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Abstract

Fall armyworm (FAW) has posed a significant threat to Chinese agriculture and native species since its presence was first
reported in 2019. To better understand the impacts of FAW, however, information on how FAW abundance affects native
abundance and communities and whether these effects are dependent on the trophic level of native species relative to FAW
is needed. Here, we studied the direction, strength, and shape of the relationship between FAW abundance and responses of
native abundance and community-level metrics (mean value of unit-scaled richness, diversity, and evenness). We then tested
how relative trophic position influenced these relationships. Across 25 study sites in Yunnan province, we recorded FAW
abundance ranging from 0 to 715 individuals per 2666.8 m>. Across this range, native abundance declined nonlinearly by
14.6%, on average, and community metrics declined linearly by 18.1%. For lower trophic levels, FAW caused a significant
nonlinear decline in native abundance (20.7%) and community metrics (28.6%), with the greatest declines occurring at low
FAW abundance. At the same trophic level, native abundance (9.1%) and community metrics (14.5%) declined nonlinearly
and linearly, respectively. In contrast, FAW had no significant impact on native abundance or community metrics at higher
trophic levels. At the community level, negative impacts were stronger for evenness and diversity than for richness. The
results of our analyses suggest native responses to FAW invasion rely strongly on FAW abundance and trophic position.
The FAW abundance—native response relationships reveal how FAW impacts may develop during the invasion process and
when to best manage them.
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Introduction

The fall armyworm (FAW), Spodoptera frugiperda (J. E.
Smith), is an invasive noctuid moth that damages more than
180 plant species but prefers maize (Fan et al. 2021; Garcia
et al. 2019; Cruz-Esteban et al. 2018). For maize alone, the
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economic losses of crop yield from FAW can reach between
15 and 73% worldwide (Guo et al. 2018; Hruska and Gould
1997). Native to the Americas, FAW lives year-round in
tropical and subtropical regions and undergoes seasonal
migrations as far north as temperate North America (Jiang
et al. 2019; Westbrook et al. 2016). Outside of their native
distribution FAW is highly invasive. After recent introduc-
tions into West Africa in 2016 (Cock et al. 2017; Koffi et al.
2020), and India in 2018 (Sharanabasappa et al. 2018; IPPC
2018, 2019), FAW has spread to neighboring countries at
an alarming rate (NATESC 2019a, b; Stokstad 2017). In
January 2019, FAW was first reported in China (Yunnan
province, southwest China), and by September 2019, it had
reached almost all southern Chinese provinces (Wu et al.
2019; NATESC 2019c, d). China is the world’s second-larg-
est maize producer where maize is grown in all provinces (Li
et al. 2020). Therefore, Chinese crop production and native
species would be seriously threatened if FAW were to reach
the main maize-growing regions annually. Given the rapidly
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escalating economic influence of FAW, understanding how
its impacts are likely to develop during the invasion pro-
cess is important for determining the best timing for pest
management.

Invasive species are well known to have negative impacts
on the abundance of native species as well as on the com-
position of native communities (i.e., reduction in richness,
diversity, and evenness) (Bezemer et al. 2014; Kenis et al.
2009). These adverse effects can be seen for a broad range of
invasive taxa, across a variety of ecosystems (Cameron et al.
2016; Gallardo et al. 2016; Thomsen et al. 2011). However,
research evaluating the impact of invasive taxa has gener-
ally focused on the presence or absence of invasive species
and ignored how this impact may change over the course
of an invasion, as invader abundance increases (Strayer
et al. 2006). Increased understanding of how the abundance
of invasive species impacts native species abundance and
native communities (species diversity) will be valuable
for predicting the threat they pose to native communities
(Cassey et al. 2006; Gilbert and Levine 2013), estimating
the costs and benefits of control strategies (Yokomizo et al.
2009), and prioritizing management activities (Byers et al.
2002).

Evaluating threat levels of invasive species relies on
the assumed relationship between invader abundance and
impact. Some studies have shown that impacts increase lin-
early with invasive abundance, with no density-dependent
relationship (Parker et al. 1999). More recently, others have
proposed a density-dependent relationship, with impacts
increasing or decreasing nonlinearly with invader abundance
(Thiele et al. 2010; Barney et al. 2013). For a new invader,
invasive abundance—impact relationships are likely to be
determined by the trophic position of native species relative
to invasive species (Bradley et al. 2019). Therefore, variation
in the relationship between invader abundance and impacts
on native species may, in part, be driven by their relative
trophic level (Ricciardi et al. 2013; Thomsen et al. 2014).

Ecological theory suggests that for native species that
occupy a lower trophic level than invaders, biological inva-
sion may have strong, negative, nonlinear effects on abun-
dance due to density-dependent effects (Volterra 1926).
During the initial stages of invasion, when the density of
the invading species is low, native species may show a rapid
decline in numbers. However, later during invasion, when
the density of the invading species is higher, the abundance
of native species may stabilize at a smaller size, thus leading
to a nonlinear relationship between native species abundance
and invader abundance (Strayer 2010; Benkwitt 2015).
Moreover, invasive species could also affect the composi-
tion of lower trophic levels in native communities; however,
the shape of responses needs further study (Moyle and Light
1996; Estes et al. 2011). For native species that occur at
the same trophic level as an invading species, relationships
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between invader abundance and native species abundance
are primarily driven by competition (Levine et al. 2003). The
abundance of native species typically shows a linear decline
when effects of competition are not density-dependent;
however, field studies often find that competition is density-
dependent and thus may cause a nonlinear decline in the
abundance of native species (Law and Watkinson 1987).
Further, research has shown that species diversity of the
native community that occupies the same trophic level as an
invader may vary with the spatial scale of analysis, but these
studies are rarely followed up with further analyses of the
shape of the responses to invader abundance (Powell et al.
2011). When native species occupy a higher trophic level
than invasive species, increasing invader abundance could
be positively or negatively related to the abundance of native
species (Volterra 1926), as the effect of invader abundance
will depend on whether they remove or add resources for
native consumers. However, many studies show that negative
impacts of invader abundance on the abundance of native
(e.g., Vilaet al. 2011; Litt et al. 2014; Tallamy 2004) suggest
that this response may be more likely to occur. While the
impact of invader abundance on the composition of higher
trophic levels within native communities is hard to deter-
mine, some studies assert that invasive species could have no
impact or just a small positive impact at this level (Thomsen
et al. 2014; Gallardo et al. 2016).

A recent meta-analysis by Bradley et al. (2019) supports
the idea that the relationship between invader abundance and
impact on native species and communities is dependent on
their relative trophic level. Their study showed that across all
the invasive species studied on average lower trophic levels
showed a nonlinear decline in native populations and com-
munities, and same trophic levels showed a linear decline,
while higher trophic levels show non-significant relation-
ships. However, as noted earlier there is also variation
among invasions in how relative trophic level interacts with
invader abundance to affect impact on native communities.
This variation between invasive and native species in the
abundance—impact relationship means that empirical assess-
ment is necessary to accurately predict the impact of any
particular invasive species (Sofaer et al. 2018). Thus, further
study, especially on highly invasive species, which prolifer-
ate quickly, is needed to determine the role of trophic level in
driving abundance—impact relationships in specific systems.

Here, we describe how native abundance and communi-
ties respond to increasing abundance of the invasive FAW,
quantifying the direction (negative or positive), strength, and
shape (linear or nonlinear) of this relationship for different
trophic interactions. We study FAW impacts based on empir-
ical evidence of how FAW abundance—impact relationship
varies between response level (abundance or community),
among trophic categories (lower, same, higher), and among
community-level metrics (evenness, diversity, richness).
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This analysis of highly invasive pest also provides a test of
ecological theory associated with native species’ abundance
and community responses to novel species interactions.

Materials and methods
Study site

In China, FAW was first reported in Yunnan Province—a
region that is considered a biodiversity hotspot (Wu et al.
2021a). Because of the diverse agroecosystems and cli-
mates in Yunnan, FAW can survive over winter and breed
year-round throughout the Province. We selected 25 study
sites representing a broad geographic area and range of
altitudes (from 619 to 2710 m) in the mountainous area of
Huize County, Yunnan Province, China, between latitudes
103°03'E—103°55’E and longitudes 25°48'N—27°04'N
(Fig. S1 in Supporting Information). Study site were spaced
13.1 to 128.6 km apart.

Survey design

Each study site was surveyed monthly from April to October
2019 (i.e., 6 survey rounds). During each survey round, 4
new plots (each plot covers 1 mu, 666.7 m?), covering a total
area of 2666.8 m? (4 mu), were sampled in each site (i.e.,
over the whole study 24 independent plots were sampled
per site). Within sites and survey rounds, plots were spaced
0.3 to 2.2 km apart and were located in areas with high crop
diversity and no pesticide use to ensure a large species pool.
The surveys within each round were conducted within a
period of 7 days to minimize impacts of phenology. In each
study site, every crop plant was surveyed (total number of
plants =7459 + 540 plants per site), and all plant species
were identified. The number of uninfested plants per spe-
cies was recorded, and the data were included in this analy-
sis of unaffected native species. Once infested plants were
identified, arthropods (including adult, larvae, and eggs)
were dissected from inside the plants and collected. We dis-
sected 1558 + 164 infested plants per study site. We then
used a gasoline-powered reversible leaf blower (Burkard
Vortis EA0001) with a fabric bag securely inserted into the
vacuum end, to sample arthropods in the areas surrounding
the plants. This “insect vac” was passed over a 9 X9 m area
for 60 s until no arthropod activity was detected. Once an
area had been vacuumed, the specimens were removed from
the vacuum and emptied into a ziplock bag (40X 50 cm)
containing cotton balls soaked with ethyl acetate. This was
repeated until the whole plot had been vacuumed. All speci-
mens from the dissections and vacuums were stored in a
freezer and then sent to Institute of Zoology, Chinese Acad-
emy of Sciences for identification.

Arthropod specimens were identified to the species level
using appropriate taxonomic keys and direct comparison
with voucher specimens that were expertly identified. Iden-
tified species were then counted and assigned to trophic
groups: detritivore, herbivore, predator, parasitoid, or omni-
vore. Detritivores (mostly collembolans) were not counted
in all study sites due to their overwhelming abundance,
and omnivores (mostly muscoid flies) were not identified
to a sufficient level. Thus, detritivores and omnivores were
excluded from trophic analyses. According to published lit-
erature (Zhang and Zhao 1996), herbivores were classified
as the “same” trophic level as FAW, while predators and
parasitoids were placed in a “higher” category and plants
were placed into a “lower” category. The plant and arthro-
pod species surveyed are listed in Table S1 in Supporting
Information.

Calculating abundance and community-level
metrics

Averaged responses of native abundance and community
metrics to FAW by transforming the mean value of unit-
scaled native responses at lower, the same, and higher
trophic levels to the unit scale (Fig. 1). For each trophic
level, we calculated native species abundance (i.e., the total
number of all individuals across native species) and native
community metrics (the mean value of unit-scaled rich-
ness, diversity, and evenness) (Fig. 2). Margalef richness
(R), Shannon—Wiener diversity (D), and Pielou evenness (E)
were used as the native community-level metrics (Lu et al.
2020). The equations for the metrics are as follows:

Margalef richness metrics:

_(S=1

R= In N M

Shannon—Wiener diversity metrics:

N
D=-Y Plog,P, ©)
i=1

Pielou evenness metrics:

D
E=—
In § &)

where S is the number of species in an area; N is the total
number of all types of individual species; and P is the rela-
tive abundance of each species.

Statistical analyses
Native abundance and community responses to increasing

FAW abundance were evaluated through two complemen-
tary meta-analyses (Bradley et al. 2019). Both meta-analyses
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Fig.1 Averaged native responses to FAW abundance by transform-
ing the mean value of unit-scaled native responses at lower, the same,
and higher trophic levels to the unit scale (0, 1). Native abundance
response is nonlinear (A and B), while native community-level
response is linear (C and D), according to both the partial-r analy-
ses (A and C) and the slope analyses (B and D). Numbers in brack-

were used to determine the direction and strength of linear
and polynomial components to the relationship between FAW
abundance and native responses. The second meta-analysis
was additionally used to reconstruct the average shape of this
relationship. Both meta-analyses extracted information on
response direction, strength, and shape (curvature) from the
raw FAW abundance—native response data (Table S3) via a
regression model:

y= ﬂO + ﬂlinearx + ﬂpolyx2 (4)
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ets are total study sites and data analyzed. Effect size estimates in A
and C are statistically supported when 95% credible interval bars do
not cross the zero lines. Black lines show model predictions with area
between dotted lines indicating the 95% credible zone. Asterisks indi-
cate significant linear (fji,,) or polynomial (f,,,) regression terms
(***P<0.001)

where y is the native response, x is the FAW abundance, f
is the intercept, fji,e,, is the linear regression term, and /3,
is the second-order polynomial regression term. The regres-
sion model was fit separately to raw data for each study site.

The first meta-analysis (i.e., partial-r meta-analysis)
derived effect sizes from Fisher-transformed partial cor-
relation coefficients associated with each regression term
from Eq. 4 (Nakagawa and Cuthill 2007):
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Fig.2 Native responses to FAW abundance across different trophic
categories. Responses of native abundance (the total number of all
individuals across native species) at lower (A), the same (C), and
higher (E) trophic levels. Responses of native community-level met-
rics (the mean value of unit-scaled richness, diversity, and evenness)
at lower (B), the same (D), and higher (F) trophic levels. The shape

t

r= )
VE+df

Effect size = 0.5 % In (i tr

). (Fisher transformation)

(6)
where r is the partial correlation coefficient for e, O By
in Eq. 4, ¢ is the corresponding model ¢ value, and df are
the degrees of freedom associated with the same regression
coefficient (Nakagawa and Cuthill 2007). Partial-r effect
sizes were calculated separately for fj;,,, and f,,, for each
study site. Effect size measurement error variance (mev) was
calculated as 1/(n—3), where n is the sample size for a study
site (Borenstein et al. 2011). We mean-centered the FAW
abundance (x) for each study site before fitting Eq. 4. Repo-
sitioning of the x-axis to a mean of zero did not affect FAW
abundance—native response shape, but reduced dependence
between linear and polynomial effect sizes within study sites
(Schielzeth 2010). Meta-analysis of the partial-r effect sizes

-r

and strength of FAW impacts on native abundance and communities
rely largely on relative trophic position, based on both the partial-r
analyses (left panel) and the slope analyses (right panel). Asterisks
indicate significant linear (Bj,e,) or polynomial (f,,,) regression
terms (*P <0.05; **P <0.01; ***P <0.001)

determined the strength and direction of linear and polyno-
mial components of the regression fit.

The second meta-analysis (i.e., slope meta-analysis)
derived effect sizes from f, fiipear OF Ppory in Eq. 4. Never-
theless, an analysis of the three regression terms requires
that FAW abundance (x) and native responses (y) be on a
comparable scale as regression terms are scale depend-
ent (Becker and Wu 2007; Koricheva et al. 2013). There-
fore, we rescaled the raw data (both x and y variables)
by dividing by the maximum raw data value to create an
unit scale of 0—1. Here, averaged native abundance or
community responses (y) were obtained by transforming
the mean value of unit-scaled native responses at lower,
the same, and higher trophic levels to the unit scale (0,
1) (Fig. 1). In each trophic category, native abundance
response was obtained by transforming the native species
abundance (¥,pundance) t0 the unit scale, while native com-
munity response (yeommunity) Was obtained by transform-
ing the mean value of unit-scaled diversity, richness, and
evenness to the unit scale (Fig. 2). Native responses of
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diversity, richness, and evenness were obtained by trans-
forming the mean value of the three community-level
metrics across all trophic categories to the unit scale
(Fig. 3). Subsequently, we mean-centered the rescaled
FAW abundance values before analysis using Eq. 4 to
generate fy, Plinear, and fq effect sizes. We used the
regression model-reported SE for each regression term as
an estimate of effect size mev (Koricheva et al. 2013). The
slope meta-analysis allowed us to determine the shape
of the FAW abundance—native response relationship,
which provided an additional test of the magnitude of
Piinear and Sy Native abundance or community change
as FAW abundance increased from O to 715 per study site
(2666.8 m?) was calculated using Eq. 7.

Native response to FAW abundance = <M> x 100%
Yx=0
(N

We used Bayesian mixed-effects models (MCMCglmm
in R version 4.0.5; Hadfield 2010) for all meta-analyses
of the relationship between FAW abundance and native
responses, to examine how FAW-—native response rela-
tionship varies between response level (abundance or
community), among trophic categories (lower, same,
higher), and among community-level metrics (evenness,
diversity, richness). More analytical details are presented
in Supporting Information Part 1.

Results

Our data from 150 surveys (25 study sites X 6 survey rounds)
showed a total of 15 species (a total of 824,000 individu-
als) at lower trophic levels, 9 species (13,688 individuals)
at the same trophic level, and 14 species (6336 individu-
als) at higher trophic levels (Table S1). A total of 50,489
FAW individuals were recorded from across all the study
sites (Table S3). In each study site (2666.8 m?), on aver-
age, FAW abundance was 336.6 4+ 18.6 individuals, with a
range of 0—715 individuals per study site. Native species
abundance for lower, the same, and higher trophic levels
was 5493.3 +287.6 [765-16,532] individuals, 91.3+3.9
[18-257] individuals, and 42.2 +2.0 [9-117] individuals,
respectively. For our community-level metrics, mean native
species richness for each of the trophic levels was 0.93 +£0.05
(lower), 1.37 +£0.07 (same), and 1.89 +0.09 (higher) across
the study sites. Mean native species diversities for each
of the trophic levels were 1.32+0.07 (lower), 1.18 +£0.05
(same), and 1.140.05 (higher). And mean native species
evenness was 0.46 +0.02 (lower), 0.51 +£0.02 (same), and
0.36 £0.02 (higher).

As FAW abundance increased from 0 to 715 individu-
als per study site (2666.8 m?), native species abundance
declined dramatically. Significant linear and polynomial
effects indicate that this decline was steepest at low FAW
abundance, but stabilized at higher FAW abundance (Fig. 1A
and B; summary statistics for model contrasts are given in
Table S2). Our analysis showed an average of 14.6% decline
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Fig. 3 Responses of native community-level metrics to FAW abun-
dance. FAW has strongly negative linear impacts on evenness (red)
and diversity (green), and significantly negative nonlinear impacts
on richness (blue). There were significant differences between com-
munity-level responses for both linear and polynomial terms, accord-
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ing to the partial-r analyses (left panel) and the slope analyses (right
panel). Colored lines show model predictions, with area between dot-
ted lines indicating the 95% credible zone. Asterisks indicate signifi-
cant linear (Bjpe,) Or polynomial (f,,,) regression terms (*P <0.05;
**P<0.01; ***P <0.001)
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in native abundance as FAW abundance increased (Fig. 1B).
In contrast, a significant linear effect but non-significant
nonlinear effect indicated that native community metrics
showed a strong, negative linear response to increased FAW
abundance with no reduction in effect at higher FAW abun-
dance (Fig. 1C and D). Increasing FAW abundance caused
native community metrics decreased by an average of 18.1%
(Fig. 1D).

Native abundance and community responses to FAW
abundance were dependent on the relative trophic level of
native species being considered (Fig. 2; Table S2). When
native species were at a lower trophic level than FAW, the
relationships between FAW abundance and native abundance
and the community-level metrics were significantly negative
and nonlinear (Fig. 2A and B). Overall, native abundance at
lower trophic levels decreased by 20.7% (Fig. 2A) and native
community metrics by 28.6% (Fig. 2B) as FAW abundance
increased. However, as the relative trophic position of native
species shifted from lower to higher, their negative responses
gradually weakened (Fig. 2). When native species were same
trophic level perspective, we still found an overall drop in
native abundance, and native community metrics (Fig. 2C
and D), but the declines were weaker (9.1 and 14.5%, respec-
tively) and for the community responses shifted from being
nonlinear to being linear (Fig. 2D). When native species
were at a higher trophic level, FAW abundance showed no
significant effects on native abundance or communities, with
a 1.9% increase in abundance and a 3.4% decrease in com-
munity metrics (Fig. 2E and F).

At the community level, three metrics including Pielou
evenness (33.2%), Shannon—-Wiener diversity (34.1%), and
Margalef richness (23.3%) declined markedly as FAW abun-
dance increased (Fig. 3; Table S2). Linear impacts were dra-
matically more negative for evenness (Py;,.,.=0.0004) and
diversity (Py;.,,=0.0037) than for richness (Py;.,,=0.0271).
Moreover, FAW abundance did not show a significant non-
linear relationship with evenness (P, =0.0559) or diver-
sity (P =0.6055), but did with richness (P, =0.0267),
indicating a relatively weak influence of FAW on richness
at low abundance.

Discussion

Our study investigated general trends in the direction, shape,
and strength of the relationship between FAW abundance
and responses of native abundance and community-level
metrics across three trophic categories. It is generally
believed that invasive alien species have adverse effects on
native species, especially at lower or the same trophic levels
(Bradley et al. 2019; Baiser et al. 2010; France and Duffy
2006). Across our study sites in the Yunnan, we recorded
FAW abundance ranging from 0 to 715 per 2666.8 m>.

Within this range, we found that native abundance and com-
munity metrics decreased by an average of 14.6 and 18.1%,
respectively (Fig. 1). Regardless of trophic level, FAW abun-
dance did not positively impact native abundance and com-
munities (Fig. 2). Rather, we found that native responses
to FAW invasion tended to be strongly negative and often
nonlinear, showing a convex relationship (Fig. 2A, B and
C), implying that FAW abundance has the strongest impact
at low levels and early in the invasion process.

Effects of FAW on native abundance and community
metrics of lower trophic levels were strongly negative and
consistently nonlinear (Fig. 2A and B). As illustrated with
the native abundance response example (Fig. 2A), nonlin-
ear effects on native abundance are common in ecological
theory considering interactions between invasive herbi-
vores and native plants (Volterra 1926). Similar to native
abundance, native communities at lower trophic levels are
also more likely to suffer from adverse effects compared
with those at other trophic levels (Moyle and Light 1996).
Invasive herbivores are more likely to impact native com-
munities at lower trophic levels via nonlinear effects, and
the impacts tend to be strongest at low invader abundance
(Mcewan et al. 2009), as with the FAW example (Fig. 2B).
From a biological invasion viewpoint, low invader abun-
dance typically occurs at initial stages of invasion (Bradley
et al. 2019). Therefore, in invaded areas where invaders tend
to impose nonlinear effects, the most effective way to reduce
invasive impacts is to provide timely early detection and
rapid response to new invasions (Westbrooks 2004; Crall
et al. 2012). The assumption is that once FAW establishes
in an invaded area, eradicating it may be a more appropri-
ate and valid approach to protecting native species than just
reducing FAW abundance. However, FAW eradication is
impractical. Many current control strategies are nonspecific
to FAW and affect non-target species (e.g., pesticides such
as chlorpyrifos, chlorfenapyr, and spinosad), throwing up a
major barrier to practical application (Campos et al. 2011).
Our analysis provides an explanation why FAW has a rapidly
escalating impact on agriculture: If eradication is impos-
sible, once invasive FAW reaches high abundance, control
strategies would work poorly in mitigating impacts.

However, FAW impacts weakened as native species’
trophic position shifted from lower to higher (Fig. 2;
Table S2). When native species were at the same trophic
level, the FAW invasion showed a significantly negative
effect on native abundance and community metrics, but
both declines were weaker. Additionally, we found that there
was a nonlinear component to the effect on abundance but
not the community response (Fig. 2C and D). From native
abundance perspective, at the same trophic level density-
dependent competition is indeed common in invasive ani-
mals (Hairston et al. 1960; Barney et al. 2013; Law and
Watkinson 1987). At the community level, for native species
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(e.g., competitors of FAW), management of FAW abundance
at any stage of invasion would likely prove effective for
promoting the richness, diversity, and evenness of native
communities.

In contrast, higher trophic levels of native abundance
and communities did not show a significant and consistent
response to FAW (Fig. 2E and F). However, previous studies
have shown that influences of invasive species can cascade
up to higher trophic levels (Gallardo et al. 2016; Vila et al.
2011; Litt et al. 2014). Given the small though not negli-
gible impacts of FAW, we further found that native abun-
dance responses were non-significantly positive (increased
by 1.9%; Fig. 2E). Some biological invaders could act as
foundation species forming new habitat structure, increasing
physical resources and space for native consumers (Gutiér-
rez 2017). Contrary to abundance responses, native com-
munity responses to FAW were slightly negative (decreased
by 3.4%; Fig. 2F). FAW may be a foundation species, but
is more likely to result in a loss of resources for native con-
sumers. For instance, suppression of native insects result-
ing from competition with invasive species could adversely
affect communities of native consumers at higher trophic
levels because many native consumers tend to be specialists
of native insects (Litt et al. 2014; Tallamy 2004). Our study
reveals that to some extent native consumers may suffer
both positive and negative impacts from FAW. In summary,
higher trophic levels of native responses are not particularly
positive or even slightly negative, indicating that FAW is
more likely to reduce resources for native consumers rather
than increase them. As such, native species at higher trophic
levels would profit from management aimed at reducing
FAW abundance at any stage of invasion.

At the community level, although all three metrics (even-
ness, diversity, and richness) were negatively related to FAW
abundance, there were differences between the metrics in the
strength and shape of this relationship (Fig. 3; Table S2).
Increasing FAW abundance had a greater negative effect on
evenness and diversity than on richness. Although species
richness is by far the most commonly reported community-
level metric, it is a relatively conservative method assessing
community changes based on species removal or addition.
Invasive species generally spend a very long time removing
native species (seem like local extinctions) (Gilbert and Lev-
ine 2013), which explains a smaller decline in richness. In
addition, our analysis showed that richness tends to decline
more slowly during the initial stages of invasion and more
rapidly at higher levels of FAW abundance, whereas even-
ness and diversity decline in a linear fashion. There is a
tendency that biological invaders are more likely to impact
common native species at the early stages of invasion and
rare native species only later (Powell et al. 2013). Our results
indicate that lower richness resulting from species removal
may not become fully apparent until later stages of FAW
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invasion (possibly because common species often have
high abundance and thus are difficult to remove), whereas
declines in evenness and diversity may occur more quickly
and appear to be more sensitive metrics of community
change.

Predicting the ecological impact of a species without
known invasion history or previous economic impact is
extremely challenging because it is likely to be unknown
before invading new regions (Paini et al. 2016; Zhang et al.
2009). Although the economically significant pest FAW is a
known invasive species and a global threat to agriculture, it
has been only a year since FAW was first detected in China,
and so we are cautious with our conclusions. Due to its short
invasion history in China, our analysis focuses on the estab-
lishment phase of FAW invasion, prior to spread and impact.
More regions in China will suffer from the substantial ongo-
ing FAW threat over the coming years, so our analysis is
still far from “saturated” and “homogenized.” Neverthe-
less, we expect the patterns uncovered in this analysis to
be sufficiently robust to meet the expectations of long-term
prediction.

In conclusion, our results show that overall, increasing
FAW abundance has clear negative effects on native abun-
dance and community metrics (including richness, diversity,
and evenness) and that these negative effects are strong-
est for lower trophic levels. Further, significant nonlinear
responses indicate a rapid decrease in native abundance and
community-level responses at low FAW abundance, which
are likely to correspond to early stages of FAW invasion.
These results highlight the value of early detection and rapid
responses to FAW invasion—a management strategy which
has proven cost effective for eradicating early infestations in
the past (Leung et al. 2002). However, FAW eradication via
early detection and rapid response looks unfeasible practi-
cally, because many current control strategies such as pes-
ticides are nonspecific to this highly invasive species (who
can spread rapidly from a restricted range up to a widespread
range). Rather than eradicating FAW, we tend to emphasize
the importance of good pre-border biosecurity. A stronger
commitment to proactive policies preventing new invasions
is essential to avoiding the economic and ecological impacts
of alien species (Early et al. 2016). As China continues to
expand international trade, it will also consistently increase
its crop production, which could make stronger connections
between China and other countries (Hulme 2009; Levine and
D'Antonio 2003). Therefore, the pressures from FAW will
only intensify (Early et al. 2018; Wu et al. 2021b). And, of
course, it requires a greater coordination and cooperation
between countries. From China’s perspective, the forma-
tion of a national body responsible for FAW (e.g., National
Agro-Tech Extension and Service Center, NATESC) could
not only enable the FAW management at the early stages of
invasion but also provide those regions most vulnerable to
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FAW with more accurate and timely information. NATESC
would provide all necessary support and available resources
to protect the Chinese border and limit the further spread
of FAW.
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