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Herbicide concentrations in waterways
following aerial application in a steepland
planted forest in New Zealand
Brenda R. Baillie

Abstract

Background: The use of herbicides to control competing vegetation in planted forests is an important component
of forest management. The increasing public aversion to herbicide use includes the possible contamination of
receiving aquatic environments. The risk of surface run-off, leaching and erosion processes transporting herbicide
residues to waterways, is potentially higher in steepland forests containing soils with high leaching potential. The
purpose of this study was to measure the concentrations of terbuthylazine and hexazinone, two herbicides
commonly used in post-plant weed control in New Zealand, in waterways, when aerially applied in a steepland
forest catchment with Recent Soils.

Methods: Terbuthylazine and hexazinone were applied, at 6 and 1.5 kg ha−1, respectively, to 30 ha distributed over
a 193-ha catchment. Herbicide concentrations were measured in stream water and sediment in a 12-ha headwater
sub-catchment (W1) (57 % sprayed) and in stream water at two sites further down the catchment. These sites were
monitored prior to, and for 5 months after, herbicide application.

Results: The highest concentrations in stream water were recorded on the day of herbicide application at W1
(terbuthylazine, 9.6 μg L−1; hexazinone, 5.3 μg L−1). Terbuthylazine concentrations were above drinking water
standards for several hours, well below the decadal time frame required to exceed these standards. Thereafter,
concentrations rapidly declined, with the highest concentrations recorded 1 month after herbicide application,
2 days after a 50-mm (24 h) rainfall event. Concentrations declined downstream and were <5 μg L−1 where the
stream exited the forested catchment. Terbuthylazine only was detected in sediment for up to 60 days after
herbicide application. Concentrations and persistence of both herbicides in stream water were well below toxic
levels for aquatic organisms.

Conclusions: The potential risks to aquatic environments from herbicide application in steepland conditions were
partially mitigated by the 30-m ‘no-spray’ zone along the stream margins, along with logging slash in the stream
channel and the spatial distribution of the treated areas within the catchment. Under these operational conditions,
and when applied according to manufacturer’s instructions, the downstream risks to human health and aquatic
environments appeared to be low.
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Background
Vegetation management is critical for optimising timber
and fibre production and maintaining the economic via-
bility of managed forests (McCarthy et al., 2011; Rolando
et al., 2013; Wagner et al., 2006). Herbicides play an in-
tegral role in the management of competitive vegetation
in these forests, particularly during the establishment
phase of the forestry cycle. However, there is increasing
global pressure to reduce or eliminate herbicides, driven
by factors such as increasing public aversion to herbicide
use in forests, forest certification requirements and gov-
ernmental regulations restricting or prohibiting herbi-
cide use (Forest Stewardship Council, 2005; Shepard
et al., 2004; Thiffault and Roy 2011; Wagner et al.,
1998). Contamination of groundwater and surface water
resources from pesticides are an emerging issue (Baillie
& Neary 2015), contributing to the degradation of water
quality in many parts of the world (Barbash and Resk
1996; Larson et al., 1997; Vörösmarty et al., 2010).
Herbicides are the most common pesticide detected in
New Zealand’s surface water and groundwater. Both
terbuthylazine and hexazinone have been detected in
surface waters, and terbuthylazine is the most common
herbicide detected in groundwater, although concentra-
tions are currently low (<1 μg L−1) or below drinking
water standards (Close & Skinner 2012; Tulagi 2014).
Non-chemical methods of vegetation control such as

prescribed fire, manual and mechanical site preparation,
manipulation of tree density and shading, establishment
of cover plants to suppress weed growth and biological
control offer alternative options to herbicide use. To
date, mechanical weed control remains the most com-
mon non-chemical alternate to herbicides, particularly
in Europe (McCarthy et al., 2011) and Québec (Canada)
where herbicides are banned on Crown forest lands
(Thiffault and Roy 2011). However, mitigating factors
such as higher costs, lower efficiency, limited labour re-
sources and environmental risks associated with these
options mean that herbicides continue to be used in
varying degrees for controlling competing vegetation in
managed forests (Little et al., 2006; McCarthy et al.,
2011; Neary and Michael 1996; Rolando et al., 2013),

particularly in countries, such as New Zealand, where
maximising timber and fibre production is the primary
goal (Wagner et al., 2006).
Planted forests occupied around 1.7 million hectares

of New Zealand in 2012, which are predominantly
planted in Pinus radiata D.Don (Forest Owners Associ-
ation & Ministry for Primary Industries, 2013). Herbicides
are an important component of planted forest manage-
ment in New Zealand (e.g. Richardson, 1993; Rolando
et al., 2013; Tran et al. 2015). They are widely used during
the establishment phase of the forestry cycle for weed
control prior to and during the first few years after tree
planting. Glyphosate (N-(phosphonomethyl)glycine) is the
main herbicide used in New Zealand’s planted forests
prior to planting, with terbuthylazine (N2-tert-butyl-6-
chloro-N4-ethyl-1,3,5-triazine-2,4-diamine) and hexazi-
none (3-cyclohexyl-6-dimethylamino-1-methyl-1,3,5-tria-
zine-2,4-(1H,3H)-dione) the main herbicides applied,
usually in combination, for post-plant weed control.
The application method varies among regions depend-
ing on weed composition, soil type, terrain and sensi-
tivity of adjoining areas. Overall, around 60 % of the
treated area is directly spot sprayed with herbicides,
with herbicides being aerially applied to the remaining
40 % (Rolando et al., 2013).
Initial research on the environmental fate of herbicides

used in New Zealand’s planted forests focused on the
aerial application of terbuthylazine and hexazinone for
post-plant weed control (Baillie et al., 2015; Garrett
et al., 2015). Both terbuthylazine and hexazinone belong
to the triazine group of herbicides and are designed to
control a broad range of grasses, broad-leaved weeds
and woody plants (University of Hertfordshire, 2015).
Terbuthylazine is rated slightly hazardous (class III)
while hexazinone is considered moderately hazardous
(class II) under the World Health Organization classifi-
cation of pesticides (World Health Organization, 2010).
The water solubility and hence leaching potential of

terbuthylazine is low (Table 1), but its potential to ad-
sorb to soil and organic matter is high (Watt et al.,
2010), indicating that transport via sediment and organic
matter in waterways is likely (Kronvang et al., 2003). In

Table 1 Freshwater environmental and toxicology data for hexazinone and terbuthylazine (MacBean 2012; Ministry of Health, 2008;
University of Hertfordshire, 2015; World Health Organization, 2011). Updated from Table 1 in Baillie et al. (2015)

Herbicide Water solubility Half-life in
water (DT50)

EC50
a algae LC50

b (48 h)
Daphnia

LC50 (96 h)
rainbow trout

Kow
c log BCFd DWSe New

Zealand
DWS WHO

mg L−1 days μg L−1 μg L−1 μg L−1 μg L−1 μg L−1

Terbuthylazine 9 33–73 16 >69,300 220 3.4 34 8 7

Hexazinone 29,800 56 7–210 152,000 >320,000 1.2 7 400 –
aEC50 is the median effective concentration for a specified time: 72 h for terbuthylazine and 120 h for hexazinone
bLC50 (lethal concentration) is the concentration in water that kills 50 % of the test organisms
cKow (octanol/water partition coefficient) is the ratio of the concentration of a chemical in octanol and in water at equilibrium
dBCF bioaccumulation factor
eDWS drinking water standards
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the aquatic environment, terbuthylazine is most toxic to
aquatic plants, followed by fish and aquatic invertebrates
(Table 1) (University of Hertfordshire, 2015). When
assessing bioaccumulation risk, an octanol/water partition
coefficient (log Kow) of ≥3 is a common international trig-
ger point of concern while a bioaccumulation factor (BCF)
(the ratio of the concentration of a chemical in an organ-
ism compared with that in water) of <100 is considered a
low risk (Beek et al., 2000). Thus, the perceived risk may
depend on the assessment system used. In the case of ter-
buthylazine, there is potential risk for this herbicide to
bioaccumulate in the environment based on the log Kow

value whereas the bioaccumulation risk is low based on
the BCF (Table 1). Hexazinone is highly soluble in water
(Table 1), increasing the potential risk of surface run-off
and leaching into waterways. Similar to terbuthylazine,
hexazinone is toxic to aquatic plants but it is of lower
toxicity to aquatic invertebrates and fish (Table 1).
Given its high water solubility, the potential of hexa-
zinone to bioaccumulate is low as indicated by its
BCF factor of 7 (Table 1).
An earlier study assessing the environmental fate of

aerially applied terbuthylazine and hexazinone was con-
ducted on Pumice Soil in the Bay of Plenty region of
New Zealand (Baillie et al., 2015; Garrett et al., 2015).
Pumice Soil was selected due to its low adsorption cap-
acity making it a soil type potentially at risk to off-site
movement of herbicides (Watt et al., 2010). The results
of this study indicated low leaching potential to waterways
for both terbuthylazine and hexazinone when applied ac-
cording to current operational standards (Garrett et al.,
2015). Similar to studies elsewhere (McBroom et al., 2013;
Miller and Bace 1980; Neary et al., 1983), herbicide

concentrations in the stream network were highest on the
day of herbicide application and during rainfall events
shortly after application (Baillie et al., 2015).
Steepland forests are considered to be at high risk of

off-site movement of herbicides into waterways via
leaching, run-off and sediment transport, due to the
steep, erodible soils and susceptibility to erosion during
high rainfall events (Baillie & Rolando, 2015; Lavy et al.,
1989). Of the 1.7 million hectares of planted forest in
New Zealand (Forest Owners Association & Ministry for
Primary Industries, 2013), around 20 % are on steep ter-
rain (>20°) (Dunningham et al., 2012). The objective of
the trial reported here was to extend the current re-
search on the aquatic fate of terbuthylazine and hexazi-
none in New Zealand’s planted forests into a region of
differing geological and hydrological conditions. This
was achieved by assessing the risk of these two herbi-
cides to the aquatic environment when aerially applied
within a steepland planted forest catchment. Specifically,
the trial was implemented on a Recent Soil, identified as
one of the most vulnerable soil orders with respect to
leaching potential due to low soil organic carbon and
relatively high pH (Watt et al., 2010).

Methods
Study site
The study area was located in a planted forest in the
eastern Bay of Plenty region of New Zealand (Fig. 1).
The catchment is in steep (26°–35°) greywacke hill coun-
try overlain by Typic Tephric Recent Soils (Garrett et al.,
2016; Hewitt, 1998; Ministry of Works and Develop-
ment, 1975). The mean annual rainfall was 1504 mm,
and the mean annual temperature was 12.9 °C (NIWA

Scale 1:10,000
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Fig. 1 Location of the trial catchment in the eastern Bay of Plenty, New Zealand, showing the areas aerially treated with terbuthylazine and
hexazinone, the location of the four sets of tracer plates (1–4) and the location of the three water-monitoring points (W1, W2 and W3) within the
stream network
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2012). The eastern Bay of Plenty can experience periods
of widespread and heavy rainfall and high winds, usually
in association with north-west to north-east airflows or
occasional tropical cyclones (Chappell, 2013). The
stream network in the trial catchment drains into the
Taroa Stream (Fig. 1), a tributary of the Haparapara
River. Water monitoring was established at three points
along the stream network within the trial catchment
(Fig. 1) to capture the spatial extent of the areas sprayed
within the catchment (Fig. 1) and to assess changes in
herbicide concentrations along the stream continuum
during and after herbicide application. Vegetation cover
in the catchment was comprised of young (≤2-year-old)
second-rotation and mature (28–29-year-old) first-
rotation P. radiata (Table 2). All herbicide application
was in the areas of 1-year-old P. radiata.

Herbicide treatment
The trial catchment was aerially sprayed on 10 November
2014 with AGPRO Valzine Extra (AGPRO NZ Ltd,
Auckland) containing 400 g L−1 of terbuthylazine and
100 g L−1 of hexazinone in the form of a suspension con-
centrate, applied at the rate of 15 L ha−1 (6 kg ha−1 of ter-
buthylazine and 1.5 kg ha−1 hexazinone). These
application rates are typical for this type of operation in
New Zealand’s planted forests (Rolando et al., 2013).
Tartrazine, a colourimetric tracer used to measure spray
deposition (Pergher, 2001; Richardson et al., 1989), was
added to the herbicide solution at the rate of
0.0042 kg L−1. The herbicide solution was applied by a
Robinson R44 Raven II helicopter using a 12-m-long
spray boom fitted with 0.047-24 tube ACCU-FLO™ ra-
dial nozzles (Bishop Equipment Mfg. Inc., PA, USA)
that delivered 1400–1500-μm (volume mean diameter)
droplets. The swath width was 9 m using a half-overlap
spray pattern. The flight direction was predominantly at
right angles to the stream for most of the sprayed area.
On occasion, flight lines were parallel to the stream, with
a release height above ground of 12–21 m (40–70 ft).
Under the Bay of Plenty Regional Air Plan, discharge of
agrichemical chemicals from an aircraft must not result in
any harmful concentration of agrichemicals into water
(Bay of Plenty Regional Council, 2003). In this catchment,

a no-spray boundary of approximately 30 m was main-
tained around the stream margins (Fig. 1). In total, 42 kg
of terbuthylazine and 10.5 kg of hexazinone were applied
to the land upstream of water-monitoring point 1 (W1),
Fig. 1.

Data collection
A meteorological station (Campbell Scientific Inc., UT,
USA) was established at the top of the catchment up-
stream from W1 on 25 September 2014 to record air
temperature (°C), relative humidity (%), wind direction
(degrees) and speed (m s−1) and rainfall (mm) at 15-min
intervals for the duration of the trial, which ended on 13
April 2015.
On the day of herbicide application, four sets (labelled

1–4) of 10 tracer plates (stainless steel plates 76 ×
152 mm) were spaced out along a 250-m section of
stream channel, upstream of water-monitoring point 1
(W1) (Fig. 1), to measure any spray deposition reaching
the stream channel. Within each set, the 10 tracer plates
were positioned 1 m apart along the stream channel.
The plates were positioned horizontally on top of the
logging slash as most of the stream channel upstream
from W1 was covered in logging slash (residue branches,
twigs and needles from harvesting operations). After
herbicide application, each tracer plate was collected and
placed in a separate sealable plastic bag for transport to
the laboratory for analysis.
To assess herbicide concentrations in the downstream

receiving environment, a more intensive water and sedi-
ment sampling regime was established at water-
monitoring point 1 (W1), which covered the highest
proportion of the catchment sprayed (Table 1). Water
only was monitored at the two downstream sites (W2
and W3) to determine the downstream dilution effect
on herbicide concentrations. Point W2 was located ap-
proximately 100 m downstream of W1, and W3 was a
further 1.43 km downstream of W2, just above the con-
fluence with the Taroa Stream (Fig. 1). Water samples
(500 mL) for herbicide analysis were taken twice prior to
spraying at W1 and W2 and on a single occasion at W3,
commencing on 23 October 2014.

Table 2 Characteristics of the trial catchmenta

Catchment
area (ha)

Area (ha)
sprayedb

Catchment area
sprayed (%)

Unplanted
(ha)

<1-year-old
P. radiata (ha)b

1–2-year-old
P. radiata (ha)

28–29-year-old
P. radiata (ha)Site

W1c 12 7 57 0 11 0 1

W2 62 12 19 10 18 18 15

W3 193 30 16 68 43 32 50
aData provided by forest company GIS and forest information databases
bAll herbicide application was in the areas of <1-year-old P. radiata. NB: Because of the 30-m ‘no-spray’ zone along the stream margins (Fig. 1), the area of 1-year-old
pine sprayed with herbicides is less than the total area
cW water-monitoring point
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On the day of herbicide application (10 November
2014), single 500-mL water samples for herbicide ana-
lysis were taken at W1, at 15-min intervals during the
first hour of monitoring, starting as soon as spraying
was completed in the vicinity of W1. Smaller (125 mL)
samples were then taken at 15-min intervals for the next
4 h. Four consecutive samples were combined to pro-
duce composite hourly water samples. At both W2 and
W3, a single water sample for herbicide analysis was
taken during the 5-h period of monitoring at W1. Fol-
lowing the day of herbicide application, water samples
for herbicide analysis were collected from all three sites
(W1–W3) at 1, 2, 7, 30, 34, 59, 94 and 154 days after the
herbicide treatment (DAT), with the exception of day 2
for W3, ending on 13 April 2015. The logistical and
safety issues in relation to the remoteness and steepness
of the site limited the ability to monitor rainfall events
occurring after herbicide application. There was insuffi-
cient sediment in the stream channel at W1 for sam-
pling prior to herbicide application. Sediment samples
were taken at W1 at 1, 30, 59, 94 and 154 DAT for
herbicide analysis. Additional water samples for water
quality analysis were taken at all three sites on all the
sampling dates above, except for the first two days after
treatment (Table 3). All water and sediment samples
were labelled and stored in chilled containers for trans-
portation to the laboratory, accompanied by a chain-of-
custody form. Flow measurements were taken at all
three sites on all sampling dates using a Hach FH950
portable velocity meter (Hach, Loveland, CO, USA).

Laboratory procedures
Spray deposits were washed off the tracer plates with a
known quantity of water. The light absorbance of the
tracer plate samples was determined using colourimetric
analysis at a light absorbance of 427 nm on a T70 spec-
trophometer (PG Instruments, UK) and compared with
the light absorbance from a set of reference samples
with known dye concentrations. From this, the actual
amount of dye in the sample and thus the herbicide con-
centration in each sample was calculated (Richardson
et al., 1989). The average concentration for each set of
10 plates was used to calculate the percentage of the full
application rate that reached the stream channel.
The water and sediment samples collected for

herbicide analysis were analysed for hexazinone,

terbuthylazine and terbuthylazine-desethyl (a metabol-
ite of terbuthylazine) by an external laboratory (RJ
Hill Laboratories, Hamilton, New Zealand; http://
www.hill-laboratories.com/) using in-house methods
based on those of Roos et al. (1987) that are detailed
in Baillie et al. (2015). Detection limits for hexazi-
none, terbuthylazine and terbuthylazine-desethyl in
water ranged from 0.02 to 0.10 μg L−1. Detection
limits for the same three compounds in sediment
ranged from 7 to 12 μg kg−1 for hexazinone and ter-
buthylazine and 13 to 30 μg L−1 for terbuthylazine-
desethyl. The stream-water samples collected for
water quality were also analysed by RJ Hill Laborator-
ies for pH, electrical conductivity, total suspended
solids (TSS) and dissolved organic carbon (DOC), fol-
lowing the methods of APHA 4500-H+, APHA 2510
B, APHA 2540 D and APHA 5310 C (modified), re-
spectively (APHA, 2012).

Results
Weather conditions
On the day of herbicide application, the weather condi-
tions were within the forest company’s prescribed limits
for aerial herbicide application, with air temperature
below 20 °C, relative humidity >55 %, maximum wind
speed <12 km h−1 and no rainfall. A total of 586 mm of
rainfall was recorded for the duration of the trial with
the highest 24-h rainfall event (50.2 mm) recorded on 12
December 2015 (32 DAT) (Fig. 2).

Water quality and flow
The pH was circumneutral at all three sampling sites for
the duration of the trial (Table 3). Mean concentrations
of TSS and DOC showed a decline down the stream sys-
tem. The highest concentrations of TSS and DOC at W1
and W2 were recorded at the last sample date, 154 DAT,
influenced by the preceding rainfall in the catchment.
The wetted width of the stream channel averaged 0.4,
0.9 and 2.2 m, and mean depths averaged 0.08, 0.09 and
0.04 m for W1, W2 and W3, respectively. Water flow
showed less variation in the upper catchment at W1 and
W2 at the time of water sampling compared with W3 at
the base of the catchment (Fig. 3). Water flow was low-
est in December (30 DAT) and February (94 DAT), coin-
ciding with periods of preceding low rainfall.

Table 3 Water quality characteristics of the three monitoring sites, average (range)

pH Electrical conductivity Total suspended solids (TSS) Dissolved organic carbon (DOC)

Site (sample size) mS m−1 g m−3 g m−3

W1 (n = 9) 7.1 (6.8–7.4) 9.8 (9.3–10.5) 9.2 (4.0–21.0) 5.2 (1.6–19.4)

W2 (n = 9) 7.2 (7.0–7.3) 8.8 (8.0–9.7) 7.2 (1.5–27.0) 3.5 (1.4–11.0)

W3 (n = 8) 7.2 (6.9–7.4) 9.4 (8.9–10.4) 3.7 (1.5–12.0) 2.0 (1.3–3.8)
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Herbicide concentrations in water and sediment
The analysis of the tracer plates showed that the per-
centage of the full application rate that reached the
stream channel upstream of W1 on the day of herbicide
application averaged 27, 10, 0.6 and 0.4 % (sets 1–4,
respectively).
Concentrations of terbuthylazine peaked at 9.60 μg L−1

at W1 (Fig. 4a) on the day of herbicide application. By the
end of the monitoring period on the day of herbicide ap-
plication, concentrations had declined to <3 μg L−1 and
remained below this concentration for the remaining
5 months of the trial. Concentrations of terbuthylazine de-
clined down the stream system (Fig. 4a), peaking at
2.5 μg L−1 at W2 on the day of herbicide application
and remaining below 0.3 μg L−1 at W3 for the dur-
ation of the trial. The terbuthylazine metabolite
terbuthylazine-desethyl was first recorded at W1
2 days after herbicide application and was present on
all remaining sampling dates at concentrations of
<1 μg L−1. Terbuthylazine-desethyl was evident at W2
from 1 week after herbicide application onwards, at
concentrations of <0.3 μg L−1, and was intermittently
recorded at W3 from 1 month after herbicide applica-
tion with concentrations close to, or below, detection
limits.

Concentrations of hexazinone peaked at 5.30 μg L−1 at
W1 on the day of herbicide application, declining to
2.9 μg L−1 by the end of the monitoring period (Fig. 4b).
After the day of herbicide application, concentrations
ranged from 3.7 to <1 μg L−1 for the remainder of the
monitoring period. Similar to terbuthylazine, concentra-
tions of hexazinone declined downstream, measuring
2.1 μg L−1 on the day of herbicide application at W2 and
declining thereafter (Fig. 4b). Hexazinone concentrations
at W3 remained below 0.5 μg L−1 for the duration of the
trial. The highest concentrations of terbuthylazine and
hexazinone in stream water after the day of herbicide
application were measured approximately 1 month (34
DAT) later at W1 (Fig. 4a, b). This value was recorded
2 days after the highest daily rainfall (52 mm) recorded
after herbicide application (Fig. 2).
Data from W1 were used to calculate the amount of

herbicide exported from this site in the first 24 h after
herbicide application since the highest concentrations of
herbicide in stream water were measured at this site on
the day of herbicide application. Forty-two kilograms of
terbuthylazine and 10.5 kg of hexazinone were applied
to the land upstream of W1, and 0.003 and 0.005 %, re-
spectively, were exported from the stream in the first
24 h after spraying.

Fig. 2 Rainfall at the catchment during the trial period

Fig. 3 Water flows measured at W1–W3 at the time of sampling
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Terbuthylazine (33, 41 and 33 μg kg−1) was detected
in sediment samples from W1 at 1, 30 and 59 DAT, re-
spectively, but remained below detection limits for the
remainder of the trial. No hexazinone was detected in
sediment samples taken at W1 after herbicide
application.

Discussion
Aerial application of terbuthylazine and hexazinone
under operational conditions in a steepland catchment
resulted in concentrations in the stream waters that were
either similar to, or lower than, a previous study on New
Zealand hill country Pumice Soil (Baillie et al., 2015).
This was contrary to the hypothesis that aerial applica-
tion of herbicides to steepland forests would pose a
higher risk to the aquatic environment than on gentler
slopes. One factor influencing these results was the ≈30-
m ‘no-spray’ zone along either side of the stream chan-
nels in this catchment. The prescribed 10-m ‘no-spray’

zone in the Bay of Plenty study (Baillie et al., 2015) re-
sulted in an average of 14 to 36 % of the full application
rate reaching the tracer plates along the stream channel,
compared with an average of 0.4 to 27 % of the full ap-
plication rate reaching the stream channel in this trial.
However, the high herbicide concentrations detected on
the two sets of tracer plates in the upper stream catch-
ment (average 27 %, and 10 %, of the full application
rate) indicated that a buffer of this width had a limited
effect on minimising spray drift into the stream chan-
nel under these operational conditions. An additional
buffer would have been provided by the depth and ex-
tent of logging slash along the stream channel upstream
of W1, further reducing the amount of herbicide reach-
ing the stream channel. As a result of these factors, con-
centrations of both terbuthylazine and hexazinone in
stream water were generally low for the duration of the
trial. The exception was terbuthylazine concentrations at
W1, which exceeded the WHO (World Health

Fig. 4 Concentrations of terbuthylazine (a) and hexazinone (b) measured in stream water at W1 and the two downstream sites (W2 and W3)
during the trial period. The acceptable limits for the New Zealand (NZ) and World Health Organization drinking water standards for terbuthylazine
are shown in a. The NZ drinking water standard for hexazinone of 400 μg L−1 is outside the range of b. There is no World Health Organization
drinking water standard for hexazinone
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Organization 2011) and New Zealand drinking water
standards (Ministry of Health, 2008) (Table 1) for 1 and
3 h, respectively, on the day of herbicide application.
Drinking water standards are based on the highest con-
centration considered not to cause a significant risk to
the health of the consumer over an average lifetime
(usually 70 years) based on a body weight of 60–70 kg
and a daily consumption rate by an adult of 2 L of water
per day (Ministry of Health, 2008; World Health
Organization 2011). The time frame of exceedance for
terbuthylazine in this trial was well below the decadal
time threshold required to exceed drinking water stan-
dards. In addition, the remoteness of this site from pub-
lic drinking water supplies indicated that the risk to
human health from ingestion of water was likely to be
very low.
The decline in herbicide concentrations downstream

was a combined effect of the decreasing proportion of
catchment area treated with herbicides, the dilution effect
of increasing downstream distance and flow and, to a
lesser extent, the influence of time since herbicide applica-
tion on herbicide decay rates (as indicated by the presence
of the terbuthylazine metabolite, terbuthylazine-desethyl).
As a result, at the point where the stream exited the
planted forest catchment (W3), concentrations of both
herbicides were very low (<0.5 μg L−1). These finding were
similar to other studies that have monitored herbicide
concentrations downstream from the application site
(Lavy et al., 1989; Neary et al., 1983).
The study by Baillie et al. (2015) and other studies (i.e.

Lavy et al., 1989; Neary et al., 1983) have highlighted the
risk of elevated herbicide concentrations from rainfall
events occurring shortly after herbicide application. In
this trial, elevated herbicide concentrations approxi-
mately 1 month (34 DAT) after herbicide application,
which was 2 days after the highest daily rainfall event
(52 mm) (Fig. 4a, b), indicated that herbicides were still
being flushed from the system at least 1 month after
herbicide application. There was a possible risk of leach-
ing during this rainfall event that was sufficient to gener-
ate drainage in the soil profile in the catchment upslope
of W1 (Garrett et al., 2016). This time frame was sup-
ported by results from a study by Lavy et al. (1989)
where hexazinone was applied using spot spraying on a
steepland catchment (slopes ≈40 % (20°)) in West
Virginia, USA, while retaining a 15-m ‘no-spray’ bound-
ary along the stream margin. The highest concentration
of hexazinone (16 μg L−1) was recorded in stream water
during a 60-mm rainfall event approximately 2 months
(68 DAT) after herbicide application.
When compared with toxicology data (Table 1), the

duration of detectable concentrations of both terbuthyla-
zine and hexazinone recorded in this study (Fig. 4a, b)
were below the levels required to pose a risk to algae

and were several orders of magnitude lower than the
toxicity (LC50) levels for Daphnia spp. and rainbow trout
(Oncorhynchus mykiss). These results indicate that ter-
buthylazine and hexazinone concentrations in this study
did not exceed the regional rule requirement that ‘dis-
charge of agrichemical chemicals from aircraft must not
result in any harmful concentration of agrichemical into
water’ (Bay of Plenty Regional Council, 2003).
Inherent in the hypothesis of a higher risk of herbicide

contamination in steepland forest waterways was the po-
tential for steep highly erodible sites such as the catch-
ment in this study to convey herbicides to the stream via
sediment transport off the hillsides, particularly ter-
buthylazine. Although terbuthylazine was detected in
stream sediment at W1 for 2 months after herbicide ap-
plication in this study, it persisted at higher concentra-
tions and for a longer period in stream sediment in both
year 1 and year 2 in a similar study conducted in the
Bay of Plenty (Baillie et al., 2015). The lower initial con-
centrations of terbuthylazine reaching the stream water
on the day of herbicide application at this site and the
high herbicide terrestrial decay rates (a half-life of
<1 day) (Garrett et al., 2016) are two potential contribut-
ing factors influencing these results.
As hexazinone is primarily transported in solution due

to its high water solubility (Table 1), its low concentra-
tions and residence time in sediment in the Bay of
Plenty study (Baillie et al., 2015) and its non-detection in
sediment sampled in this study are not surprising. How-
ever, Michael et al. (1999) did record a bi-model re-
sponse of hexazinone in sediment, declining to around
180 DAT with a subsequent increase up to 360 DAT.
The authors attributed this response to erosion and
overland flow during storm events transporting and de-
positing terrestrial derived sediment, contaminated with
the herbicide, into the stream channel. This is a poten-
tial risk in highly erodible steepland forests, particularly
for terbuthylazine, but this process was not observed in
this study possibly due to the shorter time frame (154
DAT) and insufficient rainfall events to transfer terres-
trial sediment to the stream. The study on the terrestrial
fate of terbuthylazine and hexazinone in the catchment
upstream from W1 (Garrett et al., 2016) indicated that
significant terbuthylazine contamination of in-stream
sediment from terrestrial derived sources was unlikely be-
yond the first 2 weeks after herbicide application.

Conclusions
Although the potential risk of herbicide contamination
of water ways is likely to be highest in steepland forests,
this risk was minimised by the combined use of ‘no-spray’
zones along the stream channel, the buffering capacity of
logging slash in the stream channel and the spatial distri-
bution of treated areas within the catchment. Leaching
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did not appear to be an important process for off-site trans-
fer of herbicides into waterways from forest environments,
even in Pumice and Recent soils which have a high leaching
potential. Any risk of leaching into waterways and the off-
site movement of herbicides in waterways is likely to be
highest during high rainfall events, particularly during the
initial months after herbicide application. Given the rapid
decline in herbicide concentrations over time and the
downstream dilution effect on herbicide concentrations,
under operational conditions, and when applied according
to manufacturer’s instructions, the downstream risk of these
two herbicides to human health and aquatic organisms ap-
peared to be low and was within regional rule requirements.
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