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Abstract: El Nifio-Southern Oscillation (ENSO) is a large-scale climatic phenomenon that has fundamental effects on the
terrestrial environments and ecosystem functions. Based on observed crop production and pest damage of a 41-y time series
from 1980-2020 in China, the present study examined ENSO’s long-term effects on agroecosystems and found that chang-
ing crop yields per hectare and pest outbreaks can ultimately be connected to ENSO cycles by comparing the effect sizes
of respective responses across different ENSO phases. The El Nifo phases (the warming phases) and La Nifia phases (the
cooling phases) have had opposite effects on crop yields and damage of arthropod pests in most cases, and such effects were
climatic-region-dependent. Our evidence demonstrates that the climatic origin of a crop could associate with its responses
to ENSO phases: wheat benefited from La Nifia phases when planted in subtropical climates and from El Nifio phases when
planted in the middle temperate climate; rice were resilient to El Nifio phases in warmer areas, while La Nifia phases signifi-
cantly increased the rice yield in the subtropical climate. Corn yields were significantly lower during El Nifio phases in all
four climatic regions, while La Nifa phases significantly increased corn yields only in the Tibetan Plateau. Additionally, we
found higher pest damage occurring during El Nifio phases and lower damage occurring during La Nifia phases for many
arthropod species. Our improved understanding of crops and arthropod herbivore responses to ENSO phases can contribute

to predicting global impacts of climate changes on agriculture and food security.
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1 Introduction

Climate change involves both global warming and increases
in extreme climatic events, and it has tremendous impacts
on ecosystem functions and services (Pounds et al. 1999,
Timmermann et al. 1999, Easterling et al. 2000). Examining
how individuals and populations respond to climatic factors
and large climatic phenomena is key to predicting the effects
of climate change on ecosystem functions (Karl & Trenberth
2003, Hance et al. 2007, Jeffs & Lewis 2013, Pacifici et al.
2015).

Climate variables (e.g., temperature) have been moni-
tored and described by specific climatic indices of ocean
conditions, which can be good indicators of variation in both
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oceanic and terrestrial ecosystems (Holmgren et al. 2001,
Hallett et al. 2004). El Nifio-Southern Oscillation (ENSO),
which comprises three phases, the warming phase (El Nifio),
the cooling phase (La Nifia), and the neutral phase in between,
is a common and important large-scale climatic phenomenon
that reflects the variation in the ocean surface temperature
in the central and eastern tropical Pacific Ocean that has
fundamental effects on the atmosphere and the surround-
ing terrestrial environment. Cases of oceanic oscillation-
induced regulation of the population dynamics of terrestrial
organisms have been detected in various natural ecosystems
(Holmgren et al. 2001, Hallett et al. 2004). Some insect
populations have been found in long-term studies to respond
sensitively to large-scale climate effects (Vandenbosch 2003,
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Pardikes et al. 2015, Pardikes et al. 2017). For example, 15
years of evidence revealed that Rocky Mountain (Alberta,
Canada) populations of the butterfly Parnassius smintheus
(Doubleday) showed a sharp decline in abundance in years
with extreme winter Pacific Decadal Oscillation. Similarly,
the population dynamic of a corn pest, Spodoptera (Guenée),
was found to be more affected by ENSO than seasonal
changes and host plant availability in a Brazilian Savanna
(Piovesan et al. 2018).

In agroecosystems, such associations between biotic com-
munities and large-scale climatic indices are rarely explored
due to the limited availability of long-term data sets. ENSO
phases are critical drivers of climate changes and extreme
climatic events, which are likely to affect crop production
globally, and these effects can be climate type-dependent.
Understanding the potential cascading effects of climate pat-
terns on site-level ecological processes of agroecosystem
components, i.e., crops and pests, could help in exploring
the complex interconnections among global climate changes
and ecosystem functions. Generally, the warming effects
of El Nifio events could benefit both crops and insects by
enhancing developmental rates, while La Nifia events could
decrease the development and growth of ectotherms, such as
insect pests (e.g. Porter & Gawith 1999, Aluja et al. 2012,
Bai et al. 2021). Simultaneously, it is still largely unknown
whether extreme climate events exhibit impacts on organ-
isms depending on their thermal tolerances, resulting from
different evolutionary histories.

In the present research, we investigated whether ENSO
effects on these ecosystem functions were detectable in dif-
ferent climatic regions based on a 41-year large-scale data-
base including crop production and arthropod pest data
from China and tested our hypotheses. We hypothesize that
(1) the response patterns of crops and arthropod pests to
ENSO events can be the outcome of their previous thermal
adaptation and optimal thermal performance ranges: i.e.,
whether heat-acclimated crops (corn and rice) benefit from
the warming phase in cool climates, and whether cold-accli-
mated crops (wheat) benefit from the cooling phase in hot
climates; (2) the stabilities of crop production differ across
different crop types and climate types in responses to ENSO
events. Our findings could be used to explore the climate-
dependent driving forces on crop production and pest dam-
age with global changes of climate.

2 Material and methods

2.1 Cropyield data

The data on crop yields of wheat, corn, and rice and their
respective cultivation areas in each province in China were
obtained from the China Agriculture Yearbooks of 1980 to
2020 (released by the China Ministry of Agriculture, http://
www.stats.gov.cn/). Thus, the crop yield per unit area in each

province in China was calculated from the total yield and
total cropland area for each year. Most of the time series for
crop yields in China were available, but unfortunately data in
1998 had no records. Therefore, a popular method of mean
imputation was used to complete missing data of the time
series (Nakagawa & Freckleton 2008). We categorized all
provinces into four different types of climatic regions: middle
temperate (M-temperate), warm temperate (W-temperate),
Tibetan Plateau (Tibet), and subtropical regions to investi-
gate the climate-dependent responses of ecosystem functions
to ENSO events (see the map in Fig. 2a). The comprehensive
records of crop yield data and cropland area were included
in our dataset. Thus, 2,480 records of total crop yield per
province and cropland area were obtained for all recorded
provinces in China, and crop yield per hectare was calcu-
lated accordingly. We separately examined the responses
of crop yield per hectare to ENSO events in each climatic
region of China.

2.2 Pest damage data

We collected pest damage data for three main crops
(wheat, rice, and corn) to determine their responses to cli-
mate events. Due to the species-specific characteristics,
several main arthropod pests of rice, maize, and wheat in
China were separately selected to examine their responses
to ENSO phases and determine their potential mechanisms.
In total, 18 species of arthropod pests were included in
the current research: 7 species (Nilaparvata lugens (Stal),
Chilo suppressalis (Walker), Tryporyza incertulas (Walker),
Chloethrips oryzae (Williams), Laodelphax striatellus
(Fallén), Sogatella furcifera (Horvath) and Cnaphalocrocis
medinalis (Guenée)) in rice, 5 species (Tetranychus trun-
catus (Ehara), Rhopalosiphum padi (Linnaeus), Ostrinia
furnacalis (Guenée), Anaphothrips obscurus (Miiller),
and Holotrichia oblita (Falderman)) in corn, and 6 species
(Sitobion miscanthi (Takahashi), Pleonomus canalicula-
tus (Faldermann), Dolerus tritici (Chu), Petrobia latens
(Miiller), Sitodiplosis mosellana (Géhin), and Pentfaleus
major (Duges)) in wheat. The crop pest outbreak data were
collected from the China Yearbooks of Plant Protection
Statistics (the National Agricultural Technology Extension
Service Center of China) from 1980 to 2020. The total crop-
land area that was infested by a crop pest whose popula-
tion density exceeded the economic threshold indicated the
annual outbreak area of that pest. The economic thresholds
for each pest species used by data collectors were deter-
mined by the Ministry of Agricultural and Rural Affairs of
the People’s Republic of China (the latest version (2022)
of Monitoring and Prediction of Crop Disease and Pest
Management Guidelines can be found in https:/www.moa.
gov.cn/). The pest damage levels were indicated by the ratios
of the outbreak area of a pest to the total area of its host crop
planted in the study region for a year (Meechan et al. 2011,
Wang et al. 2016, Zhao et al. 2015). We separately examined
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the responses of the pest outbreak level to ENSO events for
different crops as well as in different climatic regions of China.

2.3 Temperature anomaly

The World Ocean Database was extracted from the web-
site of the National Centers for Environmental Information
(https://www.nodc.noaa.gov/). A time series of sea surface
temperature (SST) of the Peru Current was constructed from
1900 to 2020. Thus, the anomaly of SST (7';) was calculated
using the following equation: 7";/=(T—T;). T; and T} are the
observed and mean values of the temperature variables in
year i, respectively.

The ENSO cycles were identified by defining an El Nifio
event followed by a La Nifia event, which is also a typical
pattern of climate fluctuation. There were 8 typical ENSO
cycles in the past 4 decades. To define the different ENSO
phases, an individual year whose yearly mean temperature
was > 0.5 °C (T"; = 0.5 °C) higher than the overall mean
temperature was considered an El Niflo year, while an indi-
vidual year whose yearly mean temperature was < 0.5 °C
(T"; £0.5 °C) lower than the overall mean temperature was
considered a La Nifia year. The remaining years were consid-
ered neutral years when the SST anomaly (7;) was between
—0.5°C and 0.5 °C.

2.4 Statistical analysis

To examine the effects of climate change on crop produc-
tion and pest damage, a detrending analysis of the time
series was used to remove linear trends before analysis.
The detrended data consisted of the residuals from the lin-
ear regression of each time series as a smooth function of
year. Then, we divided the time series of all crop produc-
tion and pest damage into three categories for each prov-
ince: El Nifo years, La Nifia years, and neutral years. The
crop production and pest damage of each study species was
compared between neutral years and El Nifio/La Nifia years
by using Hedge’s d.

Hedge’s d is a popular metric that is commonly used to
examine effect size in ecological and evolutionary meta-
analyses due to a low Type I error rate and high within-
study precision. Additionally, the random effects caused by
small sample sizes can be corrected by a weighting factor in
Hedge’s d analysis. Hedge’s d was used to calculate effect
size as the standardized mean difference in crop production
or pest damage between ENSO events and neutral years.
Each data point consisted of one effect size, the difference
between the mean performance measure of El Nifo/La Nifa
years (X,y,) and the neutral year (X,,), normalized by the
pooled standard error (S) and a sample-size weighting factor
and was calculated as follows:

()_(el/la B )_(ny)

d= S

J
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where S is the pooled standard deviation and was calcu-
lated as

S \/(Nellla_ 1 ) Szllla+(Nny_ 1 ) Siy
NIeI/Ia+Nny .

where Sy, and S, are the standard deviations of crop
production or pest damage in ENSO and neutral years,
respectively.

J is a weighting factor based on the number of replicates
(N) in each case for the two groups and was calculated as
follows:

3
4(Ne,,,a +Nny—2)—1

J=1—

The variance of Hedges’ d (Vd) was calculated as follows:

_ NgjatN,, d
? Nel/laNny 2(Nel/la_'_Nny)

Zero d values indicate no difference in the variable mea-
sured, and positive values indicate better performances
in ENSO years. When a confidence interval (C/) does not
include zero, it indicates a statistically significant effect size.
The calculation of effect size was performed by using the
function ‘rma’ of the package ‘metafor’ in R (R Core Team
2021). This method is a generally unbiased and efficient esti-
mator to test whether the mean effect sizes of each variable
type differ significantly from zero.

We separately calculated the mean effect size of crop pro-
duction and pest damage for the M-temperate, W-temperate,
Tibet, and subtropical regions. Additional tests were per-
formed to examine the heterogeneity (Q7) of the mean effect
sizes. The Q7 was tested with Cochran’s Q-test. The percent-
age of variation across studies due to Qr (2 statistic) was
also obtained to summarize Q7 importance and was clas-
sified as low, moderate, high and very high O7 (i values
<25%, 25-50%, and 50-75%, >75%, respectively) among
study groups.

For the different climate phases, we calculated the coeffi-
cient of variation (CV) of crop production, which was the ratio
of the standard deviation divided by the means. The CV of
crop production was calculated at two levels: the crop produc-
tion of climatic regions and the crop production of particular
crop types. The CV of crop production for the different cli-
matic regions was calculated as the variation in crop produc-
tion in different years within a particular climate phase, while
the CV of crop production for a particular crop was calculated
as the variation in the average production of different years
within a particular climate phase. Then, one-way ANOVA was
used to examine the differences in the CVs for crop produc-
tion among El Niflo years, La Nifa years, and neutral years. In


https://www.nodc.noaa.gov/

328 Leyun Wang et al.

addition, to evaluate the CV differences in crop production of
the different climate phases, one-way ANOVA was conducted
using the ‘aov’ function of the R package “stats”, and all data
analyses were performed in R (R Core Team 2021), and all the
figures were constructed with Origin 2021.

3 Results

3.1 ENSO cycles

The sea surface temperature (SST) of the Peru Current (Nifio
34) has varied dynamically over the last 120 years, fluctuat-
ing from its minimum temperature (24.09 °C) to its maxi-
mum temperature (28.96 °C) (Fig. 1a). The average yearly
SST of El Nifio/La Nifa years was significantly higher/lower
than that of neutral years (Fig. 1a and Fig. 1¢). These temper-
ature patterns were consistent across each of the 4 seasons
in a year (Fig. 1d and le), and temperature differences were
greatest in winter and spring (Fig. le).
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3.2 Cropyield in response to ENSO cycles
Wheat, corn, and rice were widely planted across China
in middle temperate (M-temperate), warm temperate
(W-temperate), Tibet Plateau (Tibet), and subtropical
regions, which had different compositions of these three
main crops (Fig. 2a). In general, the annual total yields of
corn, wheat, and rice increased in 2001-2020 compared with
those in 1981-1990 (Fig. 2b-e). Meanwhile, the yields per
hectare of each of the three crops also generally increased in
all 4 climatic regions from 1980 to 2020 (Fig. S1).

In comparison with the neutral phase, the La Nifia phase
did not affect crop yields per hectare of these three crops in
average in the M-temperate, W-temperate, and Tibet regions,
while they significantly benefited from the La Nifa phase in
the subtropical region (Fig. 3a). During the El Nifio phase,
the yields per hectare of all 3 crops in average were sig-
nificantly lower in the M-temperate, W-temperate, and sub-
tropical regions, and they were unaffected in Tibet Plateau
(Fig. 3a).
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Fig. 1. El Nifio-La Nifa cycles mediate temperature variations. (a) Time series of sea surface temperature (SST) in Peru Current from
1900 to 2020; (b) El Nifio-La Nifa cycles from 1980 to 2020. The Roman numerals indicate individual El Nifio-La Nifia cycles. (c) the
typical SST fluctuation during El Nifio-La Nifia cycles; (d) the monthly average SST during El Nifio, neutral and La Nifia years from
1980 to 2020 (error bars indicate standard errors); (e) the temperature differences in four seasons of El Nifio (empty circles) and La

Nifia (black circles) years from 1980 to 2020
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Fig. 2. The time series and distribution of crop yields in China from 1980 to 2020. (a) The spatial distribu-
tion of the main grain-producing regions (bars indicate annual mean yields (x 10° kg) of each crop in 2016-
2020 in each climatic region). The annual total yields of wheat, corn, and rice in (b) the middle-temperate
(M-temperate), (c) the warm-temperate (W-temperate), (d) the Tibet Plateau (Tibet), and (e) the subtropical

region (Subtropical).
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Fig. 3. Effects of El Nifio phases and La Nifia phases on the crop yield per hectare in comparison to those of neutral
phases on crop production in China from 1980 to 2020. ((a) yields per hectare of wheat, rice, and corn in average;
(b) yields per hectare of wheat; (c) yields per hectare of rice; and (d) yields per hectare of corn). The error bars are the

95% confidence intervals (C/s) of the mean effect sizes.
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Fig. 4. Pest outbreak responses to El Nifio phases and La Nifia phases in different climatic regions in comparison with
those to neutral phases in China from 1980 to 2020 ((a) wheat pests, (b) corn pests, and (c) rice pests). The error bars

are the 95% ClIs of the mean effect sizes.

There were significant differences in the yield per hect-
are of specific crops during El Nifio and/or La Nifia phases
in comparison to those during the neutral phases in the 4
climates (Fig. 3). The La Nifia phase caused significant
decreases in wheat yields per hectare in the M-temperate
and Tibet, but significantly enhanced the yields per hectare
in the subtropical region. The El Niflo phase caused signifi-
cant increases in wheat yields per hectare in the M-temperate
and Tibet, and significant decreases in the yields per hectare
in the subtropical region. However, neither the El Nifio nor
La Nifa phase had significant effects on wheat yields per
hectare in the W-temperate (Fig. 3b). Rice yield per hectare
was significantly higher during both EI Nifio and La Nifia in
the M-temperate, while La Nifia significantly increased the
rice yield per hectare in the subtropical region. Additionally,
the rice yields per hectare were unaffected by either phase
in the W-temperate and Tibet (Fig. 3c). For corn, its yield
per hectare was significantly lower during the EI Nifio phase
in all four climates, while the La Nifia phase significantly
increased corn yields per hectare in only Tibet (Fig. 3d).

3.3 Pest responses to ENSO cycles

In China, the damage to wheat caused by all of its arthropod
pest species studied in average was not significantly different
among the El Nifio, La Nifa or the neural phases, and which
to corn was not significantly affected by the La Nifa phase
but was significantly enhanced by the El Nifio phase. Overall,
the arthropod pests in rice were significantly suppressed by
the La Nifia phase but did not respond significantly to the El
Nifio phase at the national scale (Fig. 4, Fig. 5).

In the M-temperate, the El Nifio phase significantly facil-
itated pest damage in both corn and rice, and the La Nifia
phase significantly suppressed pest damage levels in rice. In
the W-temperate, the El Nifio phase significantly facilitated
pest damage in corn only, while for the three crops, the effects
of La Nifa on pest damage were not significant (Fig. 4). In
the Tibet region, pest damage in wheat increased during the
El Nifio phase but declined during La Nifia phases (only data
on wheat pests were available) (Fig. 4). In the subtropical
region, the El Nifio phase significantly increased the pest
damage in wheat and rice, and the La Nifia phase showed
significantly opposite effects on all three crops (Fig. 4).

3.4 Crop yield stability mediated by
ENSO phases

Crop yield per hectare was mediated by ENSO phases and
exhibited different stability patterns during the three different
phases as well as in the four climatic regions (Fig. 6a). The
coefficient of variation (CV) of crop yield per hectare was
significantly higher during La Nifia phases than during the
neutral phases and El Nifio phases in the W-temperate, sub-
tropical, and Tibet regions (Fig. 6a). Crop yields per hectare
in the neutral phase were the most stable among the three
phases in the W-temperate and subtropical regions (Fig. 6a).
In the M-temperate, crop yield stability did not differ signifi-
cantly across the three ENSO phases (Fig. 6a). At the national
scale, the wheat, corn, and rice yields per hectare were sig-
nificantly most stable in the neutral phase and significantly
least stable during La Nifia phases, and the yields per hectare
during El Nifio phases were moderately stable (Fig. 6b).
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Fig. 5. Species-specific pest outbreak responses to the El Nifio phase in comparison with those to neutral phases (from
the top, they are rice pests, corn pests, and wheat pests) in China from 1980 to 2020. The error bars are the 95% CIs of

the mean effect size.

4 Discussion

Climate extremes and changes in climate variability are
important components of climate change, and their effects on
biological systems, including on agroecosystems, are notice-
able and variable (Lobell et al., 2011; Thornton et al., 2014).
In addition to changes in climatic factor means inevitably
altering ecosystem responses, climate change might result in
shifts in the frequency and magnitude of unusually cold and
heat events that can affect plants and other participants in
agroecosystems in a more complex way (IPCC, 2012). For
example, increases in heavy rainfall or droughts are likely
to have direct impacts on agroecosystems; furthermore, cli-

matic disasters can also play an important role in affecting
crop production (Lobell et al., 2011). It is difficult to quan-
tify extreme climate effects on ecosystems in a systematic
way, given that climate extremes are historically rare (Lobell
et al.,, 2011); however, the use of large climatic indices
might potentially be a good method for capturing the climate
extremes and examining their effects (Hallett et al., 2004).
Our work indicates that crop yields per hectare and pest
outbreak levels varied significantly during ENSO phases.
The underlying mechanism of ENSO-driving factors affect-
ing crop yields can be complex (Porter & Gawith, 1999;
lizumi et al., 2014). A study investigating global crop yield
anomalies in relation to ENSO found that such associations
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Fig. 6. Effects of El Nifio-La Nifa cycles on crop yield stability in different (a) climatic regions and (b) crop types, in China from 1980

to 2020. Error bars indicate standard errors.

vary among geographical locations, crops, and ENSO phases,
as well as different seasons (lizumi et al., 2014), while the
underlying mechanisms of such associations are still largely
unknown. In humid ecosystems, where El Nifio events often
cause heat and drought, such as the Amazonian ecosystem,
a net positive emission of carbon to the atmosphere occurs,
while in other ENSO phases, an ecosystem can serve as a
global carbon sink (Tian et al., 1998). These results suggest
that ENSO-driving changes could potentially alter the net
biomass assimilated in ecosystems, and this pattern might
potentially be reflected in varying crop yields during differ-
ent ENSO phases in agroecosystems, which was found in the
present study. Furthermore, these effects can also be climatic
region-dependent (Holmgren et al., 2001), which was again
demonstrated by our comparisons among four distinct cli-
matic regions in China.

The geographical origins of our study crops, which
indicate their thermal acclimation, might explain the cli-
matic region-dependent responses of yield per hectare to
ENSO phases: the closer the optimal thermal temperature
range of the crop to the local temperatures resulting from
an ENSO phase, the better the crop could perform (Hatfield
et al., 2011; Lobell & Gourdji, 2012). Temperature effects
on crops can be complex in that different plant physiological
processes, growth, and development, and plant phenological
stages have unique thermal requirements and limits (Porter
& Gawith, 1999; Eyshi Rezaei et al., 2015).

Wheat originated from a temperate region, which is
likely to explain why it has a lower tolerance to heat and a
lower temperature for optimal yield (an elevated temperature
can shorten its grain-filling period (Sofield et al., 1977)) that
is lower than that for vegetative growth (Porter & Gawith,
1999; Eyshi Rezaei et al., 2015; Hatfield et al., 2011). These
factors might explain the reduced wheat yield per unit area
during El Niflo phases and the opposite effect during La Nifia
phases in warm regions. At the same time, in cool regions,

the warmer conditions during the El Nifio phase enhance
wheat yields. Rice, on the other hand, has long been domes-
ticated in subtropical and tropical regions, so its inherent tol-
erance and utilization of heat throughout growing seasons
might contribute to its resilience to El Nifio in warmer areas
(Hatfield et al., 2011). Corn is also a heat-acclimated crop,
but with an optimal temperature for yield that is generally
lower than that of rice (Hatfield et al., 2011). It is cultivated
only in warmer seasons in our study areas, and the El Nifio
phase is more likely to impose heat stress in these grow-
ing seasons as opposed to promote growth in cold seasons,
which results in yield losses, as shown in our results.

Crop yield stabilities that we examined, indicated by
yield variances, showed significant differences across differ-
ent ENSO phases, climatic regions, and crop types, which
is consistent with the results of other studies (lizumi et al.,
2014; Anderson et al. 2017). The underlying mechanisms
of the associations between ENSO events and the above
noted factors might be the coupled outcomes of changed cli-
matic conditions/events and the phenology and adaptation
of organisms, which should be further examined in detail.
Based on the asymmetrical responses to climatic changes by
organisms native to different climatic regions, we hypoth-
esize that global warming can severely disrupt ecosystems
in warmer areas in earlier waves before similar effects are
gradually imposed in cooler areas.

The magnitudes of the impacts of ENSO cycles on
overall pest outbreaks were host crop-dependent as well as
climatic region-dependent. Similarly in a Kansas prairie,
climate change cycles were found to play an important role
in changes in grasshopper abundance (Welti et al., 2020).
A five-month delayed El Nifio effect could lead to tempo-
rary emigration and the subsequent return of females of the
Amazonian butterfly Nessaea hewitsoni (Felder & Felder)
(Kajinetal.,2017). Field population dynamics of Anastrepha
species (fruit flies) infesting grapefruit were also found to be



affected by both ENSO events and North Atlantic Oscillation
(NAO) in Veracruz, Mexico (Aluja et al., 2012). Based on
dendrochronological reconstruction of Dendrolimus punc-
tatus (Walker) outbreaks that affected the host plant Pinus
massoniana (Lamb.), researchers detected the associa-
tions between insect outbreaks with the La Nifa phase that
induced hot and dry conditions in the study site in humid
subtropical eastern China (Bai et al., 2021).

Furthermore, climate changes are likely to influence
the arthropod populations through altering the number of
generations per year, disrupting their life cycles (Altermatt
2010, Teder 2020, Hill et al. 2021) and/or population sizes
(Vandenbosch 2003, Roland & Matter 2013, Pardikes et al.
2015). Voltinism of arthropod pests might participate in
determining their responses to ENSO phases. Among our
study species, Pleonomus canaliculatus and H. oblita are uni-
voltine and semivoltine pests, and 4. obscurus is bivoltine:
they exhibited significantly negative responses to El Niflio
phases; while the pest damage of the majority of multivoltine
species were unaffected or significantly increased by El Nifio
phases (Table S1, Fig. 5). Similarly, it was found that the
abundance of bivoltine butterfly species within longer flight
seasons was more likely to associate with NAO than uni-
voltine species in a study mining 34 years’ butterfly monitor-
ing data in the UK (Westgarth-Smith et al. 2012).

We found that oscillating crop yields and pest outbreaks
can ultimately be related to ENSO cycles, whose global
effects arise from variation in ocean surface temperatures in
the central and eastern tropical Pacific Ocean and have fun-
damental impacts on the atmosphere. Our evidence demon-
strates that crops with origins from different climatic regions
can exhibit optimal thermal performance range-dependent
responses to ENSO events. A cold-acclimated crop (wheat)
benefits from the cooling ENSO phase in hot climates as well
as from the warming ENSO phase in cold climates. Rice, a
heat-acclimated crop, showed an inherent ability to use heat
throughout growing seasons and was resilient to El Nifio
phases in the W-temperate, Tibet, and subtropical regions.
Corn, the other heat-acclimated crop, was cultivated only
in warmer seasons, and El Nifio phases were more likely to
cause heat stress in the growing seasons rather than promote
growth in cold seasons, which resulted in net decreases in
yields.

We also show a universal pattern of greater pest damage
in El Nifio years and less pest damage in La Nifia years for
many pest species. Additionally, pest responses can be fur-
ther mediated by voltinism and climate types. Understanding
how host plants and arthropod herbivores mutually influence
each other during ENSO events can be key to predicting the
global changes in climate impacts on agriculture and food
security. Climate change might also increase the instability
and unpredictability of ecosystem dynamics, which should
be further considered in future studies.
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