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Abstract Testing techniques to reduce weed infestation is a

crucial step in developing direct tree seeding systems. The use

of pre-emergence herbicides may be an alternative to manual

weeding techniques, but so far, informationonhow they affect

the seeds of native tree species is scarce. We established a

greenhouse experiment to evaluate the effects of four pre-

emergence herbicides (atrazine, diuron, isoxaflutole and

oxyfluorfen) on weed suppression and seedling emergence

and early growth of seven tropical forest tree species (Annona

coriacea Mart., Citharexylum myrianthum Cham., Cordia

ecalyculata Vell., Peltophorum dubium (Spreng.) Taub.,

Psidium guajava L., Pterogyne nitens Tul. and Schinus tere-

binthifolia Raddi). The experimental design was a random-

ized complete block design with five treatments and five

replicates. The treatments consisted of a single dose of each

pre-emergence herbicide and a control. Throughout the

60 days after sowing we evaluated weed cover and seedling

emergence and early growth of tree species. Overall, our

results suggest that all tested herbicides reduced weed cover;

however, they also negatively affected tree species seedling

emergence. Of the four herbicides tested, atrazine and diuron

showed the greatest effects on tree seedling emergence,

oxyfluorfen was least aggressive towards native species and

isoxaflutole was most effective in weed control. Native tree

species varied in their responses to herbicides, indicating that

future experiments should increase the number of species

tested as well as investigate how seed traits can affect the

species responses to different herbicides.

Keywords Pre-emergence herbicides � Weed control �
Direct seeding � Seedling emergence � Tropical seasonal
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Introduction

Large parts of the world’s tropical forests have been defor-

ested and degraded over the last few centuries (Lamb 1998;

Holl 1999), calling for urgent intervention aiming at restor-

ing biodiversity, ecological functioning and ecosystem ser-

vices provided by tropical forests (Mittermeier et al. 2004;

Lamb et al. 2005). Natural forest regeneration (passive

restoration or autogenic regrowth) can be a suitable pathway

to restore degraded tropical landscapes (Parrotta et al. 1997).

However, in cases where frequent and severe disturbances

(e.g. prolonged grazing and fire) have radically reduced the

resilience of these areas and impeded forest regeneration,

employing artificial regeneration techniques might be a

better option to achieve restoration success (Rodrigues et al.

2009; Ferreira and Santos 2012).

Most forest restoration techniques involve planting

nursery-raised seedlings, especially in tropical areas;

however, this option is often too costly to be used in large

areas (Lamb et al. 2005; Chazdon 2008; Rodrigues et al.

2011). In contrast, direct seeding (sowing seeds directly
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into deforested areas) may be an alternative way of

restoring deforested tropical landscapes at low cost and

with minimal labour intensity (Engel and Parrotta 2001;

Tunjai and Elliott 2012; Hossain et al. 2014).

Although many studies have demonstrated the effec-

tiveness of direct seeding techniques (Engel and Parrotta

2001; Camargo et al. 2002; Bonilla-Moheno and Holl

2010), several biotic and abiotic factors constrain its

applicability (Jinks et al. 2006; Cole et al. 2011; Tunjai and

Elliot 2012). One of the main factors is weed competition

(Doust et al. 2006; 2008; Douglas et al. 2007), which

reduces seedling establishment and growth (Sun and

Dickson 1996; Dodd and Power 2007; Pereira et al. 2013).

This is especially problematic in the first year after sowing,

when seedlings have very small root systems (Willoughby

et al. 2003). Moreover, weeds often build up a viable soil

seed bank, making initial management of restored sites

very difficult and challenging (D’Antonio and Meyerson

2002).

To date, both manual (using mattocks or weed-whack-

ers) and chemical (post-emergence herbicide application)

weeding techniques show low efficiency and are likely to

damage emerging seedlings; besides, they are costly and

are therefore restricted to small areas (Durigan et al. 2013).

Hence, studies are needed to develop techniques to control

weed competition in order to improve survival and early

growth of direct-seeded tree species (Sun and Dickson

1996).

Using pre-emergence herbicides prior to sowing of tree

species may be a feasible option to improve direct seeding

systems. It can reduce or eliminate weed seed banks and

therefore decrease competition by weeds (Willoughby et al.

2004; Jinks et al. 2006). Most commercial brands of pre-

emergence herbicides are not selective for grasses, but affect

a wide range of herbaceous plants (Andrei 2013). Therefore,

it is essential to first identify effective pre-emergence her-

bicides which are not harmful to tree species used in

restoration. Although pre-emergence herbicide effects have

been tested in a few studies in temperate areas (Willoughby

et al. 2003, 2006), there is no information about how they

may affect the seedling emergence and early growth of

tropical forest tree species. This lack of information inhibits

the use of pre-emergence herbicides in the tropics.

We investigated the effects of four pre-emergence her-

bicides on seedling emergence and early performance of

selected tree species. Moreover, we tested the effectiveness

of the same herbicides in providing satisfactory weed

control by reducing or eliminating weed seed banks present

in abandoned fields. The aim of our study was to find the

most suitable pre-emergence herbicide for effective weed

control without compromising on seedling emergence and

early growth of native tree species.

Materials and methods

Our experiment took place in the tree nursery of the

Agronomic Sciences College at Botucatu, SP, Brazil

(2285102200S 4882600100W), in April 2010. We adopted a

randomized complete block design (RCBD) with five

treatments and five replicates. The treatments consisted of

a single dose of four pre-emergence herbicides and a

control, which was not treated (Table 1). Herbicides were

selected from the range of formulations recommended for

the soil types and common weeds in the study area, and

were applied following the recommendations of the

manufacturers.

Each experimental plot consisted of a plastic tray

(100 cm long, 30 cm wide and 15 cm deep) filled to a

depth of 10 cm with moist topsoil collected at a depth of

0–10 cm (A horizon) in an abandoned field dominated by

invasive exotic grasses, mainly Urochloa decumbens

(Stapf.) Webster and Panicum maximum Jacq. (Poaceae).

The soil was a moderately acidic and leached sandy Oxisol

of very low fertility.

We selected seven native tree species based on seed

availability and on their ecophysiological and silvicultural

characteristics, representing a functionally diverse sample

of regional tropical seasonal forests. The species used were

Annona coriacea Mart., Citharexylum myrianthum Cham.,

Cordia ecalyculata Vell., Peltophorum dubium (Spreng.)

Taub., Psidium guajava L., Pterogyne nitens Tul. and

Schinus terebinthifolia Raddi. Seeds were collected during

the last month prior to sowing, either from the ground or

the crown, depending on the species. After collection,

seeds were removed from pods and stored in a cold

chamber until sowing. Pre-germination treatments (me-

chanical scarification) were carried out for two species,

according to the literature recommendations: P. dubium

(Bianchetti and Ramos 1981) and P. nitens (Nassif and

Perez 1997).

We sowed twenty seeds of each species per experi-

mental plot. Immediately after sowing, pre-emergence

herbicides were sprayed using a laboratory track sprayer

and the trays were then watered twice a day by an auto-

matic sprinkler system and exposed to full sunlight. The

sowing depth was approximately 5–20 mm depending on

seed size (larger seeds had more soil coverage than smaller

ones).

Weed coverage, seedling emergence and early growth

were monitored for 60 days after sowing; no emergence

was recorded after that. Weed coverage was evaluated 45

and 60 days after sowing (to the nearest %) by a visual

percentage scale varying from 0% (no weed cover) to

100% (fully covered tray). Seedling emergence (percentage

of live seedlings per number of seeds sown) was recorded
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at 45 and 60 days post-sowing. Early seedling growth

(stem height from ground level to the tip of the terminal

axis) was recorded 60 days after sowing.

Analysis of variance (ANOVA) and Tukeýs HSD test

were used to test the effects of pre-emergence herbicides

on weed infestation, seedling emergence and early growth

for each species at p = 0.05. Prior to analysis, categorical

variables expressed as a percentage (weed coverage and

seedling emergence) were arcsine-square-root transformed

to meet the assumptions of normality and homogeneity of

variances. All statistical tests were performed using the

Assistat 7.5 Beta Software package (Universidade Federal

de Campina Grande, Brazil). Species that did not germinate

at all were excluded from data analysis.

Results

Effects of pre-emergence herbicides on seedling

emergence

A. coriacea and C. ecalyculata both failed to germinate

under experimental conditions and were therefore excluded

from data analysis. Seedling emergence started about

15 days after sowing; no emergence was observed after

60 days.

All tested herbicides significantly affected seedling

emergence after 45 and 60 days, but species showed con-

trasting responses to different herbicides. Unlike seedling

emergence, early seedling growth did not differ signifi-

cantly among treated and control plants or among different

herbicide types. Emergence rates of control seeds were

significantly higher than the rates of treated seeds

(Table 2), at 45 and 60 days after sowing. Among the

different herbicides, atrazine and diuron had the strongest

negative effects on seedling emergence. Atrazine reduced

average emergence by 40.8% (45 days) and 41.4%

(60 days), while diuron decreased emergence by 37.1 and

37.8%, respectively. In contrast, oxyfluorfen showed the

lowest negative impact on seedling emergence, decreasing

average emergence by only 21.8% (45 days) and 22.4%

(60 days) in comparison to control (Table 2).

Although all herbicides reduced seedling emergence

rates, the effects varied significantly among species

(Fig. 1). Emergence of C. myrianthum and S. terebinthi-

folia was not significantly affected by any treatment after

45 and 60 days. However, application of all herbicides

significantly reduced emergence of P. dubium up to 100%

after 45 and 60 days compared to control plots.

Atrazine and diuron significantly reduced emergence of

P. guajava until 45 days after sowing, but only diuron still

had a negative effect after 60 days. Unexpectedly, P.

guajava plots treated with isoxaflutole and oxyfluorfen

showed even higher seedling emergence rates than control

plots with P. guajava. Emergence of P. nitens was signif-

icantly negatively affected in both evaluations by most

herbicides except oxyfluorfen.

Efficacy of pre-emergence herbicides

All tested herbicides were effective in controlling weed

species from the soil seed bank at 45 and 60 days after

sowing (Table 2). The main weed species in our experi-

mental plots were invasive exotic grasses, mainly U.

Table 1 Pre-emergence

herbicide details
Active ingredient Commercial product Mechanism of action Application rate

Atrazine Gesaprim 500 Ciba-Geisy Photosynthesis inhibitor 4 l ha-1

Diuron Diuron 500 SC Milenia Photosynthesis inhibitor 4 l ha-1

Isoxaflutole Fordor 750 WG Carotenoid biosynthesis inhibitor 75 g ha-1 ai

Oxyfluorfen Goal BR Photosynthesis inhibitor 720 g ha-1 ai

ai active ingredient

Table 2 Effect of pre-emergent

herbicides on native tree species

seedling emergence, seedling

height and weed cover

(mean ± SE)

Herbicide Emergence (%)* Height (cm)* Weed cover (%)*

45 days 60 days 60 days 45 days

Control 55.6 (5.0)a 55.3 (6.1)a 4.3 (1.2)a 76.0 (8.9)a

Atrazine 32.9 (2.7)c 32.4 (2.9)d 4.2 (1.5)a 17.0 (21.1)b

Diuron 35.0 (3.7)c 34.4 (3.7)cd 5.0 (1.6)a 2.0 (4.5)b

Isoxaflutole 39.4 (4.8)bc 40.3 (3.8)bc 4.6 (1.3)a 0.0 (0.0)b

Oxyfluorfen 43.5 (2.7)b 42.9 (2.8)b 5.8 (2.2)a 4.0 (5.5)b

* Different letters in the same column indicate significantly different means (mean differentiation using

Tukey’s HSD at p = 0.05)
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decumbens and P. maximum. Primarily, isoxaflutole was

the most effective herbicide for weed control, reducing

weed cover by up to 100% as compared to control plots in

both evaluations. In contrast, atrazine was least effective,

reducing weed cover by only 70%.

Discussion

Effects of pre-emergence herbicides on seedling

emergence

Our results suggest that using pre-emergence herbicides for

weed control in direct seeding systems to restore tropical

forests poses a considerable risk for native tree species.

Overall, all tested herbicides suppressed seedling emer-

gence of native tree species. However, the degree of sup-

pression varied by species and herbicide type. While C.

myrianthum showed some tolerance to atrazine and

oxyfluorfen, P. guajava was tolerant to isoxaflutole and

oxyfluorfen, which in this case even increased seedling

emergence rates compared to control plots. In contrast, P.

nitens, P. dubium and S. terebinthifolia showed no toler-

ance to any tested herbicide.

Our results highlight the need to test a larger tree species

pool with different seed traits (e.g. size, shape, coat

thickness or moisture content) to detect general response

patterns to pre-emergence herbicides. Willoughby et al.

(2003), who tested the effects of nine pre-emergence her-

bicides on seedling emergence and early growth of 14
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Fig. 1 Mean seedling emergence (%) of species tested in each of five treatments (C co1ntrol, A atrazine, D diuron, I isoxaflutole, O oxyfluorfen).

Errors bars are mean ± SE. Means with the same letter were similar among treatments per Tukey’s HSD (p = 0.05)
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broadleaved species used in direct seeding experiments to

create new woodlands in the UK, reported similar results.

Their study indicated that only two out of nine herbicides

(pendimethalin and napropamide) were suitable for use

with most species tested, in particular Fraxinus excelsior

and Acer pseudoplatanus. The authors also emphasized the

need for further field trials before adopting pre-emergence

herbicides in large areas restored by direct seeding.

In our study, the species most tolerant to pre-emergence

herbicides was P. guajava, an invasive plant in many

tropical and subtropical countries (Ellshoff et al. 1995).

Invasive plants have several specific traits, including non-

specialized germination requirements (Lake and Leishman

2004). This higher germination potential under adverse

conditions may enhance the tolerance to pre-emergence

herbicides in P. guajava seeds.

None of our four pre-emergence herbicides affected the

early growth of emerged seedlings. This can be explained

by the fact that during the initial phases of establishment,

seedlings rely on the cotyledon reserves and do not take up

nutrients from the soil (Leishman et al. 2001), thereby

reducing the uptake of pre-emergence herbicides. How-

ever, such results must be interpreted carefully and future

studies should evaluate longer growth periods (after

abscission of the cotyledons) in order to detect possible

residual effects of pre-emergence herbicides on seedling

growth.

Effectiveness of pre-emergence herbicides in weed

control

The main weed species found in abandoned crop fields and

pastures in our study region were African grasses (U.

decumbens and P. maximum). These were introduced

centuries ago as forage plants for cattle, but have become

invasive and are now dominating open habitats such as

natural grasslands and savannas; they have also become

aggressive invaders in several deforested ecosystems in

Brazil (Pivello et al. 1999). Exotic grasses show high

potential for invasion as they readily disperse, compete

with native plants for nutrients and water, and are able to

severely modify the environment (D’Antonio and Vitousek

1992). Moreover, exotic species are often the first species

to recolonise disturbed and degraded areas, even if they

were not present in the pre-disturbance community

(D’Antonio and Meyerson 2002).

Exotic grasses spreading in tropical regions create a

physical barrier that absorbs or intercepts incident light at

the soil surface, thereby preventing germination of seeds

present in the soil seed bank (Hughes and Vitousek 1993).

Similar effects are expected for seeds directly sown in

disturbed or degraded areas. Several studies have shown

that the surrounding vegetation, especially native and

exotic grasses, can inhibit the growth and survival of

seedlings established by direct seeding (Doust et al.

2006, 2008; Pereira et al. 2013). However, reducing weed

competition in large-scale restoration programs is a chal-

lenging task (Doren et al. 2009).

Our results are promising as they show that all tested

pre-emergence herbicides were effective at reducing or

eliminating weed species emerging from the soil seed

banks. Therefore, the use of pre-emergence herbicides may

be a suitable option in restoring degraded areas.

All tested herbicides reduced weed cover; however,

isoxaflutole was most effective and reduced weed cover by

up to 100%. Although it has been tested in croplands, there

is no research on the use of isoxaflutole in restoration areas.

Spader and Vidal (2000) tested five pre-emergence herbi-

cides in corn croplands dominated by Urochloa sp. and

reported that isoxaflutole was the most effective. However,

considering the trade-off between efficacy of weed control

and suppression of native tree species seedling emergence,

and based on our study results, we recommend the use of

oxyfluorfen instead of isoxaflutole.

In our study, we applied pre-emergence herbicides

immediately after the sowing of seeds. In order to reduce

negative effects on native tree seeds, future studies should

test the residence time of each herbicide in the soil, thereby

determining a minimum gap time between herbicide

spraying and tree species sowing. Moreover, future

experiments should test the application of pre-emergence

herbicides several months after the sowing of native tree

species. We observed no seedling emergence after 60 days

of sowing; therefore, herbicide spraying after this period

might reduce weed infestation without affecting native tree

seedling emergence.

Conclusions

The use of pre-emergence herbicides for weed control in

direct seeding systems to restore tropical seasonal forests is

not recommended. Our study indicates that although pre-

emergence herbicides can effectively reduce or even

eliminate weed seed banks in tropical regions, they also

negatively affect seedling emergence of most tree seeds

used in restoration. However, the effects of pre-emergence

herbicides on tree seedling emergence varied greatly

among the different species. Overall, oxyfluorfen was least

aggressive towards seeds of native tree species and isox-

aflutole was most effective in the reduction of weed cover.

Further greenhouse and field experiments are needed to

test a larger species pool and more pre-emergence herbi-

cides, as well as the possible influence of different seed

traits on their responses to herbicide application. Trials on

soil residence-time of each pre-emergence herbicide type
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will help to establish a minimum time gap between her-

bicide spraying and seed sowing in order to minimize any

negative effects.
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