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Abstract
1. Global warming is often predicted to increase damage to plants through direct 

effects on insect herbivores. However, the indirect impacts of rising temperatures 
on herbivores, mediated through interactions with their biotic environment, could 
dampen these effects.

2. Using a series of reciprocal density experiments with gravid females and developing 
nymphs, we examined interspecific competition between two coexisting phloem feed-
ers Nilaparvata lugens (BPH) and Sogatella furcifera (WBPH), on rice at 25 and 30°C.

3. WBPH performed better (i.e. adults survived longer, nymphs developed faster and 
grew larger) at 25°C and BPH (i.e. nymphs developed faster) at 30°C. However, 
contrary to predictions, WBPH had a greater effect in reducing oviposition and 
nymph performance in BPH at 30°C.

4. A decoupling of resource use by WBPH and its antagonistic effects on BPH at 
the higher temperature suggests that WBPH feeding induces host defences that 
reduce BPH fitness (i.e. interference competition). Meanwhile, BPH facilitated 
WBPH oviposition at 30°C and facilitated WBPH nymph performance at 25 and 
30°C. Greater facilitation of feeding in WBPH nymphs by BPH at high densities 
suggests that mechanical damage and host responses to damage increased the 
fitness of the heterospecific nymphs.

5. Although BPH also facilitated egg-laying by WBPH, intra- and interspecific crowd-
ing countered this facilitation at both temperatures. Simulated life tables for plan-
thoppers at 25 and 30°C depicted significantly lower offspring numbers on rice 
infested by WBPH alone and from mixed BPH-WBPH infestations than from in-
festations by BPH alone.

6. Our results indicate how interference competition—mediated through host plant 
defences—can increase ecosystem resilience to the warmer temperatures pre-
dicted under global climate change.
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1  | INTRODUC TION

Global temperatures have increased by 0.5–0.9°C over the last sev-
eral decades. Based on global carbon dioxide (CO2) emissions, tem-
peratures are predicted to increase a further 1.0–3.0°C before 2100 
AD (Horgan, 2020; IPCC, 2014). Global warming directly affects ec-
tothermic species in a number of ways: species may develop faster or 
grow larger during immature stages, they may increase their distribu-
tion ranges poleward or to higher altitudes or they may alter the sea-
sons and routes of their migrations (Horgan, 2020; Hullé et al., 2010; 
Lu et al., 2012; Wu et al., 2019; Trnka et al., 2007). Compared to 
such direct effects, predicting the indirect impacts of temperature 
on herbivore populations as mediated through host plants, endo-
symbionts or natural enemies is a more challenging task—particularly 
for biodiverse ecosystems where large numbers of species interact 
across multiple trophic levels (Barton & Ives, 2014; Bidart-Bouzat & 
Imeh-Nathaniel, 2008; Horgan, 2020; Jeffs & Lewis, 2013; Meisner 
et al., 2014). Antagonistic interactions between species have the po-
tential to dampen the positive direct effects of climate change on 
herbivores; for example, herbivore damage may actually decrease 
during periods of elevated temperature if the regulatory services 
provided by natural enemies increase to a greater extent than the 
(dis)services caused by herbivore populations (Hullé et al., 2010). In 
contrast, species interactions that facilitate herbivore survival and 
development have the potential to enhance the positive effects of 
climate change on herbivores (Barton & Ives, 2014). These contrast-
ing outcomes are the result of condition-dependent responses at the 
community level.

Phloem-feeding insects are frequently used as models for cli-
mate change research (Han et al., 2019; Hullé et al., 2010; Meisner 
et al., 2014). Phloem feeders induce specific defence responses in 
the host, often with significant cross-talk between response path-
ways that generates complex, plant-mediated interactions between 
competing herbivores, or between the herbivores and the host 
plant's ephyphytes or pathogens (Denno et al., 2000; Matsumura & 
Suzuki, 2003; Satoh et al., 2009). Some detailed multi-trophic stud-
ies have been conducted to elucidate the potential effects of ele-
vated temperatures and other changes in climate on the population 
dynamics of phloem feeders and on their impacts on host plants, 
including crops (Barton & Ives, 2014; Han et al., 2019; Meisner 
et al., 2014). Such studies have shown that changes in climate can 
alter the outcomes of interactions between competing herbivores to 
affect herbivore community structure and the composition of plant 
communities (Lin et al., 2018; Ntiri et al. 2016; Schädler et al., 2007; 
Sun et al., 2009; Wang et al., 2018; Wang et al., 2020). Much of this 
previous research on the nature of temperature-dependent inter-
specific interactions between herbivorous insects has focused pri-
marily on interspecific competition for resources without assessing 
the effects of temperature on positive or negative interspecific in-
teractions as mediated through plant defence pathways.

In the present study, we investigate temperature-dependent 
positive (facilitation) and negative (interspecific competition) inter-
actions between the brown planthopper (BPH), Nilaparvata lugens, 

and the whitebacked planthopper (WBPH) Sogatella furcifera, two 
phloem-feeding planthoppers that co-occur on rice, Oryza sa-
tiva, throughout Asia (Bottrell & Schoenly, 2012). Because WBPH 
is a superior competitor to BPH (Cheng et al., 2001; Srinivasan 
et al., 2016) and has lower optimal temperatures for nymph devel-
opment and oviposition (Horgan, Arida, et al., 2020b), we predicted 
that the antagonistic effects of interspecific competition on BPH 
would be greater at a lower temperature (i.e. 25°C: close to opti-
mum for WBPH) than at a higher temperature (i.e. 30°C: detrimental 
for WBPH, but not for BPH). Furthermore, because WBPH facili-
tation is associated with feeding activity by BPH (Cao et al., 2013; 
Matsumura & Suzuki, 2003; Srinivasan et al., 2016), we predicted 
that WBPH will perform better in the presence of BPH than when 
feeding alone, thereby achieving greater fitness (survival × repro-
duction) at higher temperatures than expected based on single 
species experiments. We used a series of reciprocal competition 
experiments to test these predictions. We assessed planthopper fit-
ness in the presence of low (without intraspecific competition) and 
high (with intraspecific competition) densities of conspecifics, both 
with (+ interspecific competition) and without (− interspecific com-
petition) heterospecifics at constant densities. Similar positive and 
negative interspecific effects under varying levels of competitor 
(WBPH) or facilitator (BPH) activity as related to the temperature 
optima for each species would suggest that feeding activities trigger 
plant-mediated responses to impact heterospecifics, with resource 
depletion playing a relatively lesser role. We conducted the experi-
ments using indica and japonica rice varieties based on observations 
that WBPH performs better on japonica varieties and BPH on indica 
varieties (Horgan, Srinivasan, et al., 2016). We discuss our results in 
light of the role of induced defences in determining herbivore and 
disease pressures on plants.

2  | MATERIAL S AND METHODS

2.1 | Herbivore species

We used BPH and WBPH from colonies maintained at the International 
Rice Research Institute (IRRI) in the Philippines. The colonies were initi-
ated in 2009 with >500 wild-caught individuals of each species collected 
from Laguna Province (Philippines: 14°10′N, 121°13′E). Planthoppers 
of each species were reared continuously on the variety TN1 (≥30 days 
after sowing [DAS]) in three (WBPH) or five (BPH) wire mesh cages 
(91.5 × 56.5 × 56.5 cm; H × L × W). Individuals of the same species were 
frequently mixed between cages to avoid inbreeding. The colonies were 
kept under greenhouse conditions (26–37°C, 12:12 day:night) with feed-
ing plants replaced every 3–5 days.

2.2 | Plant materials

We used two rice varieties in our experiments. IR22 is an indica 
rice variety that is susceptible to BPH and WBPH populations from 
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South and Southeast Asia. T65 is a japonica variety from Taiwan. 
The variety is highly susceptible to BPH and WBPH from South 
and Southeast Asia (Horgan et al., 2017). WBPH females often lay 
more eggs on T65 than on IR22 (Horgan, Srinivasan, et al., 2016). 
Both varieties are more susceptible than the natal variety TN1 to 
planthoppers from the Philippines (both BPH and WBPH; Ferrater 
et al., 2015; Horgan et al., 2017); although switching between 
natal and susceptible hosts can result in reduced planthopper 
fitness for several generations (Alam & Cohen, 1998; Ferrater 
et al., 2015). Seeds of the two varieties were acquired through 
the IRRI Germplasm Collection. For all experiments, the seed of 
T65 and IR22 were sown to #0 pots (5 × 2.5 cm: H × R) filled with 
paddy soil. The plants received no fertilisers and were not treated 
with any chemicals. At 15–18 DAS, the plants (one per pot) were 
placed under acetate cages (45 × 5 cm: H × R), each with a mesh 
top and side window. The cages were placed in the temperature 
chambers to allow the plants to acclimatise to the final experi-
mental temperatures (i.e. either 25, 30 or 35°C). All planthopper 
infestations were to plants at 20 DAS. During the experiments, 
the plants were monitored for symptoms of hopper damage (i.e. 
yellowing or desiccation) to ensure that no plants died during the 
experiments. Initiating experiments with only a single 20-day-old 
seedling per pot intensified competition pressures without killing 
the plants.

2.3 | Climate chamber experiments

Bioassays were conducted in environmental chambers with the 
Conviron CMP6050 Control System (Conviron). Temperature treat-
ments were rotated between four separate chambers—changing the 
temperature settings after each experimental run. In some cases, one 
or two further runs were conducted by randomly assigning test tem-
peratures to the chambers. Each replicate (i.e. run) included between 
one and five subsamples (i.e. rearing cages—see below) per variety, 
and per intra- and interspecific planthopper density, depending on 
the availability of plants and planthoppers and on available space in 
the climate chambers (i.e. up to a maximum of 200 cages per tem-
perature per run: see Table S1). Subsamples were randomised within 
chambers. We conducted studies at 25 and 30°C based on apparent 
temperature optima for oviposition in WBPH and BPH respectively 
(Horgan, Arida, et al., 2020b). Initial experiments to investigate tem-
perature effects on oviposition and nymph development were also 
conducted at 35°C. Relative humidity was maintained at 85% for all 
temperatures using an integrated fine-mister.

2.3.1 | Assessment of temperature effects on 
planthopper oviposition

Oviposition by BPH and WBPH on IR22 and T65 was examined at 
three temperatures. Gravid females were collected from the BPH 
and WBPH colonies and carefully placed into the cages described 

above (one female per cage and one plant per cage) in environmental 
chambers set at 25, 30 or 35°C. Females were not acclimated, but 
were taken directly from the source colonies to the chambers during 
early morning. The females were allowed to feed and oviposit for up 
to 20 days. Plants were destructively sampled each day, noting the fe-
male condition (alive or dead) and transferring living females to fresh 
plants. Sampled plants were dissected under a stereo-microscope  
to count egg clusters and eggs and the plants were then dried for 
>5 days in a forced draft over at 60°C and weighed. Egg produc-
tion per female was calculated as the sum of eggs laid each day until 
the individual female had died (for further details see methods in 
Horgan, Arida, et al., 2020b). The experiment was replicated four 
times (i.e. 4 runs: Table S1).

2.3.2 | Assessment of temperature effects on 
nymph development

Neonate planthoppers were placed into cages (described above, 
each with one IR22 or T65 rice plant) at a density of 10 neonates 
per plant, using a handmade pooter. Neonates were not acclimated 
before the experiments. The neonates were collected from the 
source colonies within 6 hr of hatching and were transferred to the 
chambers during the early morning. The nymphs were allowed to 
feed and develop for 15 days in environmental chambers set at 25, 
30 and 35°C. After 15 days, the plants were destructively sampled 
and the number of surviving nymphs and their developmental stages 
recorded. The nymphs and plants were then dried in a forced draft 
oven at 60°C for >5 days and weighed. The experiment was repli-
cated five times (i.e. 5 runs: Table S1).

2.3.3 | Interspecific competition between 
ovipositing planthoppers

Plants and cages were prepared as described above. To calibrate the 
competition experiments we first assessed the intensity of intraspe-
cific competition for oviposition at a range of densities and at the differ-
ent temperatures. A high density, at which competition was observed 
(based on reduced egg-laying per individual), but without killing the 
host plant, was selected for experiments at each temperature. Gravid 
female planthoppers were taken directly from source colonies and 
placed in cages, each with a single IR22 or T65 rice plant as follows: in a 
first series of cages, BPH densities were kept constant at four females 
(for experiments at 25°C) or six females (for experiments at 30°C) per 
plant, whereas densities of WBPH in the same cages were set at 0, 2 
or 12. A set of cages with WBPH at 2 and 12 per plant, but without 
heterospecifics was also maintained (Table S1). In the second series of 
cages, WBPH densities were kept constant at four or six females per 
plant (for experiments at 25 and 30°C, respectively), whereas densi-
ties of BPH females were set at 0, 2 and 12 per plant. A set of cages 
with BPH females at 2 and 12 per plant, but without heterospecifics 
was also maintained (Table S1). Higher densities of planthoppers in the 
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experiments at 30°C were required to counter increased plant growth 
rates at the higher temperature (unpubl. data) and thereby ensure that 
competition occurred.

The experiment was replicated five times (N = 5: Table S1) in 
chambers at 25 and 30°C. During each run, plants were all infested 
on the same day. Females were allowed to feed and oviposit for 
seven days after which, the plants were cut above the soil and were 
dissected under a stereo-microscope (10× magnification) to count 
egg clusters and eggs. Eggs of BPH and WBPH can be distinguished 
based on their colour and form. Plants were dried in a forced draft 
oven at 60°C for >5 days before weighing.

2.3.4 | Interspecific competition between 
planthopper nymphs

Neonate planthoppers were taken directly from source colonies within 
6 hr of hatching and placed in cages, each with a single IR22 or T65 
rice plant. Based on preliminary bioassays, a density of 10–25 nymphs 
per plant was required to ensure intraspecific competition occurred 
between nymphs, but without killing the host plant. In a first series 
of cages, BPH densities were kept constant at 10 per plant, whereas 
densities of WBPH in the same cages were set at 0, 5 and 15 per plant. 
A set of cages with WBPH at 5 and 15 per plant, but without hetero-
specifics was also maintained (Table S1). In the second series of cages, 
WBPH densities were kept constant at 10 per plant, whereas densities 
of BPH were set at 0, 5 and 15 per plant. A set of cages with BPH at 
5 and 15 per plant, but without heterospecifics was also maintained 
(Table S1). The highest density of planthoppers (both species) on plants 
in any treatment was 25 individuals.

The infested plants were maintained in climate chambers set 
at 25°C or 30°C. The experiment was replicated five times (N = 5). 
During each run, plants were all infested on the same day. Nymphs 
were allowed to feed and develop for 15 days after which, the num-
ber of survivors was recorded. The survivors and plants, cut above 
the soil, were then collected and dried at 60°C for >5 days in a forced 
draft oven before being weighed.

2.4 | Data analyses

Adult survival, oviposition and nymph performance (survival, devel-
opment and biomass) during initial experiments were analysed using 
univariate general linear models (LMs) with temperature, variety and 
their interactions as main factors. Plant weight at the end of the ex-
periments was initially included as a covariate in the analyses, but was 
removed because it had no significant effect. Life-history parameters 
were also compared between species by univariate LM (Table S2). 
Interspecific effects on total eggs laid and nymph performance were 
analysed separately for planthopper species using univariate LM with 
conspecific density, presence/absence of the heterospecific, tem-
perature, variety and their interactions as main factors. Egg numbers 
and nymph biomass data were log-transformed, nymph survival was 

logit-transformed (Warton & Hui, 2011), and development was ranked 
before analyses. Residuals were plotted and found to be normal and 
homogeneous after parametric analyses. Interspecific effects were as-
sessed for both species in each set of experiments, that is, with one 
species as the main test species (with varying densities) and the second 
as the heterospecific competitor (with constant densities). We present 
results only for the main species in the main text; corresponding re-
sults for heterospecific competitors are presented in Figure S1 and 
Tables S3 and S4). To further assess the relative impacts of BPH or 
WBPH on heterospecific egg laying and nymph weights, we also cal-
culated an ‘index of competition effect’ (see Supporting Information).

The potential effects of interspecific competition on plantho-
pper populations at 25 and 30°C were assessed using simulations 
based on constructed life tables according to Liu and Han (2006). We 
assumed an initial cohort of 200 neonates in each population and 
determined the numbers of offspring entering the next generation 
based on measured survival and reproduction parameters. Offspring 
numbers were calculated as the product of the initial population size 
in each generation and the proportion of nymphs surviving, the pro-
portion that were female, the number of eggs laid per female, and 
the proportions of eggs that hatch. Initial cohorts were either 200 
BPH alone, 200 WBPH alone, or BPH and WBPH mixed (100 of each 
species). Values for nymph survival were based on experiments with 
intraspecific competition only (density = 15), or interspecific com-
petition (density = 15 with heterospecifics present at 10 per plant; 
N = 5). The sex-ratios of survivors at each temperature were based 
on experiments reported by Horgan, Arida, et al. (2020b). Previous 
experiments with BPH reported by Horgan, Naik, et al. (2016) sug-
gest that sex-ratios are not significantly affected by competition. 
Values for female fecundity were based on experiments with intra-
specific competition only (density = 12), or interspecific competition 
(density = 12 with heterospecifics present at between 4 and 6 per 
plant; N = 5). We applied values of 0.900 and 0.930 for BPH hatch-
ability at 25 and 30°C, respectively, based on information in Horgan, 
Arida, et al. (2020b). We used WBPH hatchability values of 0.961 
and 0.972 for 25 and 30°C, respectively, based on data presented 
by Tu et al. (2013) for planthopper eggs at 25 and 28°C. We simu-
lated populations for three generations (i.e. the typical number of 
generations during a single crop Cheng et al., 2001). Offspring num-
bers were analysed using a repeated measures LM with cohort-type 
(BPH, WBPH, or mixed) as the main factor. The analysis assumes that 
the presence of heterospecifics had a greater impact than the den-
sity of heterospecifics in the experiments (see below).

3  | RESULTS

3.1 | Initial oviposition experiments

BPH females laid more eggs than WBPH females during the experi-
ments (Figure 1; Table S2). BPH survived longer at 25 and 30°C than 
at 35°C, whereas WBPH females survived longer at 25°C than at the 
other temperatures (Figure 1A–D; Table 1). BPH survived longer on 
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F I G U R E  1   Longevity of adult female BPH (A, B) and WBPH (C, D) on IR22 (A, C) and T65 (B, D) in environmental chambers at three 
constant temperatures. The corresponding numbers of eggs laid by BPH (E, F) and WBPH (G, H) on IR22 (E, G) and T65 (F, H) are also 
presented. Error bars are indicated (N = 4). Numbers are based on survival and oviposition by females for up to 20 days at each temperature. 
Lowercase letters indicate homogenous temperature groups (Tukey: p > 0.05)
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TA B L E  1   Results of general linear models for planthopper oviposition and nymph performance on two rice varieties in environmental 
chambers at three constant temperatures (see Figures 1 and 2; Table S2)

Sources of variation dfa 

F-valuesb 

Adult 
longevity

Eggs 
laid

Nymph 
survival

Development to 
fifth instar

Total planthopper 
weight

Average 
planthopper 
weight

BPH

Temperature (T) 2 8.467*** 1.994 18.329*** 47.797*** 260.452*** 108.707***

Variety (V) 1 4.863* 4.751* 0.001 0.001 0.137 0.246

Replicate 3 [4] 6.542*** 4.265* 2.678 8.051*** 2.316 3.292*

T*V 2 3.518 8.461*** 0.615 0.818 0.319 0.437

Error 15 [20]

WBPH

Temperature (T) 2 4.786* 0.989 11.415*** 48.198*** 410.048*** 253.659***

Variety (V) 1 1.381 5.194* 1.103 0.281 0.136 0.119

Replicate 3 [4] 2.261 5.260** 2.003 2.253 5.010** 4.960**

T*V 2 0.268 0.053 1.418 0.281 3.181 1.584

Error 15 [20]

adf in square parentheses are for nymph survival experiments (i.e. nymph survival, development to fifth instar, total planthopper weight and average 
planthopper weight). 
b***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05; data for survival were logit-transformed, data for development were ranked and egg numbers and weights were 
log-transformed before analysis. 
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IR22 plants, but variety had no effect on WBPH survival (Figure 1A–
D; Table 1). Egg laying by either planthopper species was not af-
fected by temperature (Table 1). WBPH laid more eggs on T65 plants 
(Figure 1G,H); but there was no effect of variety on egg laying in BPH 
(Figure 1E,F). However, there was a significant [temperature*variety] 
interaction for BPH because the numbers of eggs laid at 35°C were 
not different from at 25°C on IR22, but they were significantly lower 
than at 25°C on T65 (Figure 1; Table 1).

3.2 | Initial nymph experiments

Nymphs of both species had low survival and weight gain when 
reared at 35°C (Figure 2A–D; Table 1). BPH nymphs developed 
faster at 30°C (Figure 2E,F; Table 1); meanwhile, WBPH nymphs 
developed faster and grew larger at 25°C than at the higher tem-
peratures (Figure 2G–L; Table 1). Nymph development was generally 
faster in WBPH, compared to BPH (Figure 2E–H), but nymphs were 
smaller (Figure 2I–L; Table S2).

3.3 | Interspecific competition during oviposition

The total numbers of eggs laid by females of each species per plant 
are presented in Figure S2 and the numbers of eggs per individual 
are presented in Figure 3. Fewer eggs were laid per BPH female 
at high densities (F1,59 = 39.858, p < 0.001) and in the presence of 
WBPH (F1,59 = 4.539, p = 0.037; Figure 3A–D). There was no effect 

of temperature on BPH egg numbers in the presence or absence of 
WBPH (F1,59 = 0.243, p = 0.624; Figure 3A–D).

Fewer eggs were produced per WBPH female at 30°C 
(F1,59 = 8.368, p < 0.001; Figure 3E–H; see also Figure S1). Fewer 
eggs were produced per WBPH female at a density of 12 per plant 
(F1,59 = 12.788, p < 0.001), but this was not affected by the pres-
ence of the heterospecific competitor (F1,59 = 0.452, p = 0.504; 
Figure 3E–H). There were several significant interactions: the pres-
ence of heterospecifics had no effect on egg numbers at low WBPH 
densities, but caused a reduction in egg numbers at high densities 
(F1,59 = 8.876, p = 0.004); the presence of heterospecifics had a 
greater effect in facilitating WBPH oviposition on IR22 than on T65, 
producing a significant [variety*heterospecific presence] interac-
tion (F1,59 = 6.886, p = 0.011); and WBPH egg numbers were higher 
on IR22 at a density of two females per plant, and at 25°C produc-
ing a significant [variety*temperature*WBPH density] interaction 
(F1,59 = 7.221, p = 0.009). Greater facilitation of WBPH egg laying by 
BPH at the low WBPH density, on IR22 and at 30°C (Figure 3F) pro-
duced a significant four factor interaction (F1,59 = 8.024, p = 0.006). 
The presence of heterospecifics had a greater effect in reducing the 
number of eggs laid by BPH than by WBPH (see Figure S3; Table S5).

3.4 | Interspecific competition between 
planthopper nymphs

BPH nymph survival was not affected by temperature or the presence/
absence of heterospecifics (Figure 4A–D; Table S4). WBPH nymph 

F I G U R E  2   Survival of BPH (A, B) and WBPH (C, D) nymphs at three temperatures on IR22 (A, C) and T65 (B, D), with development of 
BPH (E, F) and WBPH (G, H) and dry weight per individual BPH (I, J) and WBPH (K, L) on IR22 (E, G, I, K) and T65 (F, H, J, L). Standard errors 
are indicated (N = 5). Lowercase letters indicate homogenous temperature groups (Tukey: p > 0.05)
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F I G U R E  3   Oviposition during reciprocal interspecific competition experiments conducted at 25°C (A, C, E, G) and 30°C (B, D, F, H).  
In one set of experiments, BPH female densities were increased in the presence of constant densities (four per plant or six per plant at 25 
and 30°C, respectively) of WBPH females (A–D). In the second set, WBPH female densities were increased in the presence of constant 
densities (four and six females per plant at 25 and 30°C, respectively) of BPH females (E–H). Results indicate the total numbers of eggs per 
planthopper for each species. Experiments were conducted using the varieties IR22 (A, B, E, F) and T65 (C, D, G, H). Brown symbols and lines 
indicate BPH and blue symbols and lines indicate WBPH. Standard errors are indicated (N = 5). The numbers of eggs laid by planthoppers at 
constant densities in the same experiments are presented in Figure S1 and results as total eggs per plant are presented in Figure S2
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Standard errors are indicated (N = 5). 
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survival declined at the higher temperature (F1,74 = 22.033, p < 0.001) 
and declined in the presence of BPH (F1,74 = 4.117, p = 0.046). However, 
the effect was greater at a density of 5 WBPH per plant than at 15 
per plant (F1,74 = 7.736, p = 0.007; Figure 4E–H). Development of BPH 
nymphs was faster in the presence of WBPH nymphs, but only at 25°C 
(F1,74 = 47.909, p = 0.037), the effect was greatest under conditions of low 
conspecific densities, producing a significant [temperature*conspecific 
density*heterospecific presence] interaction (F1,74 = 10.378, p = 0.002; 
Figure 4I–L). WBPH development was faster at 25°C (F1,74 = 12.519, 
p < 0.001) and faster at that temperature in the presence of BPH nymphs 
(F1,74 = 4.718, p = 0.033; Figure 4M–P).

BPH nymphs attained higher weights at 30°C (F1,74 = 9.880, 
p = 0.002), and in the absence of heterospecifics (F1,74 = 5.318, 
p = 0.024; Figure 4Q–T). The presence of WBPH had a greater effect 
in reducing BPH nymph biomass at 30°C than at 25°C as indicated 
by a significant [temperature*heterospecific presence] interaction 
(F1,74 = 10.853, p < 0.001; Figure 4Q–T). A significant [temperature*con-
specific density] interaction (F1,74 = 6.097, p = 0.016) was due to a slight 
divergence in nymph weights at higher densities, at 30°C (Figure 4R,T). 
Totals for nymph biomass per plant are indicated in Figure S4.

WBPH nymph weights were lower at 30°C (F1,74 = 227.640, 
p < 0.001); but increased in the presence of heterospecifics 
(F1,74 = 8.337, p = 0.005; Figure 4U–X). Strong facilitation of WBPH 
nymph weight gain by heterospecifics under conditions of intraspecific 
crowding, on IR22, at 25°C produced a significant [variety*tempera-
ture*hereteospecific*conspecific density] interaction (F1,74 = 5.291, 
p = 0.024; Figure 4U–X). Losses in nymph biomass due to interspecific 
competition were greater for BPH (F1,80 = 8.475, p = 0.005) and great-
est at 30°C (F1,80 = 5.344, p = 0.023; Figure S5; Table S5).

3.5 | Life tables

Simulated offspring numbers increased over three generations 
(F2,96 = 1,260.730, p < 0.001), however, there was a significant 

[generation*cohort type] interaction (F4,96 = 9.146, p < 0.001) because 
of similar numbers of offspring during the first generation, but lower 
numbers in WBPH (alone) cohorts or mixed BPH/WBPH cohorts com-
pared to cohorts with BPH (alone) during the second and third gen-
erations (Figure 5). There was also a significant [generation*variety] 
interaction (F2,96 = 8.799, p < 0.001) because of similar numbers of 
offspring on both varieties during the first generation, but lower num-
bers on T65 in subsequent generations. Fewer offspring were pro-
duced on T65 than on IR22 (between subject effect: F1,48 = 8.026, 
p = 0.007), largely due to lower oviposition by BPH on T65 during 
the environmental chamber experiments (Figure 5). There was no sig-
nificant temperature effect, or significant interactions between tem-
perature and between-subject or within-subject factors (all F ≤ 0.816). 
Fewer offspring from WBPH and mixed cohorts than from BPH co-
horts (between subject effect: F2,48 = 9.850, p < 0.001) suggests that 
the presence of WBPH on plants would reduce total offspring num-
bers irrespective of temperature and despite lower performance by 
the species at 30°C.

4  | DISCUSSION

Horgan, Arida, et al. (2020b) have recently reviewed information on 
the temperature profiles of BPH and WBPH. These authors indicated 
that, whereas the two species have similar temperature tolerances 
and similar thresholds for development, WBPH performs better (i.e. 
higher fecundity, faster development, greater weight gain) at lower 
temperatures and BPH at higher temperatures. Furthermore, tem-
peratures of ≈35°C were detrimental for the eggs and nymphs of 
both species (see also Park et al., 2013; Piyaphongkul et al., 2012). 
Our results for adult survival, oviposition and nymph growth and 
development largely followed these trends. Based on observed dif-
ferences in planthopper responses to temperatures and because 
BPH facilitates WBPH feeding and development (Cao et al., 2013; 
Matsumura & Suzuki, 2003; Srinivasan et al., 2016), we predicted 

F I G U R E  5   Estimated number of 
offspring from 200 BPH nymphs, 200 
WBPH nymphs or from a mix of nymphs 
of both species (100 + 100) after three 
generations (first generation = A, B, 
second = C, D, third = E, F) on IR22  
(A, C, E) and T65 (B, D, F) at 25°C (shaded) 
or 30°C (solid). Numbers associated with 
mixed cohorts indicate the percentage 
of offspring that were WBPH. Estimates 
are based on constructed life tables 
adapted from Liu and Han (2006) using 
survival rates and fecundities from the 
competition experiments. Standard errors 
are indicated by error bars (numbers of 
hoppers) and in parentheses (percentage 
of WBPH in the mixed cohorts; N = 5)
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that the presence of BPH would counter the detrimental effects 
of high temperatures (i.e. 30°C) on WBPH. Furthermore, because 
it is a superior competitor to BPH (Cheng et al., 2001; Srinivasan 
et al., 2016), we predicted that WBPH would have a greater impact 
on BPH populations at 25°C, which is close to optimal for WBPH, 
than at 30°C. However, based on our initial experiments, tem-
perature effects on oviposition were less pronounced than the ef-
fects on nymph growth and development. This was reflected in the 
relative strength of responses by planthopper adults and nymphs 
of both species to crowding under different temperatures in our 
experiments.

4.1 | Effects of temperature on the facilitation of 
WBPH by BPH

Facilitation of WBPH oviposition by BPH was greatest at low plan-
thopper densities (both conspecific and heterospecific), particularly 
on IR22, and at 30°C (i.e. on the lower quality host and at the less 
favourable temperature for WBPH: Figure 3F; Figure S1G,H). This 
supported our prediction that interspecific facilitation would assist 
WBPH in overcoming the direct, negative effects of higher tempera-
tures. It also promoted WBPH oviposition on a less favoured host. 
However, an apparent lack of facilitation at higher female densities 
suggests that intra- and interspecific competition countered the ef-
fects of facilitation on oviposition, particularly at the higher tempera-
ture (Figure S1G,H). Because planthoppers oviposit within relatively 
localised areas near the base of the rice stem (Cheng et al., 2001) and 
because BPH females will oviposit during darkness, whereas WBPH 
females do not (Horgan, et al., 2016), we suggest that this was mainly 
due to competition for stem space.

Facilitation by BPH also improved WBPH nymph performance at 
30°C. However, in contrast to the facilitation of WBPH oviposition, 

the facilitation of nymphs was most apparent where BPH densi-
ties were high (Figure 4E–H; Figure S1W,X). Facilitation of WBPH 
feeding is associated with BPH-induced physical and biochemical 
changes to the rice plant. For example, based on EPG recordings, Cao 
et al. (2013) have shown that WBPH locate phloem more quickly and 
tend to suck phloem for longer on plants previously infested by BPH. 
Furthermore, BPH feeding induces the production of (Z)-3-hexenal 
in rice (Wang et al., 2008); the volatile (Z)-3-hexanal is associated 
with susceptibility to WBPH (Wang et al., 2015). Because these fac-
tors depend on the magnitude and nature of BPH damage to rice, 
they are decoupled from the direct effects of temperature on WBPH 
(Figure 6) and may be expected to vary depending on the conditions 
(e.g. resistance, age, etc.) of the host plant, or on the feeding history 
of the facilitator (i.e. whether BPH had developed on a resistant or 
susceptible natal host: Ferrater & Horgan, 2016; Horgan, et al., 2016; 
Pan et al., 2016).

4.2 | Effects of temperature on interspecific 
competition

Based on differences in the performance of BPH and WBPH at 25 
and 30°C, we expected WBPH to have a lower impact on BPH at 
the higher temperature. However, contrary to predictions, WBPH 
had its greatest negative impact on BPH oviposition, nymph sur-
vival and nymph weight gain at 30°C (Figure 6). Egg laying in both 
species was reduced by intra- and interspecific crowding. However, 
the negative effects of competition with heterospecifics for ovipo-
sition space were consistently greater on BPH than on WBPH (as 
indicated by the index of competition) and were greater at 30°C, de-
spite WBPH laying fewer eggs at that temperature (Figure S1G,H). 
We suggest that intense intraspecific competition between ovi-
positing BPH at the higher temperature, together with the added 

F I G U R E  6   Exploitation competition (solid lines) and plant-mediated interference competition or facilitation (dashed lines with ‘−’ or 
‘+’, respectively) between BPH (brown planthopper) and WBPH (white planthopper) at 25°C and 30°C as indicated by changes in nymph 
biomass or eggs per female. Exploitation competition is identified by greater negative impacts at high conspecific (intraspecific competition) 
or heterospecific (interspecific competition) densities. Interference competition and facilitation are identified by negative and positive 
effects, respectively, on heterospecifics, regardless of planthopper densities. −/+ indicates a negative effect at low heterospecific density, 
but positive effect at high heterospecific density, etc.; ‘0’ signifies no effect (see also Figure S6)
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impact of interspecific crowding, resulted in the relatively larger 
decline in BPH egg numbers per female at 30°C compared to 25°C 
(Figure 6).

The rate of development of BPH nymphs increased in the pres-
ence of WBPH at 25°C, but not at 30°C where the opposite tended 
to occur (Figure 4I–L; Figure 6). Our results suggest that BPH de-
velopment accelerated under the unfavourable conditions created 
by intense competition for resources with WBPH at the lower tem-
perature (e.g. see biomass of WBPH nymphs at 25 and 30°C in the 
same cages as presented in Figure S1W,X). BPH nymph survival 
and biomass declined in the presence of WBPH, but the effect was 
again greatest at 30°C (Figure 4A–D,Q–T), despite the deleterious 
effects of the high temperature on WBPH nymphs in the same cages 
(Figure S1K,L,O,P,W,X). This decoupling of resource use by WBPH 
from its antagonistic impact on the heterospecific indicates that the 
effects were due to interference competition mediated through the 
host plant. A consistently greater impact of WBPH on BPH nymph 
performance at 30°C compared to 25°C, suggests that intraspecific 
competition between BPH nymphs or increased activity, including 
increased phloem probing, further enhanced the negative effects 
of interspecific competition on BPH (Figure 6; Figure S5). Plant de-
fences may also have functioned more effectively under the higher 
temperature.

4.3 | Potential mechanisms of interference 
competition

WBPH has previously been shown to induce rice defences against 
Magnaporthe grisea (Kanno & Fujita, 2003; Kanno et al., 2005) and 
Xanthomonas oryza pv. oryzae (Gomi et al., 2010; Satoh et al., 2009), 
the causal agents of rice blast and bacterial blight respectively. 
WBPH herbivory stimulates the production of salicyclic Acid (SA) 
and jasmonic Acid (JA) involved in the rice plant's general defence 
system (Kanno et al., 2012). Attacks also stimulate the production 
and release of green leaf volatiles, including the (Z)-3-hexenal that 
increases rice susceptibility to the planthopper (Gomi et al., 2010; 
Wang et al., 2015), and induces the accumulation of defensive rice 
flavonoids and diterpenoids (Kanno et al., 2012). This induction of 
defences that is known to function against plant diseases probably 
also plays a role in the reduction of BPH fitness by WBPH on the 
same plants, particularly since the effects can be seen in plants after 
prior WBPH infestation. For example, in a study by Matsumura and 
Suzuki (2003), prior feeding by WBPH delayed the development of 
BPH nymphs by about 1 day (ca 7%). The greater impact of WBPH 
on BPH nymphs at elevated temperatures (i.e. 30°C compared to 
25°C) may be related to a greater induction of such host defences 
at high temperatures. For example, in a review by Bidart-Bouzat 
and Imeh-Nathaniel (2008) warmer temperatures were associated 
with increased production of volatile organic compounds, similar 
to those that facilitate WBPH and are antagonistic to plant patho-
gens. Higher feeding rates at elevated temperatures can overwhelm 
plant defences (Havko et al., 2020; Horgan, Arida, et al., 2020a), but 

they could also lead to greater plant resistance at higher tempera-
tures where planthoppers ingest larger quantities of plant defensive 
chemicals.

4.4 | Concluding remarks

In our mixed-species experiments, higher temperatures had a net 
beneficial effect on rice by reducing the fitness of a superior com-
petitor (WBPH), but maintaining the deleterious effects of that com-
petitor on a high temperature-tolerant heterospecific. Our simulated 
life tables depicted a significantly slower build-up of planthoppers on 
rice infested with WBPH alone or with mixed BPH-WBPH cohorts, 
compared to rice infested with BPH alone (Figure 5). Because BPH is 
favoured by the higher temperatures that are now more prevalent in 
some rice-growing regions (Horgan, Arida, et al., 2020a, 2020b), then 
maintaining WBPH as an antagonist may ultimately be more benefi-
cial than controlling it (e.g. Satoh et al., 2009), particularly since BPH 
is a more damaging herbivore (Horgan, Arida, et al., 2020b). The out-
come of the combined positive and negative interactions between 
BPH and WBPH indicates one mechanism by which the mainte-
nance of biodiversity promotes stability in herbivore assemblages 
and thereby increases the resilience of ecosystems to the warmer 
temperatures predicted under global climate change.
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