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Abstract

Biochar amendments to soils had aroused much interest for having poten-

tial for greenhouse gas mitigation, soil improvement and increased crop

productivity. However, little attention had been focused on the influence

of biochar amendments on herbivorous insect pests. This study investi-

gated whether a biochar amendment affected developmental and repro-

ductive performances of the rice brown planthopper (Nilaparvata lugens)

feeding on rice plants. The biochar from the pyrolysis of wheat straw was

used for treatments of soils (from a fallow rice field), and the treated soils

were applied to grow rice seedlings in small vials, in which N. lugens life

history was observed. The nymphal development time was delayed and

nymph-to-adult survival decreased with a high level of 200 g/kg biochar

application. Herbivore lifetime fecundity decreased with increasing

amounts of biochar, from 256 eggs under the control down to 69 eggs

under the high level (200 g/kg) of biochar application. Egg-hatching rate

significantly decreased at the highest biochar level (200 g/kg), compared

to the other lower biochar levels. Our results suggest that biochar amend-

ment to rice fields may have negative impacts on the rice brown planthop-

pers when applied at level of 200 g/kg of soil.

Introduction

Biochar is a carbon-rich coproduct resulting from pyr-

olysing biomass. Biochar application to soils has cre-

ated worldwide attention during the last few years

because of its multiple potential roles (Lehmann and

Joseph 2009; Sohi et al. 2010; Woolf et al. 2010).

Recent meta-analyses show that biochar amendments

to soils not only improve soil structure (texture, pH

and density), intensify soil retention of nutrients and

water, add nutrients to soils and promote mycorrhizal

competence, but also increase aboveground produc-

tivity, crop yield, soil microbial biomass and rhizobia

nodulation (Atkinson et al. 2010; Jeffery et al. 2011;

Powlson et al. 2011; Biederman and Harpole 2013;

Liu et al. 2013), although the exact mechanisms for

these improvements remain uncertain (Crane-Dro-

esch et al. 2013).

Based on the chemical, physical and microbial

improvements reported for biochar-amended soil and

increasing plant uptake of key nutrients in response

to biochar application, it could be anticipated that bio-

char application would also have an indirect impact

on pathogen and pest organisms on the plants in bio-

char-amended soils. However, scant attention has

been devoted to impacts of biochar application on

plant pathogens and herbivorous insects. A few stud-

ies demonstrated that biochar applications to soils

reduced infection of crop plants with soilborne patho-

gens, such as Fusarium (Matsubara et al. 2002; Elmer

and Pignatello 2011) and bacteria Ralstonia solanacea-

rum (Nerome et al. 2005), and another study by Elad

et al. (2010) reports decreased infection of pepper and

tomato with foliar fungal pathogens such as Botrytis

cinerea, as well as reduced damage to pepper plants by

the broad mite pest (Polyphagotarsonemus latus Banks).
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But there have been virtually no studies focusing spe-

cifically on herbivorous insect pests as affected by bio-

char application to soils.

In this study, we conducted laboratory experiments

to specifically examine the impact of biochar amend-

ment to soils on the life-history traits of the rice brown

planthopper (Nilaparvata lugens). N. lugens is a migra-

tory species in Asia and a persistent pest of rice (Soga-

wa 1982; Cheng et al. 2003). Its phloem-sucking

behaviour varies depending on chemicals in rice plants

(Sogawa 1982; Lu et al. 2005). Chemical contents in

rice plants can change with biochar applications (Asai

et al. 2009; Zhang et al. 2010; Liu et al. 2014). We

thus hypothesized that N. lugens developmental and

reproductive performances may be affected by biochar

application to soils.

Materials and Methods

Biochar and soil

The biochar used in the experiment was a commercial

charcoal product obtained from the pyrolysis of wheat

straw (Sanli New Energy Company, Shangqiu,

China). Air-dried wheat straw was pyrolysed under

‘no-oxygen’ conditions using patented pyrolysis

equipment (China patent No. ZL200810049186.4) at

400°C (PH = 9.90 � 0.05, percentage of total

N = 0.80%, total ash content = 20.8%, Ca = 1%,

Mg = 0.6%, Fe = 0.4%, and K = 2.6%).

The sandy loam soil, locally known as red-brown

soil, was collected from a fallow rice field in the east-

ern suburb of Nanjing, China (32°030N, 118°460E).
The soil contained 0.09% nitrogen and 1.17% organic

carbon with a pH of 7.30. The pH values of the soils

and biochar were measured following the national

standards (Liu 1996). To confirm the treatment

effects, we analysed the soils in all experiments for

total nitrogen, organic carbon and carbon–nitrogen
ratios using a C–N analyzer (Vario EL, Elementar

GmbH, Hanau, Germany). Five replicates from each

treated soil were analysed after the sample was dried

naturally. Biochar-amended soils were prepared by

thoroughly mixing the soil with biochar by weight, at

levels: 0 (control), 10, 50 and 200 g/kg, respectively.

Rice plant and insect

The rice variety ‘K You 818’, supplied by the Shenz-

hou Seed Company of Nanjing Agricultural Univer-

sity, was used in the experiments. Rice seeds were

sown in plastic pots (15 cm in diameter and 12 cm in

height; about 100 seeds per pot), each of which was

filled with 1 kg of treated soil and maintained in

growth chambers (26 � 1°C, r.h. 60–70% and 16/8 h

light (12 000 LX)/dark). The plants were watered

every 2 days to be supplied with enough water. After

30 days, plants (25 cm tall) were used in the experi-

ments. To confirm the effect of biochar amendment

treatments on the plants, plant samples from five pots

(replicates) were taken for analysis of total nitrogen,

organic carbon and carbon/nitrogen ratio using a C–N
analyzer (Vario EL, Elementar GmbH). To prepare

samples for analyses the aboveground potted plants

were cut at the base and dried in an oven at 120°C for

2 h, followed by 85°C for 36 h.

The N. lugens population used in this study was

obtained from the Insect Toxicology Laboratory

(Nanjing Agricultural University), where its collection

has been maintained for >80 generations. Test insects

were maintained in an incubator (26 � 1°C, r.h.

60–70% and 16/8 h light/dark) on rice plants for one

generation (25–30 days) before the trial. Newly

emerged N. lugens nymphs (within 24 h) were used

in all treatments.

Insect developmental and reproductive performances

Rice seedlings were individually transplanted into

glass vials (3 cm in diameter and 18 cm in height),

which contained 20 g of biochar-treated soils. A

group of 10 neonate first instar nymphs was released

into the vial, which was covered with a gauze net to

prevent the insects from escaping. The rice seedlings

were replaced every 3 days to keep food plants in

good condition. The nymphs were examined daily for

development progress and survival until adult emer-

gence. The sex of emerging adults was recorded. Each

treatment was replicated 10 times.

To measure the fecundity of N. lugens, we intro-

duced emerging adults in pairs (a male and a female)

into individual glass vials with growing rice seedlings.

These plants were replaced every other day and

examined under a stereo microscope for eggs laid,

until the death of females. To measure egg-hatching

rate, we transferred the individual seedlings with eggs

into glass vials and examined daily for hatching

nymphs, until no nymphs emerged in three succes-

sive days. The trials were performed in growth cham-

bers (26 � 1°C, r.h. 60–70% and 16/8 h light/dark).

Each treatment was replicated 30 times.

Data analysis

One-way ANOVA was used to detect differences

between biochar treatments in soil properties and

© 2015 Blackwell Verlag GmbH2

Biochar amendment impairs rice pest life history X. Hou et al.



rice plant nutrients. Proportion data were arcsine-

transformed to make the distribution confirm to

normality and homoscedasticity assumptions. Nym-

phal time was averaged over individuals in a vial

and then analysed with ANOVA after being log-trans-

formed. When significant differences were detected,

post hoc Tukey HSD test was applied to detect pair-

wise differences between biochar treatments. Logis-

tic regression was used to analyse nymph-to-adult

survival, sex ratio and egg-hatching rate, and Pois-

son regression was applied to analyse N. lugens

fecundity. When significant effect of biochar treat-

ments was detected using the likelihood ratio test

based on the change in deviance between models,

Tukey’s all pairwise comparisons were performed

using the multcomp package in R (Bretz et al.

2010). Data analyses were performed with R statisti-

cal software (R Core Team 2014).

Results

Nutrients in rice plants

Soil pH, nitrogen and carbon content increased with

increasing amounts of biochar amendments. How-

ever, rice plant nitrogen and carbon content

decreased with increasing amounts of biochar amend-

ments (table 1).

Developmental performance of N. lugens

Biochar amendments to soils had significant effects

on nymphal development time (ANOVA: F3, 36 = 26.0,

P < 0.001), which was longer at the highest biochar

level (200 g/kg) than at the lower levels and the

control, without significant differences between the

later treatment levels (fig. 1). The biochar amend-

ments significantly affected nymph-to-adult survival

(logistic model, log-likelihood ratio test: v2 = 65.13,

P < 0.001), which decreased under the high level

(200 g/kg) of biochar application compared to the

lower levels of application (fig. 2). Biochar amend-

ments did not influence the sex ratio (logistic model,

v2 = 1.98, P = 0.58), which varied around 50%.

Reproductive performance of N. lugens

Biochar amendments to soils significantly affected

fecundity (Poisson regression, log-likelihood ratio test:

v2 = 33.78, P < 0.001), which decreased substantially

with increasing amounts of biochar application, from

256 � 31 eggs at the control down to 69 � 17 eggs at

the highest biochar level (200 g/kg) (fig. 3). Biochar

amendments to soils significantly affected the egg-

hatching rate (logistic regression, v2 = 21.43,

P < 0.01), which was lower at the highest biochar

level (200 g/kg) than at the lower biochar levels

(fig. 4).

Discussion

Our results show that 200 g/kg of biochar application

to soils had negative impacts on N. lugens, increasing

its nymph development time, decreasing its nymph

survival to adult emergence, and reducing its life time

fecundity and egg-hatching rate. The negative effect

on the developmental and reproductive performances

of N. lugens quite likely results from changes in

nutrients in rice plants following the biochar amend-

ment (table 1). These nutrient changes may inhibit

Table 1 Mean (�SE) content of main nutri-

ents in biochar-amended soils and associated

rice seedlings in the experiments

Biochar

application

(g/kg) pH Per cent N Per cent organic C C/N ratio

Soil

0 7.30 � 0.04 a 0.093 � 0.004 a 1.165 � 0.041 a 12.599 � 0.882 a

10 7.33 � 0.05 ab 0.102 � 0.002 a 1.726 � 0.068 b 16.843 � 0.665 b

50 7.42 � 0.03 b 0.146 � 0.003 b 3.806 � 0.070 c 26.14 � 0.484 c

200 7.93 � 0.03 c 0.335 � 0.015 c 12.759 � 0.404 d 38.128 � 0.839 d

Rice plant

0 1.784 � 0.023 a 33.764 � 0.667 a 18.932 � 0.369 a

10 1.676 � 0.021 b 33.137 � 0.199 ac 19.778 � 0.336 ab

50 1.586 � 0.024 c 32.097 � 0.547 b 20.246 � 0.644 b

200 1.523 � 0.020 d 32.608 � 0.201 ab 21.418 � 0.410 c

Different lowercase letters indicate significant differences (P < 0.05) based on a Tukey’s HSD post

hoc test for soils and rice plants, separately. Proportion data were arcsine-transformed before the

analysis.
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N. lugens feeding behaviour. Multiple studies show

that while some key nutrients increase in bioavailabil-

ity and plant uptake in response to charcoal applica-

tion, others decrease (Lehmann et al. 2003; DeLuca

et al. 2009; Atkinson et al. 2010; Major et al. 2010a,

b). In our study, we found decreasing nitrogen con-

tent in rice plants with increasing amounts of biochar

amendments. The similar finding as ours is also

reported in microcosm experiments in rice fields (Xie

et al. 2013). Another study showed increasing soil sil-

icon availability and rice plant uptake following bio-

char amendment to acid and slightly acid rice soils

(Liu et al. 2014). Nitrogen and silicon in rice plants

are critical factors for N. lugens feeding behaviour –
while the former is an active stylet-probing and

phloem-sucking stimulus (Sogawa 1970, 1982; Cheng

1971; Lu et al. 2005), the later a strong sucking inhib-

itor (Yoshihara et al. 1980; Sogawa 1982). We there-

fore assume that decreased N and increased Si in rice

plants following biochar application may impede

N. lugens feeding behaviour, leading to poor develop-

mental and reproductive performances. Further stud-

ies are required to investigate how changes in plant

secondary metabolites in rice plants, especially those

important for sucking herbivores, are associated with

feeding behaviour of N. lugens on the plants following

biochar application.
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Fig. 1 Mean (�SE) nymph development time of Nilaparvata lugens

under different biochar treatments. Different lowercase letters indicate

significant differences (P < 0.05) based on a Tukey’s HSD post hoc test

for different biochar treatments.
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Fig. 2 Mean (�SE) nymph-to-adult survival rate of Nilaparvata lugens

under different biochar treatments. Different lowercase letters indicate

significant differences (P < 0.05) based on a Tukey’s HSD post hoc test

for different biochar treatments.
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Fig. 3 Mean (�SE) lifetime fecundity of Nilaparvata lugens under differ-

ent biochar treatments. Different lowercase letters indicate significant

differences (P < 0.05) based on a Tukey’s HSD post hoc test for different
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differences (P < 0.05) based on a Tukey’s HSD post hoc test for different
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Induced plant defences following biochar amend-

ment is another likely explanation for delayed devel-

opment and reduced reproductive characteristics of

N. lugens in response to high levels of biochar amend-

ments. Induced defences have been found to be wide-

spread in plants (Karban and Baldwin 1997; Johnson

2011), and several biochemical mechanisms and sig-

nalling pathways have been confirmed for the induc-

tion process (Walling 2000). A study applying wood

and greenhouse waste biochar to the potting medium

of strawberry demonstrated suppressed diseases

caused by three fungi with different infection strate-

gies and observed primed state of defence-related

gene expression upon infection by two of the fungi

(Harel et al. 2012). This study suggests that biochar

may stimulate a range of general defence pathways in

plants. However, an alternative explanation for plant

defence responses to biochar application was proposed

by Viger et al. (2014). Using the model plant Arabid-

opsis and the crop plant lettuce (Lactuca sativa L.),

these authors found increased plant growth in both

species following biochar application, but observed

downregulation of a large suite of plant defence

genes. Such genes are critical for plant protection

against insect and pathogen attack, as well as defence

against stresses including drought. These studies sug-

gest that plant defence responses to pest organisms

following biochar amendments may vary widely

depending upon multiple variables in complex ways.

For example, biochars can vary greatly in sorbed vola-

tile organic compounds (VOCs) and their chemical

dissimilarity could play a role in the wide variety of

plant and soil microbial responses to biochar soil

amendment (Spokas et al. 2011). While some VOCs

on biochar may inhibit plant pathogens (Graber et al.

2010), others can increase soil biological community

composition and activity (Lehmann et al. 2011). Mul-

tiple studies show that biochars have positive effects

on the abundance of mycorrhizal fungi (Warnock

et al. 2007). In fact, mycorrhizal status of the host

plant can influence insect herbivore performance, but

the magnitude and direction of the effect depend

upon the feeding mode and diet breadth of the insect

and the identity of fungi (Gehring and Whitham

1994; Koricheva et al. 2009). Furthermore, induced

defence responses in plants often varies with the her-

bivore species, the plant species and genotype within

species, the environmental conditions under which

plants are grown, the number of herbivore species

attacking the plant and feeding habits of the herbivo-

rous species (Walling 2000; Hare 2002; Wu and Bald-

win 2010; Ballar�e et al. 2013). Future studies are

required to characterize the biochemical mechanisms

and signalling pathways involved in induced plant

resistance to herbivore pests in response to biochar

applications.

Our study demonstrates that 200 g/kg of biochar

amendment to rice soils can have negative impacts on

the development and reproduction of the phloem-

sucking rice brown planthopper (N. lugens). This neg-

ative impact on a plant-feeding insect species may

provide a potential additional benefit to biochar appli-

cations. Paddy field trials are required to evaluate

how the performances observed in this laboratory

study are displayed in the field, by examining how

biochar applications affect N. lugens population and its

damage to rice yields.
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