytical B.V., Breda, The Netherlands).

2.6. Statistical analysis

Pearson correlation analysis, using Excel 2016, was used to
determine if individual pesticide concentrations, or the sum of
detected pesticide concentrations, were related to the corre-
sponding nutrient concentrations (DIN, DRP) at each site.

3. RESULTS and DISCUSSION

3.1. Detection frequencies

The seven pesticides targeted for analysis in POCIS, o-DGT, and
grab samplers were all detected in this study. These were atrazine,
chlorpyrifos, clothianidin, diazinon, 2,4-dichlorophenoxyacetic
acid (2,4-D), imidacloprid, and thiamethoxam. Of these pesti-
cides, three (atrazine, 2,4-D, and imidacloprid) were also on the
target analyte list used for the MPT samplers deployed at the
Canterbury sites, and all were detected. When results for all sam-
pling approaches were considered, the percentage of agricultural
stream sites (out of 36 in total) where each pesticide was detected
was 83% for chlorpyrifos, 72% for atrazine, 67% for diazinon, 53% for
2,4-D, 22% for imidacloprid, 8% for clothianidin, and 3% for thia-
methoxam. Atrazine and chlorpyrifos were also among the most
commonly detected pesticides in a survey of anthropogenic or-
ganics in US streams (Bradley et al., 2017) and in a literature review
summarizing the global occurrence of priority substances and
chemicals of emerging concern in surface and ground waters
(Sousa et al., 2018).

A number of pesticides and pesticide degradation products were
quantified in MPT samplers (Table S5) that were not quantified in
the other sample types (Table S3). From this list, seven pesticides
and two pesticide degradation products were detected. The per-
centage of sites (out of the 12 Canterbury sites, minus one lost MPT
sampler) where each of these chemicals were detected was 100%
for both terbuthylazine and desisopropyl atrazine, 82% for 2-
methyl-4-chlorophenoxyacetic acid (MCPA), 55% for triclopyr, 45%
for both desethyl atrazine and metsulfuron methyl, 27% for both
haloxyfop and propiconazole, 18% for simazine, and 9% for diuron.
Desethyl atrazine and desisopropyl atrazine are degradation
products of atrazine (Singh et al., 2018). All pesticides on this list are
herbicides, with the exception of propiconazole, which is a fungi-
cide; diuron can also be used as an algicide.
The two organophosphate insecticides (chlorpyrifos and diaz-
inon) frequently detected in our study are on the NZ Environmental
Protection Authority's Priority Chemical List (New Zealand
Environmental Protection Authority 2018b), which lists chemicals
most in need in review for reassessment in New Zealand. Chlor-
pyrifos is particularly controversial (New York Times, 2018) due to
evidence that it causes cognitive deficits and intellectual disability
in children, but also because of toxicological effects on freshwater
insects, fish, and pollinators (John and Shaike, 2015). Atrazine is a
triazine herbicide that presents a number of potential human and
ecological health problems (Singh et al., 2018) and was banned in
the European Union in 2003 due to exceedances in drinking water
and groundwater threshold concentrations (Bethsass and
Colangelo, 2013). Clothianidin, imidacloprid, and thiamethoxam
are neonicotinoid insecticides; these three chemicals were
completely banned from outdoor use in Europe in 2018 (European
Union Policies Information & Services, 2018). Neonicotinoid in-
secticides are well-known for their toxicity to pollinators (Goulson,
2018), but there is also evidence that they are toxic to many
freshwater organisms and may pose serious threats to freshwater
ecosystems (S�anchez-Bayo et al., 2016). While acute and chronic
toxicities of neonicotinoids vary among aquatic arthropods by six
orders of magnitude, the more sensitive species exhibit short-term
lethal effects below 1 mg/L (Morrissey et al., 2015). Finally, 2,4-D is a
systematic herbicide used to control broadleaf weeds; Islam et al.,
(2018) recently reviewed its fate in the environment and found
evidence for concern about its effects on sensitive organisms.

Previous studies have shown that chlorpyrifos is ubiquitous in
the New Zealand environment. It was the most frequently detected
pesticide in a survey of chlorinated pesticides in New Zealand
stream sediments, having been detected at 87% of the 15 stream
sites in that study (Shahpoury et al., 2013). It has also been found in
New Zealand honey bees (Urlacher et al., 2016) and undergoes at-
mospheric transport to remote locations in the Southern Alps in
New Zealand (Lavin et al., 2012; Lavin and Hageman, 2013; Wu
et al., 2017). To the best of our knowledge, diazinon has not been
previously targeted for analysis in New Zealand freshwaters, or in
other environmental matrices. The transport of terbuthylazine into
New Zealand waterways from its application on planted forests has
been investigated previously (Rolando et al., 2017). Terbuthylazine
was also the most commonly detected pesticide in the most recent
groundwater survey in New Zealand (Close and Skinner, 2012).
Other pesticides that were detected in both our study and in the
most recent groundwater survey were chlorpyrifos, desethyl atra-
zine, and simazine; however, the target analyte lists were not
identical and the groundwater survey did not target neon-
icotinoids. To the best of our knowledge, our study is the first to
include neonicotinoids as target analytes for measurement in
freshwaters in New Zealand. However, imidacloprid and thiame-
thoxam (as well as two other neonicotinoids, acetamiprid and
thiacloprid) have been detected in honey from New Zealand hives
(Mitchell et al., 2017).

The number of pesticides detected out of the seven targeted for
analysis at all sites is represented by the bars in Fig. 2. Several of
these pesticides were found at most sites; two or more were
detected at 78% of sites, three or more at 69% of sites, and four or
more at 39% of sites. Two sites with riparian native shrubs/forest in
the Waikato Region were the only ones where no pesticides were
detected. It is notable that three or four pesticides were consis-
tently detected at all six Southland sites, which were all surrounded
by dairy/beef/sheep pasture (Fig. 2); diazinonwas detected at all six
sites while both chlorpyrifos and 2,4-D were detected at five sites.

The numbers above the bars in Fig. 2 show the number of
additional pesticides from theMPT target analyte list that were also



Fig. 2. Number of pesticides detected per site by all sampling approaches, with sites arranged by Region and the dominant riparian land use indicated by color shading. Data labels
indicate the number of additional pesticides or pesticide degradation products detected in MPT samplers at the Canterbury sites; the asterisk above Canterbury Site 7 indicates that
the MPT sampler at this site was lost. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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detected at the Canterbury sites. These show that up to six addi-
tional pesticides, above the main set of seven pesticides targeted in
our full study, can also be present in New Zealand streams. Other
pesticides not on our target analyte lists may also be present.
3.2. Pesticide concentrations

The mean concentrations of each pesticide at each site and in
each sample type are provided in (Tables S10-17). Concentrations of
the seven pesticides targeted for analysis at all sites (except for
thiamethoxam, whichwas only detected at one site) are also shown
in Fig. 3. In these tables and this figure, atrazine concentrations in
POCIS were calculated with the generic sampling rate (Table S7);
concentrations calculated with site-specific sampling rates will be
discussed later. The highest concentrations were generally
observed for chlorpyrifos, with a maximum concentration of
180 ng/Lmeasured in the grab samples atWaikato Site 1, whichwas
surrounded by dairy/beef/sheep pasture, and Canterbury Site 7,
which was surrounded by a lifestyle block. Concentrations of the
other pesticides were generally below 20 ng/L, with the exception
of high concentrations of 2,4-D (210 ng/L measured in the grab
sample and 74 ng/L measured with POCIS) at Waikato Site 6. No
significant differences (p� 0.05 in all cases) were observed when
comparing pesticide concentrations between Regions (one-way
ANOVAs, data not shown).

In the MPT samplers from the Canterbury sites (Table S10), the
concentrations of the two atrazine degradation products (atrazine
desethyl and desisopropyl atrazine), metsulfuron methyl, propico-
nazole, simazine, and haloxyfop were all less than 5ng/L. Higher
concentrations of MCPA, and triclopyr were measured. In addition,
the terbuthylazine concentrations in MPT samplers were higher
than for any other pesticides, but its concentrations in water could
not be determined because sampling rates have not beenmeasured
for this compound. Future work should include measurement of
sampling rates for additional analytes with MPT samplers using the
methods described in Fauvelle et al., (2017b) and Kaserzon et al.,
(2019).

An extensive list of targeted anthropogenic organics (719
chemicals) were surveyed in 38 streams in the USA by Bradley et al.,
2017. Since that study also reported data for the seven pesticides we
targeted at all of our stream sites, we compared our results to theirs
for pesticide detection frequencies, maximum concentrations, and
median concentrations (Table S18). Overall, detection frequencies
were similar in the two studies although diazinon was detected
more frequently in our survey and the reverse was true for thia-
methoxam. The maximum and median concentrations for most
pesticides were considerably lower in our study than in that by
Bradley et al., The median chlorpyrifos concentration in our survey
was considerably higher than that reported by Bradley et al., but
was comparable to the worldwide median chlorpyrifos concen-
tration in surface and groundwater reported by Sousa et al., 2018
(Table S18). Chlorpyrifos concentrations above 100 ng/L were also
reported in the Tagus River Valley in central Spain (Rico et al., 2019).

The review by Sousa et al. (2018) indicated that four studies
reported organic pollutant concentrations in Australian streams
since 2012 and three included target analytes on our lists. The
maximum clothianidin, imidacloprid, and thiamethoxam concen-
trations in rivers around Sydney were 420, 4560, and 200 ng/L,
respectively (S�anchez-Bayo and Hyne, 2014). The atrazine, atrazine
desethyl, desisopropyl atrazine, and simazine concentrations in
streams from a horticultural catchment in southeastern Australia
were 10e20, 1, 1300, and 50e670 ng/L, respectively (Allinson et al.,
2014). With the exception of desisopropyl atrazine, all of these
concentrations are considerably higher than those we measured
(Fig. 3, Table S10). In addition, a number of other herbicides
(dichlorvos, hexazinone, metalazyl, metribuzin, pendimethalin,
prometryn, and terbutryn) that were on our MPT target list for
Canterbury sites were detected in Australian studies (Allinson et al.,
2014; Allinson et al., 2016), but not detected in our study.

The relatively high frequencies of detection and high concen-
trations of chlorpyrifos found in our study are concerning and
warrant further investigation, especially since chlorpyrifos is on the
NZ Environmental Protection Authority's Priority Chemical List
(New Zealand Environmental Protection Authority 2018b). We
hypothesize that the concentrations of the pesticides we measured
were considerably lower than they would be in a normal New
Zealand summer with more precipitation and therefore more run-
off events since surface run-off typically increases pesticide



Fig. 3. Pesticide concentrations obtained with each sampling approach at each site, with sites arranged according to Region. POCIS-a concentrations for atrazine were calculated
with the generic POCIS sampling rate. o-DGT and MPT samplers were only deployed at Canterbury sites. Chlorpyrifos, clothianidin, and diazinon were not targeted for analysis in
MPT samplers. No symbols are shown when concentrations were below detection limits. Error bars indicate one standard deviation.
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concentrations in streams by several orders of magnitude, espe-
cially near the start of the precipitation event (Morrissey et al.,
2015; Novic et al., 2018). In this initial survey, we did not target
high-concentration events after rainfall or investigate temporal
variability in pesticide concentrations, thus maximum concentra-
tions are not known.

Although varying degrees of biofouling on samplers were
observed upon retrieval, there were no obvious relationships be-
tween the amount of biofouling and pesticide concentrations.
While biofoulingmay affect pesticide uptake rates in POCIS, there is
no robust approach for accounting for its effects on sampling rates
(Harman et al., 2012).
3.3. Lack of correlation between in-stream pesticide and nutrient
concentrations

DIN concentrations varied widely between the 36 stream sites,
from 17.9 to 11,800 mg/L, whereas DRP ranged from 2.7 to 94 mg/L
(Table S19). No significant correlations (p> 0.05 in all cases) were
observed between DIN or DRP and the number of detected pesti-
cides, any of the individual pesticide concentrations, or the sum of
detected pesticide concentrations (see Fig. S3 for representative
plots). These results suggest that nutrients and pesticides had
different sources and/or that different processes influenced their
concentrations at the sampled sites, as previously demonstrated in
the chemographs presented by Novic et al., (2018). Our results also
show that nutrient concentrations cannot be used as a proxy for
expected pesticide concentrations in the sampled streams. In
contrast to our findings, a number of significant correlations were
reported between individual pesticide concentrations and nitrogen
or phosphorus concentrations in a comprehensive investigation on
anthropogenic influences on streams and rivers in the US
(Appendix 2 in Falcone et al., 2018). Also, a significant correlation
was observed between nitrate and pesticide concentrations in
groundwater in New Zealand (Close and Skinner, 2012). Since we
selected our sites based on previous nutrient measurements, an
important implication of our finding is that we cannot be confident
that our survey included sites with relatively high pesticide loads in
New Zealand. Future research should address this important limi-
tation, ideally by sampling streams on agricultural lands where the
annual use of pesticides per hectare is known, e.g. Magbanua et al.,
(2010).
3.4. Atrazine concentrations calculated with site-specific POCIS
sampling rates

Site-specific atrazine POCIS sampling rates (Table S9), calculated
for the temperatures and flow rates at our sites (Table S1), ranged
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from 106 to 149mL/day for flowing streams and from 43.7 to
58.3mL/day for stagnant streams. Challis et al., (2016) suggested a
generic representative atrazine POCIS sampling rate of 190mL/day,
which was the mean of three previously reported values all
measured at ~17 �C. Thus, the average site-specific sampling rate
was 1.4 times lower than the suggested value for flowing streams
and 3.8 times lower for stagnant streams; this resulted in average
atrazine concentrations calculated with the site-specific sampling
rates being 1.4 and 3.8 times higher for flowing and stagnant
streams, respectively. Atrazine concentrations calculated with the
two approaches are compared in Table S11, Fig. S2, and Fig. 4. In
many cases, the differences are within the measurement error. For
example, at Waikato Site 5, which is a flowing stream, the con-
centrations calculated with the generic versus site-specific sam-
pling rates were 0.41± 0.27 (SD) and 0.57± 0.37 ng/L, respectively
Fig. 4. Pesticide concentrations obtained with each sampling approach at the Can-
terbury sites, where all four sampling approaches were employed. The numbers in
parentheses indicate the number of detects for that sampling approach. In panel A,
POCIS-a concentrations were calculated with the generic POCIS sampling rate, whereas
POCIS-b concentrations were calculated with the site-specific POCIS sampling rates.
Error bars indicate one standard deviation.
(Table S11). However, at Waikato Site 6, which is a stagnant stream,
the concentrations calculated with the generic versus site-specific
sampling rates were 6.8± 3.0 and 24± 11 ng/L, respectively. We
did not re-calculate the POCIS-derived concentrations for the other
pesticides we detected because the Arrhenius parameters have not
been determined for those pesticides; nonetheless, their real con-
centrations are likely also higher by a factor of 2e4 than what we
have reported here.

3.5. Comparison between sampling approaches

Concentrations from all sampling approaches are compared in
Figs. 3 and 4, with Fig. 4 specifically depicting the number of de-
tections and concentrations obtained for three pesticides at the
Canterbury sites. Results for atrazine, 2,4-D and imidacloprid are
shown in Fig. 4 because these pesticides were detected most often
in multiple sample types.

Fig. 3 shows that most analytes (with the exception of chlor-
pyrifos, which we will discuss shortly, and clothianidin, which was
only found at three sites) were detected more frequently in POCIS
than in grab samples. For example, atrazine was detected in POCIS,
but not in grab samples, at 23 of 36 sites. Although grab and passive
samples represented different time frames, the frequent discrep-
ancy in detection frequency was most likely due to the method
detection limit being considerably lower for POCIS than for grab
sampling (Table S3). This example portrays how passive sampling
can give a more complete view of contaminant loading in streams
than grab sampling when concentrations are low.

In contrast to the other detected pesticides, chlorpyrifos was
detected almost exclusively in grab samples (Fig. 3). This result was
unexpected because chlorpyrifos has been measured successfully
with POCIS in a number of previous studies, including at concen-
trations in the rangewemeasuredwith grab samples (Alvarez et al.,
2014; Zhang et al., 2016; Rico et al., 2019) even though the log Kow
of chlorpyrifos is 4.7 (Table S4) and POCIS is generally considered
useful for analytes with log Kow <3 (Alvarez, 2010). It is noteworthy
that a particularly wide range of POCIS sampling rates for chlor-
pyrifos has been reported, with values including 130mL/day
(Lissalde et al., 2011), 50mL/day (Ahrens et al., 2015), and
4.3e6.8mL/day (depending on temperature) (Yabuki et al., 2016).
An explanation for this wide range of reported rates is not obvious;
however, it is possible that we did not observe chlorpyrifos in POCIS
if the conditions at our sites (perhaps low flow rates) led to low
chlorpyrifos sampling rates. Chlorpyrifos may also sorb to the PES
membranes; however, our extraction method included solvent
rinsing of the PES membranes. Another option is that an uniden-
tified methodological error in chlorpyrifos quantification in POCIS
occurred; however, we followed well-established POCIS protocols
(Carlson et al., 2013) with extraction and sample treatment pro-
cedures similar to those that we used for solid-phase extraction
with grab samples.

The performance of the o-DGT and MPT samplers at the Can-
terbury sites can be evaluated by comparing the pesticide detection
frequencies and concentrations obtained with these two sampler
types to those obtained with POCIS. For example, atrazine was
detected with POCIS at 11 of 12 Canterbury sites, but at only 5 and 6
of these sites in o-DGT and MPT, respectively (Fig. 4a). The
decreased detection frequency of atrazine in o-DGT and MPT
samplers was likely due to its lower sampling rate in these sam-
plers than in POCIS (Table S7). The o-DGT and MPT samplers were
designed with thicker diffusive membranes than POCIS (the diffu-
sive membrane thicknesses were 0.132mm for POCIS, 0.75 mm for
o-DGT, and 2mm for MPT). In passive samplers for polar analytes,
increasing the thickness of the diffusive membrane decreases the
sampling rate, which has the advantages of increasing the kinetic



K.J. Hageman et al. / Environmental Pollution 254 (2019) 1129738
regime time and decreasing the effects of water flow rate on the
sampling rate, but the disadvantage of decreasing analyte detect-
ability at low concentrations. Our study is a good example of a
scenario in which a sampler with a thinner diffusive member, such
as POCIS, was advantageous since atrazine concentrations were too
low for detection at all sites by o-DGT or MPT. One option for future
work is to increase the o-DGT or MPT sampling rates by increasing
the sampler surface area, as discussed in Challis et al., (2016).

2,4-D was detected inMPT samplers at seven stream sites, but at
only four sites each in POCIS and o-DGT (Fig. 4b). 2,4-D had a
particularly low POCIS sampling rate compared to other pesticides
(Table S7); this diminished the detection limit advantage that
POCIS offered for atrazine. Imidacloprid was detected at just three
sites and at particularly low concentrations; however, it was
detected in both POCIS and MPT in all cases (Fig. 4c). The concen-
trations obtained for atrazine, 2,4-D, and imidacloprid were similar
for the different samplers (Fig. 4); this indicates that the novel o-
DGTandMPT samplers trialed in our study can be used successively
for pesticide analysis in steams when concentrations are high
enough.

3.6. Potential concerns for aquatic organisms

We compared the highest measured concentrations from our 36
stream sites to the 21-day ‘No Observable Effect Concentrations’
(NOEC) from standard laboratory ecotoxicology tests for fish (using
rainbow trout, fathead minnows or Japanese rice fish) and aquatic
invertebrates (using the microcrustacean Daphnia magna)
(University of Hertfordshire, 2018) (Table S20). The chlorpyrifos
concentration atWaikato Site 1 and Canterbury Site 7 (both 180 ng/
L) were higher than the NOEC value for fish (140 ng/L); moreover,
the measured chlorpyrifos concentrations exceeded 50% of the
NOEC values at three other sites. It is clear from these results,
combined with the high detection frequency for this insecticide
discussed earlier, that more monitoring of chlorpyrifos in New
Zealand streams is needed and mitigation strategies may be
needed.

The concentrations of the other pesticides we detected were
much lower than the NOEC values (Table S20). Nevertheless, it is
well established that the standard species used in NOEC tests are
generally far less sensitive to pesticide exposure than other aquatic
species. For example, stream mayfly larvae can be six orders of
magnitude more sensitive to neonicotinoids than the lake
zooplankter Daphnia magna (Morrissey et al., 2015). The NZ Envi-
ronmental Protection Authority has calculated Environmental
Exposure Limits (EELs) for hazardous substances (New Zealand
Environmental Protection Authority 2018a). However, only two of
the seven pesticides targeted for analysis at all 36 sites are included
on the EEL list: imidacloprid, with an EEL in water of 38 ng/L, and
thiamethoxam, with an EEL of 350 ng/L. The EEL for imidacloprid is
around four times higher than the maximum concentration in our
study (10 ng/L). Given that surface runoff often increases pesticide
concentrations by several orders of magnitude (Morrissey et al.,
2015; Novic et al., 2018), imidacloprid EEL values could be excee-
ded after rainfall events at our stream sites. Moreover, as pointed
out above we cannot be confident that our stream survey included
sites with relatively high loads of neonicotinoids or other
pesticides.

A final important implication of our findings is that aquatic or-
ganisms in New Zealand's agricultural streams are clearly being
exposed to a complex mixture of multiple pesticides, and this can
lead to additive or synergistic multiple-stressor effects. Besides
pesticides, organisms in agricultural streams are typically exposed
to several other stressors, for example increased levels of dissolved
nutrients and fine sediment, raised water temperatures, and/or
reduced stream flow (e.g. Matthaei et al., 2010; Piggott et al., 2012).
A recent meta-analysis has shown that multiple-stressor effects can
increase the effects of toxicants by up to 100 times (Liess et al.,
2016).
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