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Relative persistence of commonly used forestry
herbicides for preventing the establishment of
broom (Cytisus scoparius) seedlings in New
Zealand plantations
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Abstract

Background: Many of the herbicides used in site preparation of forests and during initial selective weed management
can persist in the soil for several months, killing or stunting seedlings of broom (Cytisus scoparius (L.) Link) as they
establish. The objective of this research was to determine the relative persistence and effect over time of the
herbicides most widely applied within radiata pine (Pinus radiata D.Don) plantations in New Zealand on broom
survival and growth.

Methods: Eleven herbicide treatments were applied in early summer to a Tokomaru silt loam soil. Soil samples were
collected from each treatment at fortnightly intervals for up to a year. The samples were placed into pots and
immediately sown with scarified viable broom seeds in a heated glasshouse. Relative growth and biomass of seedlings
were determined as the ratio of growth and survival in each treatment relative to growth and survival in an untreated
control. Logistic curves were fitted to recorded values of relative growth and survival over time and the time to reach
50 and 95% of the vigour of the plants in the untreated control was determined.

Results: The treatments can be approximately ranked in the following order from most to least persistent: triclopyr/
picloram > high rate of clopyralid > high rate of hexazinone > terbuthylazine/hexazinone > low rate of hexazinone >
low rate of clopyralid > high rate of terbuthylazine > triclopyr > high rate of metsulfuron-methyl > low rate of
terbuthylazine > low rate of metsulfuron-methyl.

Conclusion: As the rate of triclopyr/picloram used in this work is too phytotoxic to be used selectively over newly
planted radiata pines, this treatment would only be suitable prior to tree planting so residual activity would control
seedlings that develop after scrub clearance. For post-plant weed management operations, results show hexazinone
and high rates of clopyralid to be useful for long-term management of broom as both these herbicides have low
phytotoxicity to radiata pine. When combined with low rates of triclopyr and picloram, clopyralid could provide an
effective treatment that could be used in combination with oversown or naturally occurring grasses to manage broom.
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Background
During plantation establishment, competition from weeds
is often an important constraint for the growth and sur-
vival of young trees (White et al. 1990; Balandier et al.
2006; Wagner et al. 2006). Weed species compete and re-
duce crop tree growth by using water, nutrients and light
(Nambiar and Sands 1993; Löf 2000; Wang et al. 2000;
Richardson and Whitehead 2002). The main reason for
practising weed management during plantation estab-
lishment is to improve survival and growth rates of
young trees by decreasing competition from weed species
(Balneaves 1982; Walstad and Kuch 1987).
Broom (Cytisus scoparius L. (Link)) is a large, decidu-

ous leguminous shrub that can grow rapidly to form
dense stands, excluding native plants and altering com-
munity structure of prairies, woodlands and young for-
ests (Bossard and Rejmánek 1994; Wearne and Morgan
2004; Caldwell 2006; Prévosto et al. 2006; Wearne and
Morgan 2006). Abundant seed production in combin-
ation with seed longevity of up to 81 years (Turner,
1933) results in the accumulation of persistent seed
under forest stands, making the long-term management
of this weed difficult (Oneto et al. 2010).
As broom is fast growing and competes strongly for

both water and light, it is one of the most serious com-
petitors of radiata pine (Pinus radiata D.Don) planta-
tions in New Zealand (Richardson and Whitehead 2002).
Studies carried out on both moist (Richardson et al.
1996; Richardson et al. 1999) and dry sites (Clinton et al.
1995; Richardson et al. 1997; Richardson and Whitehead
2002; Watt et al., 2003) have shown that broom can have
a large negative influence on radiata pine growth during
the establishment phase. These effects persist in stands
that are slow to close canopy. Understorey broom has
been shown to compete strongly with radiata pine for
water and retard tree growth at stand ages between 9–12
years (McCracken 1995; Richardson and Whitehead 2002).
Although a number of management measures have

been used to reduce competition from broom, few stud-
ies report on the efficacy of these methods (Oneto et al.
2010). Manual and mechanical methods, such as cutting
or hand pulling, may be effective in controlling broom
seedlings and small shrubs but are labour intensive and
costly over large areas as repeated actions are required
(Hoshovsky 1986; Bossard 1990). Until viable non-
chemical methods of management are determined, the
routine application of herbicides during the plantation
establishment phase (Richardson 1993) will continue to
play an important part in successful management of
broom.
Chemical weed management is preferred over manual

weeding or over-sowing of cover crop species, as herbi-
cides are less expensive to apply and more effective than
other methods (Gous 2005). Herbicides with appropriate
selective activity suppress competing weeds so that the
desired trees can grow more quickly (Gratkowski 1975;
Morash and Freedman 1989). Some herbicides, such as
glyphosate, kill weeds on application and leave no resi-
due in the soil. Others, called residual herbicides, can
continue to be effective for some time after application
because they persist in the soil. Some of these residual
herbicides, such as clopyralid, are used more for their
knockdown effect at application, whereas others, such as
terbuthylazine, are used more for their persistence than
their knockdown ability. An important determinant of
the success of residual herbicides is their persistence in
the soil and consequently the post-application duration
over which the herbicide will continue to prevent seed
germination, seedling emergence and/or development
(Ketchum and Rose 2003).
Herbicide persistence is usually compared by estimat-

ing a half-life (DT50), which is the time taken for its ac-
tivity to be reduced by 50% through dissipation from the
soil (Helling 2005). Half-life can be determined directly
by analysing changes in residual herbicide levels in soil
samples using chromatographic methods (Roy et al.
1989), or indirectly with bioassays (Sahid and Teoh
1994) which measure the ability of indicator species to
successfully grow within treated soil (Günther et al.
1989). Persistence of herbicides within soil varies de-
pending on herbicide chemical structure and mechanism
of action, soil properties (soil type and soil organic mat-
ter), meteorological factors (temperature and rainfall)
and microbial degradation (Helling 2005).
A recent survey of New Zealand plantation owners

has shown that the major herbicides used by the forest
industry are terbuthylazine, glyphosate, hexazinone, clo-
pyralid, metsulfuron-methyl, triclopyr and picloram
(Rolando et al. 2013). Two of these (terbuthylazine and
hexazinone) were prohibited temporarily for use in for-
ests certified by the Forest Stewardship Council (FSC).
Criteria for prohibition relate to the persistence and/or
toxicity of specific herbicides in the environment. It was
possible for the owners of certified forests to obtain a
derogation from the FSC during this period of prohib-
ition that allowed them to use limited amounts of pro-
hibited herbicides in a controlled way if they supported
research into alternative chemical and non-chemical
weed management options.
As the prohibition of terbuthylazine and hexazinone

was under review by the FSC when this trial was con-
ducted, studying the effectiveness of these herbicides
against broom was deemed worthwhile. Hexazinone is
known to provide good knockdown and residual man-
agement of a range of perennial weeds. This herbicide is
typically applied in the spring, rather than in the winter
soon after planting, and can continue to inhibit weed de-
velopment for up to two years when applied at 4.0 kg ai
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(active ingredient) ha−1 (Cameron and Stokes 1978). In
Washington and Oregon (USA), hexazinone applied at
2.2 kg ai ha−1 was found to provide both effective and
lasting management of grasses and forbs after pre-
planting and post-planting applications (Dimock et al.
1983). Research conducted in southern New Mexico
with applications of hexazinone at 0.56 and 1.12 kg ai ha−1

showed early season grass and forb control of 65 and 90%,
respectively (Fisher et al. 1986). Although these rates were
safe for conifer growth, higher rates (6.0–8.0 kg ai ha−1)
were found to increase mortality of loblolly pine (Pinus
taeda L.) (Fitzgerald and Fortson 1979). In New Zealand,
hexazinone is registered for killing weeds during site prep-
aration and for the release of radiata pine during the post-
establishment phase at rates as high as 7.5 kg ai ha−1

though label recommendations state that broom is a less
susceptible species and will only be controlled while seed-
lings are very young even at this high rate (Young 2013).
Hexazinone is degraded by light and microbial activity

to various metabolites and is also readily leached in soil
(USDA-FS 1984a). The persistence of hexazinone varies
with soil type, environmental conditions (Rhodes 1980;
Rahman 1981; Harrington et al. 1982; USDA-FS 1984a),
and timing of application (Coackley and Moore 1977)
with a half-life ranging from 10–180 days (Gaskin and
Zabkiewicz 1986; Khan and Liang 1989; Michael and
Neary 1993). For example, hexazinone was found to be
more persistent under cold and dry conditions than
under warm and wet conditions and was more mobile in
a sandy loam soil than in a silt loam soil (Rahman 1981).
These results are in agreement with other studies in
North America (Rhodes 1980; Feng 1987; Roy et al.
1989) and New Zealand (Close et al. 2008; Sarmah et al.
2009). Coackley and Moore (1977) assessed the persist-
ence of hexazinone in various radiata pine plantations
under different climatic conditions throughout New
Zealand and suggested that the optimum time of appli-
cation was September (early spring) compared with
other times assessed due to less rainfall after this time
and thus less loss from leaching.
Terbuthylazine is a residual herbicide used either by it-

self or in combination with hexazinone, and is absorbed
mainly by roots but also through the foliage (Lavy et al.
1989; Gous 2005). Its tolerance by coniferous trees
makes it a popular choice in forestry (Lavy et al. 1989)
and it is one of the most commonly used herbicides in
radiata pine plantations in New Zealand (Wang et al.
2010) for pre- and post-emergent management of annual
and perennial grass and broadleaf weeds (James et al.
1998; Gous 2005). The half-life of terbuthylazine in the
soil has been reported to vary between 5 and 116 days
after treatment (DAT) depending on soil characteristics
and temperature (Sahid and Teoh 1994; James et al.
1998; Watt et al. 2010).
Metsulfuron-methyl is not tolerated by radiata pine so
this herbicide is only used for site preparation, and trees
cannot be planted until 2 months after application to
allow for persistence of the herbicide within the soil
(Young 2013). It is commonly applied for clearance of
woody weeds such as gorse (Ulex europaeus L.) and
blackberry (Rubus fruticosus agg.) prior to planting
radiata pine either alone or, more commonly, in combin-
ation with glyphosate (Gous 2005). Metsulfuron-methyl
is considered to have high soil activity and a soil half-life
that varies between 5 and 63 days (Ismail and Lee 1995;
Günther et al. 1989; Trabue et al. 2006), with the principal
modes of degradation being microbial breakdown and
chemical hydrolysis (Beyer et al. 1987). Metsulfuron-
methyl can have high persistence and mobility depending
on the environmental conditions (Sarmah et al. 2000),
with a negative relationship between sorption and soil pH
(Walker et al. 1989; Walker and Welch 1989). Rahman
et al. (1991)) reported that the persistence of metsulfuron-
methyl was shorter in soils with lower pH (below 5.5)
and/or high organic matter (above 10% organic carbon),
and phytotoxic residues differed between time of applica-
tions (autumn > spring). James et al. (2004) found that
when 0.012 kg ai ha−1 metsulfuron was applied to a silt
loam soil, between 75% and 90% of the herbicide had de-
graded 56 DAT, and they reported that similar work at
four sites around New Zealand found the persistence
ranged from 28 days to more than 63 days.
Triclopyr is used for clearing scrub weeds during site

preparation, either by itself or in combination with pi-
cloram (Davenhill 1997). When used prior to planting
pine seedlings, rates as high as 6.0 kg ai ha−1 are recom-
mended, with lower rates of up to 1.2 kg ai ha−1 when
spraying over newly planted (or young) radiata pine
seedlings for the selective control of broom (Young
2013). Triclopyr is a phytotoxic pyridine compound that
has been developed to control broadleaf weeds and
brush (Jotcham et al. 1989). The soil persistence of tri-
clopyr is variable with the half-life ranging from 10 to
100 days (Cox 2000). Triclopyr applied at 2.64 kg ai ha−1

was moderately persistent in some Canadian sandy and
clay forestry soils with times to 50% and 90% disappear-
ance at 14 and 20 DAT, respectively (Stephenson et al.
1990). Residual triclopyr (applied at 3.5 kg ai ha−1 to
control infestations of the exotic vine, kudzu (Pueraria
montana (Lour.) Merr.) in loblolly pine plantation estab-
lishment sites) was more persistent during a drier period
(170 DAT) following spot treatment of regenerating
kudzu plants (applied only to the kudzu plants and soil
in the immediate vicinity) than during a wet period (29
DAT) (Berisford et al. 2006), probably because this
herbicide is degraded quickly through microbial activity
which is more likely to occur under warm, moist condi-
tions (USDA-FS 1984b).
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The two pyridine herbicides, clopyralid and picloram,
are used within New Zealand radiata pine forests for
management of broom and some other weeds such as
gorse, woolly nightshade (Solanum mauritianum Scop.),
tree lucerne (Chamaecytisus palmensis (Christ) F.A.-
Bisby&K.W.Nicholls), wattles (Racosperma spp.) and
ragwort (Jacobaea vulgaris Gaertn.). However, picloram
is normally used in combination with triclopyr for both
site preparation and (at lower rates) for selective man-
agement, while clopyralid is used with triclopyr and piclo-
ram for selective management of young broom after
planting during plantation establishment (Davenhill 1997;
Young 2013). Picloram aerially sprayed at 1.1 kg ai ha−1

on gorse can remain active in the soil for up to 450 days
(MacDiarmid 1975) but residual triclopyr was not de-
tected at 120 days after the application of 12.0 kg ai ha−1

(MacDiarmid 1977). Clopyralid can remain active for 60–
420 days depending on the rate applied and environmental
conditions (Pik et al. 1977; Bovey and Richardson 1991;
Cox 1998).
The persistence of these herbicides, whether used dur-

ing site preparation or for spraying over newly planted
(or young) radiata pine seedlings, may provide manage-
ment of new broom seedlings in the weeks following
their application, and this has been shown by Harrington
(2014) for clopyralid and aminopyralid. Published infor-
mation related to the residual activity of the herbicides
discussed is available but often provides broad ranges
and usually gives limited indication of how soon after
application that broom seedlings will no longer be af-
fected. The objective of this research was to determine
the effect over time on broom survival and growth of
the herbicides most widely applied within radiata pine
plantations in New Zealand.

Methods
Study site and preparation
The experiment was conducted at a flat site located at
the Moginie Pasture and Crop Research Unit of Massey
University, Palmerston North, New Zealand (40°23′S,
175°36′E). The site was previously in pasture grazed by
sheep and was cleared on 19 November 2008 (two weeks
before the start of the experiment) by spraying with gly-
phosate (Roundup Transorb, Nufarm Ltd; 2.2 kg ai ha−1)
to kill all pasture species present. Thirty-six plots of 1
m2 (1 × 1 m) were then pegged out with 1 m buffers be-
tween each plot to eliminate contamination from adja-
cent plots.
Average monthly temperature and rainfall for the ex-

perimental period were obtained from the Grasslands
AgResearch weather station (approximately 1 km away
from the study site).
The soil was a Tokomaru silt loam, and 40 samples

(2.5 cm diameter cores to a depth of 7.5 cm) were taken
from across the trial site on 18 November 2008, air
dried, passed through a 2 mm aperture sieve then mixed
together. Characteristics of this soil were then ascer-
tained using methods outlined by Blakemore et al.
(1987), or by Hesse (1971) for CEC. Soil pH was mea-
sured in water at a soil:water ratio of 1:2.5. Phosphate
available for plant absorption (expressed as “Olsen P”)
was determined colorimetrically after extraction in 0.5
M sodium bicarbonate at a soil:water ratio of 1:20. Cat-
ion concentrations (specifically Na, Mg, K and Ca) were
quantified by leaching samples with 1M ammonium
acetate (pH 7.0) and determining concentrations in soil:-
water slurries of 1:50 using atomic absorption spectros-
copy. Cation exchange capacity (CEC) was determined
by the summation of the extractable cations and the ex-
tractable acidity, with the extractable acidity being deter-
mined by the decrease in pH of the extraction solution.
Soil organic matter was estimated by measuring total
carbon, which was determined by heating soil in a
stream of high purity oxygen in a Leco furnace to pro-
duce CO2 and measuring this with an infrared detector.

Field treatments
The experiment was conducted from December 2008 to
December 2009. A randomised block design (blocked
depending on proximity of plots to each other within
the field) was used that consisted of three replicated
blocks of 12 treatments including an untreated control
(Table 1). Herbicides were applied either at the recom-
mended rate for managing broom or gorse (metsulfuron,
clopyralid, triclopyr, triclopyr/picloram mixture) or at
the highest rate of the recommended range (hexazinone,
terbuthylazine, terbuthylazine/hexazinone mixture), and
some herbicides were also applied at half this rate (met-
sulfuron, clopyralid, hexazinone, terbuthylazine).
Each herbicide was applied to the soil within the allo-

cated plot using a hand-held sprayer with a solid cone
nozzle on 4 December 2008 at a rate equivalent to 1,000
L ha−1 of herbicide solution. A back-and-forth spray pat-
tern was used until all the measured amount of solution
had been applied to ensure uniform application of the
herbicide. The two treatments that were herbicide mix-
tures are available commercially already mixed together
so were applied as a mixture.
Not surprisingly, some weeds established in the un-

treated plots during the experiment. Weeds also emerged
in some herbicide-treated plots once the herbicide resi-
dues began dissipating. These weeds had the potential to
adversely affect subsequent bioassays as the roots could
regrow in the bioassay pots described below. Therefore,
weeds present in the plots were sprayed twice with herbi-
cides containing active ingredients that are deactivated on
contact with soil (Young 2013) reducing any potential in-
fluence on the treatment effects being measured. This



Table 1 Details of the herbicide treatments used in the trial

Active ingredient (rate, kg ai ha −1) Trade name* (rate) Treatment code

metsulfuron-methyl (0.10) Escort (0.17 kg ha−1) metsul-L

metsulfuron-methyl (0.20) Escort (0.33 kg ha−1) metsul-H

clopyralid (1.5) Versatill (5 L ha−1) clopyr-L

clopyralid (3.0) Versatill (10 L ha−1) clopyr-H

hexazinone (3.75) Velpar DF (5 kg ha−1) hexa-L

hexazinone (7.5) Velpar DF (10 kg ha−1) hexa-H

terbuthylazine (5.0) Gardoprim 500 (10 L ha−1) terbu-L

terbuthylazine (10.0) Gardoprim 500 (20 L ha−1) terbu-H

terbuthylazine/hexazinone (8.5/1.5) Agpro Valzine 500 (20 L ha−1) terbu/hexa

triclopyr/picloram (3.0/1.0) Tordon Brushkiller (10 L ha−1) tric/pic

triclopyr (6.0) Grazon (10 L ha−1) triclo

untreated control NA untreated

*Manufacturers of the products were DuPont (NZ) Ltd (Escort, Velpar DF), DowAgroSciences (NZ) Ltd (Versatill, Grazon, Tordon Brushkiller), Orion Crop Production
Ltd (Gardoprim 500) and Agpro (NZ) Ltd (Agpro Valzine 500).
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spraying was carried out on 22 December 2008 using
glyphosate (Roundup Transorb; 9.2 g ai L−1) and 22
January 2009 using glufosinate (Buster, Bayer (NZ) Ltd;
2.0 g ai L−1).

Soil sampling
Soil samples were taken at regular intervals from the
plots. The first soil samples were taken one day after the
herbicide treatments were applied and then at 2-week
intervals until 361 days after treatment (DAT). Three
cores were randomly extracted from each treatment plot
at each sampling time using a soil corer (2.5 cm in diam-
eter and 5 cm in depth). The soil samples from each plot
were combined, mixed and partitioned into three pots to
give three sub-samples of residual herbicide levels for
each field plot. Pots were each 5 cm × 5 cm × 5 cm and
were 30% filled (as a bottom layer) with vermiculite to
reduce the soil requirement to fill each pot, to assist
with drainage of pots and also help adsorb any herbicide
leaching out of the soil which might contaminate neigh-
bouring pots.

Bioassay
A bioassay was developed to determine the time at
which the residual herbicide was no longer at a high
enough concentration to prevent the establishment of
broom seeds. Broom seeds were obtained on 8 August
2008 by removing soil from beneath mature broom
plants growing at the Veterinary Large Animal Teach-
ing Unit of Massey University (40°23′S, 175°37′E). The
seeds extracted from this soil were laid out on filter
paper overnight to dry at room temperature then
stored in paper bags at 5°C until the experiment com-
menced. To maximise the germination of the seed,
mature broom seeds were selected on the basis of
hardness. All soft seeds were discarded as they were
considered less viable than hard ones. The selected
hard seeds were scarified using a Forsberg scarifier (a
drum lined with P100-grit sand paper) and rotated for
20 seconds at 1425 revolutions per minute to abrade
the seed coat. Scarified seeds were treated with thiram
powder (800 g ai kg−1 as Thiram 80W, Yates (NZ) Ltd)
to prevent fungal infection, and six seeds were sown 1
cm deep into each pot of soil within a day of taking the
soil samples.
Pots were arranged in a randomised layout on a bench

in a glasshouse in which the mean monthly tempera-
tures ranged from 16.1°C in October 2009 to 20.3°C in
January 2010. Pots were watered three times per day by
a subsurface irrigation system to ensure that the soil
remained moist, with water being added to felt mats
under the pots from where it moved into pots by capil-
lary flow.

Data collection and measurements
The number of live seedlings per pot was recorded fort-
nightly. Each set of soil samples was kept for ca. 60 days
to allow time for broom seeds to germinate and grow.
After this time, all living broom seedlings from each
treatment pot were cut at the base of their stems and
the above-ground components were oven dried at 80°C
to a constant mass then weighed.
Once there was no visible difference in seedling health

between a herbicide treatment and the corresponding
untreated control treatment, the soil sampling for that
treatment was terminated. Sampling for most herbicide
treatments had been terminated by 253 DAT but sam-
pling of triclopyr/picloram and terbuthylazine/hexazi-
none treatments continued until 361 DAT.
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Data analysis
All statistical analyses were conducted using SAS 9.2
(SAS Institute Inc 2008). For each herbicide treatment
sample, both survival to 60 days (the number of seed-
lings that emerged and survived in each pot) and bio-
mass were expressed as a fraction of the untreated
control treatment for the appropriate block. The data
were checked for homogeneity and normality before
analysis. They were found to be normally distributed so
no transformations were necessary. The following two-
parameter logistic model (Equation 1) was fitted to the
repeated measures (batches) of residual herbicide,

y ¼ exp a þ btð Þ= 1 þ exp a þ btð Þð Þ ð1Þ

where y is the seedling survival or biomass, expressed as
a fraction of the untreated control for each period, a and
b are empirical parameters, and t is the time (in days)
after treatment that each batch was sampled. This logis-
tic model was selected as it is a flexible functional form
with only two parameters and has the useful property
that predictions are constrained between zero and one.
Biomass data in which treated pots exceeded the bio-
mass of untreated pots were assumed to have a value of
one for this analysis. The accuracy of the models was de-
termined by the coefficient of determination (R2). Plots
of residuals against predicted values showed little appar-
ent bias for any of the fitted models.
Through rearranging Equation 1 to output time, Ti,

the estimated time (Ti, days) to 50 and 95% survival (i.e.
Ts50 and Ts95, respectively) and to 50 and 75% biomass
(i.e. Tb50 and Tb75, respectively) of the untreated control
were derived from each nonlinear regression equation.
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Figure 1 Climate data for the field plots in which residual herbicides were
maximum (Tmax) and minimum (Tmin) temperature (°C) over the duration of th
were applied.
Relative survival and biomass at 113, 211 and 253
DAT were analysed with one-way analysis of variance
(ANOVA). The logistic parameters a, b and the obtained
Ti values were also subjected to ANOVA to test the hy-
pothesis of equality between herbicide treatments using
the model shown in Equation 2 that accommodated the
underlying randomised block design:

Y ij ¼ μþ τi þ Bj þ εij ð2Þ

where Yij is the value observed for treatment i and block
j, μ is overall mean, τi is a fixed effect associated with
the ith treatment (i = 1–11), Bj is a random effect associ-
ated with jth block (j = 1–3) and εij is the random vari-
ation. Where there were significant differences among
the treatment least square means, a Tukey’s honestly sig-
nificant difference (HSD) test was used to undertake
multiple comparison testing.

Results
Soil at the site had a mean pH of 5.2 and an Olsen-P of
43 μg mL−1. The Na, Mg, K and Ca levels averaged 0.16,
0.74, 0.77 and 3.2 me 100 g−1, respectively. Mean soil or-
ganic matter was 5.3% and mean CEC was 13 me 100 g−1.
The maximum daily temperature ranged from 22.6°C in
January to 11.8°C in June (Figure 1).
Several techniques were assessed prior to the bioassay

experiment to determine the most appropriate method
for maximising the germination of broom seeds (data
not shown). The technique chosen (see Methods sec-
tion) provided the best germination rate (86.5% healthy
seedlings, mean of four replicates each with 50 seeds).
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Survival and biomass of broom seedlings for each
herbicide treatment increased over time when expressed
as a proportion of the untreated control treatment. Al-
though the relationships followed the shapes of sigmoid
curves, variability among treatments meant the fit of
the curves to the data varied in precision and shape
(Figure 2) with R2 values ranging from 0.80 to 0.98 (sur-
vival) and from 0.61 to 0.95 (biomass).
Residual triclopyr/picloram herbicide mixture in the

soil adversely affected the survival of establishing broom
seedlings for the longest period, with few surviving in
the first 180 DAT (Figure 2). Soil treated with the high
rate of hexazinone contained sufficient residue to pre-
vent survival of establishing seedlings for 160 days, com-
pared with 150 days for the hexazinone/terbuthylazine
mixture, 105 days for the high rate of clopyralid and 90
days for the high rate of terbuthylazine. Soil treated with
the high rate of metsulfuron-methyl and the triclopyr
treatment did not contain sufficient residual activity to
prevent survival of broom seedlings germinating beyond
70 DAT.
Seedling survival was significantly different among

treatments until 211 DAT. Treatments were categorised
into three groups based on treatment means at 113
DAT. Group 1 was defined as total prevention of seed-
ling survival, Group 2 was defined as survival <65% and
Group 3 was defined as survival >65% (Table 2). The tri-
clopyr/picloram mixture and the high rate of hexazinone
were in Group 1. Seedling survival increased from 31 to
53% and 71 to 86% for these treatments at 211 and 253
DAT, respectively. Both rates of metsulfuron-methyl and
the low rates of terbuthylazine and triclopyr were classed
as Group 3 because seedling survival increased rapidly
with 86 and 78% of seedlings surviving under the high
rate of metsulfuron-methyl and low rate of terbuthyla-
zine at 113 DAT, respectively. The intermediate group of
treatments (Group 2) showed a high variation in seed-
ling survival 113 DAT with 65 and 14% of seedlings sur-
viving the high rate of terbuthylazine and low rate of
hexazinone, respectively. No significant difference in
seedling survival was found between treatments within
Groups 2 and 3 at either 211 or 253 DAT.
Seedling biomass showed a similar pattern to seedling

survival with significant differences again between the
least and most effective treatments at 113 DAT (Table 2).
The same groupings applied to biomass as to survival.
Seedling biomass for the triclopyr/picloram mixture and
the high rate of hexazinone (Group 1) was reduced by
86% and 27-37% at 211 and 253 DAT, respectively. For
the least persistent herbicides (Group 3), seedling bio-
mass was only slightly lower than untreated plants 113
DAT, and only reduced by 14 and 31% under the low and
high rates of metsulfuron-methyl, respectively. As oc-
curred with the seedling survival data, the intermediate
group showed a high variation in relative biomass. Relative
differences among treatments changed over time as the
high rate of clopyralid appeared to dissipate less rapidly
than the low rate of hexazinone after 211 days. Again, no
significant difference in seedling biomass was found be-
tween treatments within Groups 2 and 3 at 211 and 253
DAT (Table 2).
Estimates of relative persistence in Table 2 (i.e. Groups

1–3) relied on measurements from a few specific dates,
whereas estimates based on the logistic model used data
from all of the harvest dates (Table 3). Although the lo-
gistic model parameters a and b did not significantly dif-
fer among the treatments (P > 0.05) for the relative
seedling survival and biomass, the estimated time (days)
of residual activity did differ significantly among treat-
ments (Table 3). Estimates of the time to reach 50 and
95% survival, or 50 and 75% biomass, showed similar
trends of relative herbicide dissipation between treat-
ments (Table 2), but with a few differences. Using all
four of these estimates, the combined triclopyr/piclo-
ram treatment was the most persistent and the two
metsulfuron-methyl treatments, triclopyr and the two
terbuthylazine treatments were the least persistent.

Discussion
The bioassay used here as a measure of herbicide per-
sistence involves seeds that were scarified and treated
with fungicide. The reason for selecting hard seeds and
artificially scarifying them was to ensure that a consist-
ent level of germination would be obtained from each
pot. This probably resulted in higher establishment of
seedlings than normally occurs in the field although some
seeds in the soil would probably be naturally scarified
through such mechanisms as fluctuating temperature and
moisture within soil breaking the seed coat (Moreno-
Casasola et al. 1994). However, the broom seedlings in this
study were used as indicators of the long-term effective-
ness of various herbicides rather than to simulate typical
seedling dynamics.
The persistence of herbicides estimated from germin-

ation and biomass of broom seedlings was compared
with an untreated control. There were some fluctuations
within the actual data so the predicted values from the
logistic model are likely to provide a more robust esti-
mate of persistence for specific treatments over time.
However, it was possible to compare the relative persist-
ence of the various treatments studied here, and the dis-
cussion below is based on the modelled data.
Two of the herbicides assessed in this trial, hexazinone

and terbuthylazine, were both prohibited for a time from
use in certified forests where forest owners subscribe to
the principles set out by the FSC. Hexazinone was con-
sidered too mobile (so likely to move to surrounding
areas), and terbuthylazine was liable to bioaccumulate in
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Figure 2 (See legend on next page.)
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Figure 2 Survival (left) and biomass (right) of broom seedlings grown in soil previously treated with herbicides. Treatments were (a, b) metsulfuron,
(c, d) terbuthylazine, (e, f) clopyralid, (g, h) hexazinone, (i, j) triclopyr (triangle), terbuthylazine/hexazinone mixture (filled circle) and triclopyr/picloram
mixture (squares). Data are expressed as a proportion of untreated control plants, plotted against the time after herbicide application. The symbols
show the measurements (triangles for low rates in a-h, filled circles for high rates in a-h). Curves were fitted to the data using the logistic model
described in Equation 1.
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soils (Rolando and Watt 2012). A recent decision made
by the FSC has resulted in terbuthylazine and hexazi-
none both being reinstated as acceptable active ingredi-
ents for use in certified forests (FSC 2015).
The higher rate of hexazinone used in this trial (7.5 kg

ai ha−1) equates to the maximum rate recommended for
pre-plant site preparation (Young 2013) while the lower
rate tested here is the highest rate of hexazinone recom-
mended for use in release spraying of radiata pine. Its
high cost means that this herbicide is seldom used for
site preparation with the more affordable glyphosate/
metsulfuron-methyl mix preferred instead. Both rates
(3.75 and 7.5 kg ai ha−1) suppressed germination of the
majority of broom seedlings for ca. 160 DAT. Differ-
ences between these treatments became more evident
after this time. The growth of broom seedlings that
established 14–20 days after that date were stunted by
the remaining herbicide residual activity resulting in less
than half the biomass of untreated seedlings for approxi-
mately another 20–50 days for low and high rates re-
spectively. The persistence of hexazinone in the soil
Table 2 Effects of residual herbicide activity on survival and b

Treatment Survival

113 DAT 211 DAT 253 DAT

Group 1: most persistent

tric/pic 0.0 d 30.7 b 53.0

hexa-H 0.0 d 71.2 ab 86.5

Group 2: intermediate persistence

hexa-L 13.7 cd 90.5 a 93.2

terbu/hexa 15.6 bcd 85.7 ab 83.3

clopyr-H 39.3 abcd 71.2 ab 86.7

clopyr-L 54.3 abcd 90.5 a 86.0

terbu-H 65.2 abc 95.2 a 93.3

Group 3: least persistent

terbu-L 77.9 ab 71.7 ab 86.5

triclo 79.7 a 88.1 a 88.9

metsul-L 81.0 a 88.1 a 97.6

metsul-H 85.7 a 81.0 ab 85.9

Significance of one-way ANOVA (F10,32)

Treatment 7.48*** 2.68* 1.50ns

Data are expressed as a percentage of mean untreated control 113, 211 and 253 da
survival for 113 DAT. Means within each column followed by the same letter are no
F-values are shown, followed by the P-category. Values with one, two and three ast
significance at P ≥ 0.05.
compared with the other herbicides tested in this experi-
ment provides evidence that this herbicide is useful for
managing broom.
Estimates of half-life for hexazinone determined here

are broadly consistent with previous published research
(Sarmah et al. 2009). The differences in persistence be-
tween the two rates of herbicide (7.5 kg ai ha−1 and
3.75 kg ai ha−1) used in the current trial provide an ap-
proximate indication of the half-life of herbicides with
one half-life being the time taken for 7.5 kg to reduce
to 3.75 kg within the soil. The fitted models for these
two rates are ca. 20 days apart. Sarmah et al. (2009) de-
termined that the half-life for hexazinone was either 8
or 45 days at 20°C for two New Zealand silt loam soils,
which is consistent with our result given the tempera-
tures over December and January. They also found the
half-life in these two soils increased to 36 or 96 days re-
spectively at 7.5°C. Their result indicates that the per-
sistence of hexazinone would have been longer in the
current study if it had been applied at a cooler time of
the year.
iomass of broom seedlings

Relative biomass

113 DAT 211 DAT 253 DAT

a 0.0 c 13.9 b 14.5 b

a 0.0 c 63.4 ab 72.8 a

a 7.2 bc 91.3 a 74.3 a

a 17.2 bc 64.4 ab 59.1 a

a 36.8 abc 51.7 ab 65.2 a

a 31.1 abc 92.5 a 83.1 a

a 42.4 abc 67.2 ab 78.7 a

a 71.2 ab 77.6 a 91.7 a

a 49.7 abc 93.3 a 80.9 a

a 85.7 a 90.8 a 91.2 a

a 68.9 ab 89.2 a 76.9 a

5.43*** 4.51** 6.41***

ys after treatment (DAT). Treatments are sorted in an increasing order of
t significantly different at α = 0.05. For the analysis of variance (ANOVA),
erisks are significant at P <0.05, 0.01 and 0.001, respectively and nsdenotes no



Table 3 Estimated time (days) after herbicide application before broom seedlings reached 50 and 95% survival and 50
and 75% of biomass relative to untreated seedlings

Treatment Time to reach % survival (day) Time to reach % relative biomass (day)

Ts50 Ts95 Tb50 Tb75

tric/pic 246 a 383 a 418 a 524 a

clopyr-H 180 abc 310 ab 243 b 316 ab

hexa-H 198 ab 246 abc 210 bcd 245 b

terbu/hexa 176 bcd 245 abc 228 bc 299 b

hexa-L 180 abc 207 bc 185 bcd 197 b

clopyr-L 122 cde 178 bc 131 bcd 169 b

terbu-H 107 de 167 bc 131 bcd 176 b

triclo 91 e 221 abc 100 cd 133 b

metsul-H 90 e 170 bc 94 d 132 b

terbu-L 83 e 116 c 98 cd 126 b

metsul-L 73 e 159 bc 87 d 118 b

Significance of one-way ANOVA (F10,32)

Treatment 18.02*** 5.55*** 14.39*** 8.92***

Treatments are sorted in a descending order of herbicide persistence, based both on Ts50 and Tb50. Means within each column followed by the same letter are
not significantly different at α = 0.05. For the analysis of variance, F-values are shown, and values with three asterisks are significant at P < 0.001.
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Terbuthylazine was one of the less persistent herbi-
cides tested. Residual activity was able to kill most
broom seedlings for about 90 days at 10 kg ai ha−1, the
highest rate recommended for release spraying in New
Zealand pine plantations. Suppression of seedlings to
less than half their normal biomass continued until
about 130 DAT.
Results from the mixture of hexazinone and terbuthy-

lazine used were intermediate between the two compo-
nents alone, killing most broom seedlings for about 150
days. Applied in combination at the rate tested here, a
terbuthylazine and hexazinone mixture has been the
most widely used herbicide for post-plant management
of broom (Rolando et al. 2013). This mixture is usually
applied during early to late spring so trees can effectively
grow weed-free for almost a year. Ideally, grass species
would then establish but both terbuthylazine and hexazi-
none provide management of a broad spectrum of
woody and herbaceous weeds, including grasses, so
more aggressive weeds than grasses are likely to establish
once residual effects dissipate. Thus, broom seeds that
do successfully germinate following dissipation of re-
sidual herbicide activity are likely to dominate the site as
this species generally out-competes other weed species
during the establishment of pine plantations.
In contrast, clopyralid, triclopyr and picloram have lit-

tle effect on grass species and so can be used to promote
a shift in vegetation type to either naturally occurring or
artificially sown grasses. Watt and Rolando (2014) found
that the application of clopyralid on sites dominated by
broom promoted a post-control shift in regenerating
vegetation to grass species that compete less with trees
than broom compared with use of a terbuthylazine/hex-
azinone mixture. Clopyralid, triclopyr and picloram can
also be used in over-sowing operations that predomin-
antly use grass ground covers such as Yorkshire fog
(Holcus lanatus L.). Such operations typically occur
during early autumn prior to tree planting. Once estab-
lished, these grasses can reduce germination and estab-
lishment of broom seedlings. Moreover, should any broom
germinate and establish, clopyralid, triclopyr and picloram
can be used to kill the broom during spring with little ef-
fect on the grass species. These herbicides can also be
used for broom management when establishing trees dir-
ectly onto pasture sites where there is existing grass cover.
Competition from grass immediately around the tree can
be removed through spot application of hexazinone/ter-
buthylazine mixture; otherwise haloxyfop (not tested here)
can be used (Rolando et al. 2011). The use of ground
covers is an example of a non-chemical weed management
strategy encouraged by the FSC (Rolando and Watt 2012).
The most persistent treatment was the triclopyr/piclo-

ram mixture. However, this was applied at a rate equiva-
lent to that recommended for killing mature broom
plants and other scrub species during pre-plant site
preparation (Young 2013). When applied alone, triclopyr
was one of the less persistent treatments, indicating that
it was the 1.0 kg ai ha−1 of picloram in the triclopyr/pi-
cloram mixture that was responsible for killing most
broom seedlings in later weeks. Picloram is well known
for being persistent in the soil although its persistence
alone was not tested here. MacDiarmid (1975) found re-
sidual activity remaining in soil up to 450 DAT when pi-
cloram was applied at 1.7 kg ai ha−1 as an aerial spray
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for the management of gorse. However, this rate of pi-
cloram is not safe for selective use over young pine trees.
Rates between 10 and 20% of that used in this trial are
recommended for use over young trees to manage estab-
lishing broom, and even then, there is a risk of tree dis-
tortion (Young 2013). Therefore, the triclopyr/picloram
treatment tested is only suitable for site preparation,
which is normally almost exclusively undertaken using a
mixture of the less expensive glyphosate/metsulfuron-
methyl (Gous 2005). On sites to be planted with radiata
pine that have a pasture cover with some broom present,
the triclopyr/picloram mixture could be quite effective
as it would conserve the grass cover and leave residual
activity in the soil to discourage any new broom germin-
ation. However, the long residual action of this herbicide
may prolong the period following application before
trees can be safely planted without suffering damage.
In contrast, clopyralid can be applied over young

radiata pine trees for selectively managing broom as a
release spray treatment at rates as high as 3 kg ai ha−1.
Overall, this rate of clopyralid had the second highest
duration of residual soil activity, continuing to kill 50%
of seedlings for 175 DAT, with surviving seedlings reach-
ing less than 50% of the control biomass until 245 DAT,
though some seedlings were beginning to establish suc-
cessfully after 100 days (Figure 2). Clopyralid at half of
this rate (1.5 kg ai ha−1) was less effective (Figure 2).
Tran et al. (2010) showed that this lower rate of clopyra-
lid (when applied with low rates of triclopyr) could kill
12-month-old broom plants without damaging young
radiata pine so further research should investigate
whether the higher rate of clopyralid has phytotoxic ef-
fects on radiata pine. Harrington (2014) has also identi-
fied clopyralid as a useful herbicide for managing
emerging broom seedlings for several months after ap-
plication to soil.
The individual metsulfuron-methyl, triclopyr and ter-

buthylazine treatments were the least persistent of the
herbicides tested as they were not significantly different.
Even so, both metsulfuron-methyl rates reduced broom
germination and/or growth for about 70 to 90 DAT,
which would be useful for killing any broom that germi-
nated soon after spraying. Metsulfuron-methyl is com-
monly used in combination with glyphosate for site
preparation in New Zealand forests, though it is not
suitable for release spraying as it is not sufficiently toler-
ated by radiata pine (Young 2013). Harrington and He
(2010) used similar bioassay techniques to that used here
in a number of soil types to determine how many
months after metsulfuron-methyl application that lotus
(Lotus pedunculatus Cav.), another legume species,
could be safely sown within forests as a ground cover.
For autumn sowing of lotus, metsulfuron-methyl applied
over the previous summer months had safely dissipated
if applied more than two months before sowing of the
lotus, a similar result to that found with broom in the
present work. However, applications during the cooler
months of the year meant a delay of more than eight
months prior to a spring sowing of lotus to ensure
safety. This result illustrated increased persistence under
cooler conditions. As with the hexazinone studies cited
above, the application of herbicides in December may
underestimate the persistence of these herbicides if ap-
plied under cooler conditions.
Overall, a combination of clopyralid with appropriate

rates of triclopyr and/or picloram has the most potential
for managing broom within radiata pine plantings. Such
a mixture will not damage grass ground cover so will
promote a shift towards naturally occurring grass spe-
cies. Broom seedlings that do germinate (along with de-
sirable grass seedlings during establishment of ground
cover) can be killed within the first year using this herbi-
cide mixture, and residual activity will prevent further
broom establishment for about 100 days, by which time
grass ground cover should be growing strongly. The
broom seedlings that do establish when residual activity
declines will be deformed and stunted, and thus will be
more susceptible to competition from grass.

Conclusion
Several of the herbicides routinely used in radiata pine
forests can remain active in the soil for a period of time
after application to kill or stunt broom seedlings that
germinate later. The triclopyr/picloram mixture tested
provided the best performance but can only be used at
this application rate if applied prior to pine planting.
Also, it is not as broad-spectrum or inexpensive as the
glyphosate/metsulfuron-methyl mixture normally ap-
plied at pre-planting. Both rates of hexazinone also con-
trolled broom seedlings for ca. 160 days after application
but will also stop competitive grass swards from forming
to discourage broom germination once residual activity
dissipates. Clopyralid on its own was less persistent than
these other treatments tested but a combination of clo-
pyralid with low rates of triclopyr and/or picloram could
provide effective management of broom in New Zealand
forests and should be tested using the bioassay system
applied here.

Chemical names of herbicides mentioned in text
Clopyralid (3,6-dichloropyridine-2-carboxylic acid), glu-
fosinate ((2RS)-2-amino-4-[hydroxy(methyl)phosphinoyl]
butyric acid), glyphosate (N-(phosphonomethyl)glycine),
haloxyfop ((RS)-2-{4-[3-chloro-5-(trifluoromethyl)-2-pyri-
dyloxy]phenoxy}propionic acid), hexazinone (3-cyclo-
hexyl-6-dimethylamino-1-methyl-1,3,5-triazine-2,4-dione),
metsulfuron-methyl (methyl 2-(4-methoxy-6-methyl-
1,3,5-trazine-2-ylcarbamoylsulfamoyl)benzoate), picloram
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(4-amino-3,5,6-trichloro-2-pyridinecarboxylic acid), ter-
buthylazine (N-tert-butyl-6-chloro-N’-ethyl-1,3,5-triazine-
2,4-diamine), triclopyr ([(3,5,6-Trichloro-2-pyridinyl)oxy]
acetic acid).
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