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Abstract

Parapoynx crisonalis (Walker, 1859) (Lepidoptera: Crambidae) is a major pest of aquatic
vegetables and aquatic landscape plants. It has been responsible for causing considerable
economic damage to water chestnut ( Trapa natans) plants. In the Changsha vicinity of
China, P. crisonalis has five generations a year. Populations of P. crisonalis were relatively
low in April and began to rapidly rise at the beginning of May. At the end of July and early
August, the population dropped dramatically. A rebound occurred at the end of August and
early September, which was referred to as the second population peak. From then, until
early November, the P. crisonalis population steadily diminished in preparation for overwin-
tering. The primary factors influencing the seasonal dynamics of P. crisonalis were the cli-
matic conditions, especially the temperature, and secondarily precipitation. Between May
and October, the P. crisonalis adults were evenly distributed in the pond. In May and June,
the eggs of P. crisonalis were present in an aggregate distribution, due to the effects of envi-
ronmental heterogeneity. In July and August, however, they were found to be in a uniform
distribution.

Introduction

Parapoynx crisonalis (Walker, 1859) (Lepidoptera: Crambidae: Nymphulinae) is a widespread
pest that is widely distributed throughout Asia including China (Jiangsu, Zhejiang, Anhui,
Jiangxi, Fujian, Taiwan, Hubei, Hunan, Guangdong, Sichuan, Guizhou, and Guangxi Prov-
inces), Japan, Indonesia, Burma, Thailand, Sri Lanka, India, and in Australia [1-3]. It has also
recently become established in the British Isles [4]. P. crisonalis feeds on numerous wild
aquatic plants as well as cultivated ornamental species, and many aquatic vegetables, such as:
Trapa natans L., Nymphoides peltatum (Gmel.) O.Kuntze, Euryale ferox Salisb, Nymphaea tet-
ragona Georgi, etc. [5, 6]. Damage to the host plant is primarily through skeletonizing of the
leaves caused by P. crisonalis larval feeding [7, 8]. P. crisonalis are tolerant of a wide tempera-
ture range for their growth and development, and are able to successfully complete their life
cycle between 21°C and 36°C, with the optimal development temperature being between 24°C
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~30°C [9]. The extent of damage caused by P. crisonalis has been recognized and its impor-
tance as an aquatic pest of vegetables in China documented [3].

In order to develop a comprehensive ecological pest management plan, it is crucial to
completely understand the ecology of the pest. Elucidating the seasonal dynamics of a species
is a core scientific issue in the study of insect population ecology. Seasonal dynamics is more
inclusive than just the normal growth and decline of a population; it involves the number and
distribution of biological species that are constantly changing over time while also showing
seasonal fluctuations and interannual variability. Insect populations normally increase and
decrease around a mean density, with the normal trend, which returns to the original level,
being called dynamic equilibrium. The study of seasonal dynamics mainly includes quantity,
structure, regularities of distribution, spatial dynamic changes, influencing factors and mecha-
nisms. It can quantitatively describe the population change rule and relationship among differ-
ent influencing factors. These factors are divided into two aspects consisting of biotic and
abiotic factors [10]. The biotic factors mainly include conspecific individuals, food sources,
and natural enemies. The abiotic factors, also called physical factors, include temperature, pre-
cipitation, wind, humidity, light and pesticides. Among the abiotic factors, temperature stands
out as one of the most critical factors in insect seasonal dynamics [11, 12]. We combined the
avaijlable information regarding seasonal dynamics with our field survey data to analyze the
annual and seasonal fluctuations of P. crisonalis.

Insect population spatial pattern is another major topic in the study of insect ecology and
pest control systems. Research on spatial patterns also helps to understand the interaction that
may occur between random population change processes and the insect population as a whole.
The aggregation degree of a population spatial pattern can describe some characteristics of
population ecology and regulation mechanisms involving density, such as foraging and repro-
duction under certain circumstances, territorial behavior, diffusion behavior, communication
behavior, etc. Codling moth (Cydia pomonella L.) larvae, after locating a pupation site, attract
conspecific larvae staying together by an aggregation pheromone produced by the cocooning
larvae [13]. Aggregation behavior was found to contribute to foraging among an insect popula-
tion by Sanchez et al., 2009 [14]. Citrus leafminers were found to prefer the terminal leaves of
younger shoots, where eggs were usually concentrated in oviposition sites [15].

The objective of this study was to assess the annual and seasonal regularity and spatial pat-
tern of P. crisonalis population in the field. We report the annual life history, the effects of tem-
perature and precipitation on populations of P. crisonalis, the numerical trend of each stage of
P. crisonalis on T. natans, and the degree of aggregation occurring each month.

Materials and methods
Experimental protocol

Field experiments on the seasonal dynamics of P. crisonalis were conducted using water chest-
nut plants as hosts in two ponds located on the Hunan Agricultural University, Changsha,
Hunan Province (N28°10'47.28”, E113°04'48.89"). The water chestnut leaves open on the sur-
face of the water beginning in mid-April in the Changsha area. The five-spot-sampling method
was used to select five field samples. Single sample was 1m x 1m. We tracked the total numbers
of P. crisonalis and recorded the number of individuals in each instar during every generation
for each field sample. During the early growing season when population densities were at low
level, we used a combined random sampling method to determine the field sample in areas
where P. crisonalis were present. Observations were conducted every other day until the last of
the water chestnut plants had died. The survey was begun in April 2014 and ended in May
2015.
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The P. crisonalis population gradually increased during April and reached the population
peak period during October in 2014. The five-spot-sampling method was used to determine
the spatial distribution pattern of P. crisonalis. Twenty strains of water chestnut in each sample
point were randomly selected and the numbers of P. crisonalis eggs, larvae, pupae and adults
found on the leaves of each strain were recorded every other day. This survey was also con-
ducted from April 2014 to May 2015.

The meteorological data was provided by the Meteorological Data Center of China, Meteo-
rological Administration (CMA, http://data.cma.cn/), the National Centers for Environmental
Prediction (NCEP, http://www.ncep.noaa.gov/), and the National Center for Atmospheric
Research (NCAR, http://ncar.ucar.edu/).

Spatial distribution pattern

The data during the population peak period was analyzed using the following indices, which
were used to determine the type of spatial distribution pattern.
(1) Diffusion coefficient (C) [16];

C=8/m

Where S” is the variance, m is the mean density of P. crisonalis on each water chestnut
plant. The spatial distribution pattern is aggregative, random and uniform when C>1,C=1
and C<1, respectively.

(2) The K value of negative binomial distribution [17];

K=m/(S*—m)

The spatial distribution pattern is aggregative, uniform and approximation of random
when K>0, K<0 and K>8, respectively.
(3) Aggregation index (I) [18];

I=8/m—1

The spatial distribution pattern is aggregative, random and uniform when I>>0, I = 0 and
I<0, respectively.
(4) Cassie index (C,) [16];
C,=(S8—m)/m
The spatial distribution pattern is aggregative, random and uniform when C,>0, C,=0
and C,<0, respectively.
(5) Mean crowding (m*) [19];

m =m+ ($/m—1)

The spatial distribution pattern is aggregative, random and uniform when m*>m, m* =m
and m* <m, respectively.
(6) Patch index (m*/m) [19];

m/m=1+8/m" —1/m

The spatial distribution pattern is aggregative, random and uniform when m*/m>1, m*/
m =1 and m*/m<1, respectively.
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(7) Iwao regression [20];

m" =o+ fm

When o = 0, the component of the distribution is a single individual; >0, individuals are
attracted to each other and the individual colony is the basic component in the distribution;
<0, shows mutual exclusion between individuals. The spatial distribution pattern is uniform,
random and aggregative when <1, f=1and >1, respectively.

In addition, when a = 0 and 3 =1, the spatial distribution pattern is random; a<0 and f>1
refers to an aggregated negative binomial distribution with a common K; >0 and =1, is an
aggregated Neyman distribution or Poisson negative binomial distribution; >0 and f>1,
indicates an aggregated general negative binomial distribution; 2<0 and <1, is a uniform
distribution.

(8) Taylor power law [21];

1gS* = Iga + blgm (S* = am")

when Iga = 0 and b = 0, the spatial distribution pattern is random; when Iga > 0 and b = 1, the
distribution is an aggregation and the level of aggregation does not rely on density; when

Iga > 0 and b>1 occurs, it is also an aggregation, but the level of aggregation does relys on den-
sity; when lga> 0 and b<1, is uniform, means that there is a higher population density with
more uniform distribution.

Analysis of causes of aggregation

The population aggregations mean (1) [22] was used to analysis the causes for the insect popu-
lation being in an aggregated state, and was calculated as follows:

A=m/2K"y

where y equals to X7 . when the value of the degree of freedom is 2K. The aggregation of insect
individuals is caused by environmental factors when A<2; on the other hand, if 1>2, the phe-
nomenon is caused by aggregation behavior or the aggregation behavior works in combination
with the environment.

Results
Seasonal dynamics of P. crisonalis

Based on the annual life history data for P. crisonalis on T. natans (Fig 1), it is evident that P.
crisonalis completed five generations per year in Changsha, and that the third generation had
the longest duration and the most obvious generational overlap. The P. crisonalis population
reached their peaks in mid to late May, mid-June to early July, and mid to late August to early
September (Figs 2 and 3). The corresponding development stages of the major host plant (7.
natans) during these time periods were seedling, blossom and fructification, while, the second-
ary host plant (N. peltatum) was in florescence. The mean temperatures in May, June, July,
August and September for the two years was 23, 26.6, 29.7, 28.1 and 25.7°C, respectively. The
P. crisonalis population decreased when periods of heavy precipitation occurred in the middle
of June and August 2014 and in early May 2015.

Spatial distribution pattern of P. crisonalis

The different aggregation indices for the four developmental stages, including the egg, larva,
pupa and adult stage, are shown in Tables 1 to 4. As shown in Table 1, the diffusion coefficient
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Fig 1. Annual life cycle data of P. crisonalis on T. natans.
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(C) and patch index (m*/m) at the P. crisonalis egg stage during May and June were greater
than 1.0000. The K value of the negative binomial distribution, aggregation index (I) and Cas-
sie index (C,) were greater than 0.0000. The mean crowding (m*) was greater than the mean
density (m). These indices, however, had changed in July and August when the diffusion coef-
ficient (C) and patch index (m*/m) were less than 1.0000. The K value of the negative binomial
distribution, the aggregation index (I) and Cassie index (C,) were less than 0.0000, and the
mean crowding (m™*) was smaller than the mean density (m), indicating that the P. crisonalis
eggs were in an aggregated distribution in May and June and in a uniform distribution in July
and August.

The aggregation indices for the larval stage are shown in Table 2. In May, the diffusion coef-
ficient (C) and patch index (m*/m) were greater than 1.0000. The mean crowding (m*) was
greater than the mean density (m). The other indices, including the K value of the negative
binomial distribution, aggregation index (I), and Cassie index (C,) are all higher than 0.0000.
This would indicate that during May, P. crisonalis larvae were in an aggregated distribution.
From June to November, however, the diffusion coefficient (C) and patch index (m*/m) are
less than 1.0000, the K value of the negative binomial distribution, the aggregation index (1)
and Cassie index (C,) are all less than 0.0000, and the mean crowding (m*) is less than the
mean density (m). These data show that the P. crisonalis larvae were in a uniform distribution
from June to November.

The aggregation indices at the pupal stage from May to October are shown in Table 3, the
diffusion coefficient (C) and patch index (m*/m) are less than 1.0000. The mean crowding
(m*) is less than the mean density (m). The K value of the negative binomial distribution,
aggregation index (I) and Cassie index (C,) are all less than 0.0000, meaning that the spatial
distribution pattern of P. crisonalis pupae from May to October is uniform.

The trend of aggregation indices from May to October in the P. crisonalis adult stage was
similar to the pupal stage (Table 4). The spatial distribution pattern of P. crisonalis adults in
water chestnut ponds from May to October was also uniform.

Using the Iwao regression to describe the relationship between mean crowding (m*) and
mean density (m) during different developmental stages (Fig 4), further illustrates the distribu-
tion type of the P. crisonalis population. The regression equations of a straight line at the egg,
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larval, pupal and adult stages are m* = 4.4333m-0.614 (r = 0.9993), m* = 1.7946m-1.3756
(r=0.9216), m* = 2.3913m-0.9492 (r = 0.7946) and m* = 2.1319m-0.9528 (r = 0.9335), respec-
tively. The values of & in the four equations are all less than 0.0000, while all of the § values are
more than 1.0000. These data imply that individuals are mutually exclusive in the aggregation
distribution.

The “Taylor power law” was used to analyze the relationship between the level of aggrega-
tion and the mean density (Fig 5). The equations of variance (8?) and mean density (m) at the
egg, larva, pupa and adult stages were IgS* = [g3.27 + 1.505lgm, IgS* = 1g0.26 + 2.376lgm, IgS* =
1g0.403 + 1.376lgm and IgS” = Ig0.105 + 1.115lgm respectively. Only at the egg stage, was lga>0
and b>1, that the spatial distribution at the egg stage was an aggregation and the aggregation
level relies on density.

PLOS ONE | https://doi.org/10.1371/journal.pone.0184149  September 1, 2017 6/13


https://doi.org/10.1371/journal.pone.0184149.g002
https://doi.org/10.1371/journal.pone.0184149

@° PLOS | ONE

Seasonal dynamics and spatial distribution pattern of P. crisonalis

1600 - - 100
] [ Number of P.crisonalis onTrapa natans |
] —e&— Mean Temperature i
1400 4 I ° —-e-— Mean Precipitation a
3 11 r
| i - 80
% ] Il - g
§ 1200 - | i E
S ; N I 5
g | ¥ of g
g 1000 o . i 11+ 60 &
> ] x e 5
S I H -
2 ] -~ Il HE
S 800 - | i i
) ] 1 Il I LiE =
S B I HF 40 ©
) ] :
S 600 1 ) i i .-
3 loeaf ¥ 1.
E ] I ol \ Rl &
=] 1 A * L
Z 400-%-;\.' 1 b ‘ ‘M 20 &
a1 . | il
AR A " il
E n |
R 1111 A | |
L JEHEULH L it TR fl 0 H H :HH'W' loeg | o H'f
4 o ol || ot ol 1o [ " ‘e 00 ot loe! |0 g o' g0 - 0
0 HH ]HD”EHU Hil | HﬂﬂﬂﬂﬂunnnnnpnnDn,nnnﬂl]ﬂﬁ,nnnunﬂ Il
Apr.  May. Jun. Jul. Aug. Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr.

Time (month)

Fig 3. Variations of a P. crisonalis population with mean temperatures and mean precipitation.

https://doi.org/10.1371/journal.pone.0184149.g003

It is possible to analyze the causes of aggregation using these aggregation indices. The values
of A at the egg stage during May and June were 0.6731 and 0.2102, respectively; while the value
at the larva stage in May was 1.6005. The A values were all less than 2.0000, however, indicating
that the aggregation phenomenon may be caused by environment variations.

Discussion

The P. crisonalis population tended to increase corresponding to the seasonal changes—three
population peaks appeared at the end of spring, and the beginning or end of summer, and the
beginning of autumn (Fig 3). This phenomenon reflected the climatic conditions and the
growth status of the host plants in Changsha. Population fluctuations and peak activities are
more evident during favorable climatic conditions [23, 24]. The P. crisonalis population
increased gradually when suitable temperatures occurred. In April, the mean temperature
(19.4°C) was too cool for significant host plants growth to occur. Since the majority of host
plants were still quite small and only beginning spring growth at this time, they would not be

Table 1. Mean density, variance and indices of aggregation in the egg stage of P. crisonalis.

Month m
5 1.4953
6 0.2240
7 0.0113
8 0.0780

s
8.2734
0.2334
0.0051
0.0568

https://doi.org/10.1371/journal.pone.0184149.t001

(o m* m*/m K C. 1 A
5.5328 6.0281 4.0313 0.3299 3.0313 4.5328 0.6731
1.0420 0.2660 1.1874 5.3363 0.1874 0.4198 0.2102
0.4499 -0.5388 -47.8951 -0.0205 -48.8951 -0.5501 -
0.7287 -0.1933 -2.4779 -0.2875 -3.4779 -0.2713 -
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Table 2. Mean density, variance and indices of aggregation in the larva stage of P. crisonalis.

Month
5
6

© 0 N

—_ =
- O

https://doi.org/10.1371/journal.pone.0184149.t002

m
1.7387
1.5407
0.3163
0.8047
0.6693
0.8088
0.6679

s
2.4674
0.7385
0.0429
0.0344
0.0953
0.2253
0.0500

c m* m*/m K C, I A
1.4191 2.1578 1.2411 4.1482 0.2411 0.4191 1.6005
0.4793 1.0200 0.6621 -2.9590 -0.3379 -0.5207 -
0.1356 -0.5481 -1.7331 -0.3659 -2.7331 -0.8644 -
0.0428 -0.1526 -0.1896 -0.8406 -1.1896 -0.9572 -
0.1424 -0.1882 -0.2812 -0.7805 -1.2812 -0.8576 -
0.2786 0.0873 0.1080 -1.1211 -0.8920 -0.7214 -
0.0749 -0.2573 -0.3852 -0.7219 -1.3852 -0.9251 -

able to provide adequate nutrition to sustain a large increase in P. crisonalis growth. Conse-
quently, P. crisonalis population was relatively small in April. However, by the beginning of
May, the P. crisonalis population began to change, which was likely due to the increased tem-
perature and precipitation. The P. crisonalis population was significantly reduced as a result of
the heavier than normal rainfall, but rapidly increased afterwards. On the one hand, a correla-
tion study revealed that rainfall has a significant adverse impact on the insects’ population [24,
25, 26], while, on the other hand, the wet conditions caused by the increased rainfall with the
accompanying increase in environment humidity, contributed to increases in egg develop-
ment and adult growth [27, 28]. By May and June, the mean temperature was 23.0°C and
26.6°C, respectively. This temperature range was approaching the insects’ optimal develop-
mental temperature range of 24~30°C. In addition, the host plants were completing their ini-
tial stage of development (Fig 2), meaning that the plants’ maturity increased with the rising
temperature and increase in precipitation. The ideal conditions present at this time all contrib-
uted to development of the P. crisonalis population and allowed them to gradually reach their
annual peak. However, in late June, the mean temperature reached 29.7°C with the highest
temperature over 35°C as a result of the “Northwest Pacific subtropical high” weather effects.
In response to the higher temperatures the P. crisonalis population decreased rapidly and
remained at a low level. In August, a period of heavy precipitation brought in lowered temper-
atures, allowing the P. crisonalis population to begin recovery. The high humidity, which coin-
cided with more suitable temperatures, was conducive to a buildup of pest numbers [29].
Heavy precipitation normally causes a short-term reduction in the population, but then a
rapid rebound often occurs. A warmer than average autumn caused a slight increase of the
population during September, which was followed by a decreasing P. crisonalis population
reflecting the decreasing fall temperatures. The P. crisonalis population continued aging until
disappearing in October. In November, P. crisonalis are found overwintered in weeds, dead
leaves or in soil. Although temperature plays a critical role in P. crisonalis seasonal dynamics,
the effects of precipitation on the population can also be substantial.

Table 3. Mean density, variance and indices of aggregation in the pupa stage of P. crisonalis.

Month

© | 00 N o ;

10

https://doi.org/10.1371/journal.pone.0184149.t003

m
0.2040
0.0793
0.0731
0.1007
0.0020
0.0131

s?
0.0701
0.0251
0.0090
0.0073

9.73E-05
0.0007

(o4 m* m*/m K C. ] A
0.3437 -0.4523 -2.2171 -0.3108 -3.2171 -0.6563 -
0.3161 -0.6046 -7.6211 -0.1160 -8.6211 -0.6839 -
0.1237 -0.8032 -10.9833 -0.0834 -11.9833 -0.8763 -
0.0728 -0.8265 -8.2104 -0.1086 -9.2104 -0.9272 -
0.0486 -0.9494 -474.6757 -0.0021 -475.6757 -0.9514 -
0.0566 -0.9302 -70.8758 -0.0139 -71.8758 -0.9434 -
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Table 4. Mean density, variance and indices of aggregation in the adult stage of P. crisonalis.

Month
5
6
7
8
9
10

m s? c m*
0.0327 0.0028 0.0858 -0.8815
0.0060 0.0003 0.0446 -0.9494
0.0062 0.0004 0.0646 -0.9292
0.0120 0.0007 0.0554 -0.9326
0.0007 3.33E-05 0.0500 -0.9493
0.0013 6.17E-05 0.0494 -0.9494

https://doi.org/10.1371/journal.pone.0184149.1004

m*/m
-26.9850
-158.2342
-148.6709
-77.7162
-1424.0000
-759.5063

K
-0.0357
-0.0063
-0.0067
-0.0127
-0.0007
-0.0013

C. I
-27.9850 -0.9142
-159.2342 -0.9554
-149.6709 -0.9354
-78.7162 -0.9446
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In addition to the effects of climate, host plant selection may also play a role in the establish-
ment of the P. crisonalis population. P. crisonalis larvae usually prefer to hide between two host
plant leaves while feeding on the surface of the leaves [8]. Water chestnut (7. natans), which is
the primary host of P. crisonalis, is in the seed or bud stage from November to March. Begin-
ning in April, the host plant leaves begin to unfold providing food resources for P. crisonalis.
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Fig 4. Relationship between mean crowding (m*) and mean density (m).
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Apparently, the P. crisonalis population begins to increase and peak after that time. The host
plants provide nutrition enabling the establishment of P. crisonalis populations. Conversely,
previous research has also found that quality of the host plants can affect the fecundity of her-
bivorous insects not only at the individual level, but also, on the population level as well [30]. It
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has been shown that host plants and herbivorous insects often affect each other. In addition to
climate conditions and host plants effects, other pests found on water chestnut, such as Galeru-
cella birmanica may also impact the P. crisonalis population [31].

Many factors can cause an insect population to exist in different spatial patterns. According
to our monthly aggregation indices, the majority of P. crisonalis individuals at various develop-
ment stages are in a uniform distribution. This may be a reflection of the stable water chestnut
pond system, the relatively light use of pesticides and fertilizers and lack of human interfer-
ence. However, P. crisonalis eggs were found to be an aggregated distribution during May and
June and larvae were found in a similar distribution in May. In May and June, the host plants,
T. natans, are beginning to produce seeds and are in the early blossom stage. The limited
resources available may be cause of the aggregation. A similar conclusion was found to occur
in distribution of eggs in the lycaenid, Virachola livia (Klug) [32]. Additionally, all the A values
were less than 2 indicating that environment variations may be the cause of the aggregation
phenomenon. The Iwao m*—m results showed that individuals in the egg stage are mutually
exclusive in the aggregation distribution; while, concurrently the Taylor power law showed the
spatial distribution at the egg stage was aggregation. Aggregation levelS relys on density. A
higher mean density may lead to intraspecific competition.

In Changsha, P. crisonalis normally produces five generations a year, with the third genera-
tion being the longest and having the most obvious generational overlap. This generation is
responsible for causing the most serious damage, and usually coincides with the high humidity
and more suitable temperatures found during this time period. Based on this information, ini-
tial control measures for P. crisonalis should be undertaken in April. The period from May to
July is critical for control. Using integrated control, including traps, natural enemies, chemical
pesticides and other measures should effectively control P. crisonalis populations.
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