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Biodiversity research has shown that primary productivity increases with plant species number, especially in many experi-
mental grassland systems. Here, we assessed the correlation between productivity and diversity of phytophages and natural
enemy assemblages associated with planting date and intercropping in four cotton agroecosystems. Twenty-one pairs of data
were used to determine Pearson correlations between species richness, total number of individuals, diversity indices and
productivity for each assemblage every five days from 5 June to 15 September 2012. At the same trophic level, the productivity
exhibited a significant positive correlation with species richness of the phytophage or predator assemblage. A significant cor-
relation was found between productivity and total number of individuals in most cotton fields. However, no significant correla-
tions were observed between productivity and diversity indices (including indices of energy flow diversity and numerical di-
versity) in most cotton fields for either the phytophage or the predator assemblages. Species richness of phytophage assem-
blage and total individual numbers were significantly correlated with primary productivity. Also, species richness of natural
enemy assemblage and total number of individuals correlated with phytophage assemblage productivity. A negative but not
significant correlation occurred between the indices of numerical diversity and energy flow diversity and lower trophic-level
productivity in the cotton-phytophage and phytophage-predator assemblages for most intercropped cotton agroecosystems. Our
results clearly showed that there were no correlations between diversity indices and productivity within the same or lower
trophic levels within the phytophage and predator assemblages in cotton agroecosystems, and inter-cropped cotton fields had a
stronger ability to support the natural enemy assemblage and potentially to reduce phytophages.
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In the past decade, significant progress has been made in
understanding the role of biodiversity in ecosystem func-
tioning [1,2]. There appears to be the consensus that diver-
sity of plant species is positively correlated with productiv-
ity [3-5]. Some researchers believe that it is the number and
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types of species that influence productivity, which has been
the subject of a series of field and laboratory experiments
[3,6]. These experiments have engendered a lively debate
[7,8] that has yet to be resolved. Later studies have reported
positive, negative, or U-shaped response patterns between
species richness and productivity [9-12].

Understanding the diversity and productivity relationship
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will have significant implications for how we manage bio-
diversity for ecosystem services. For example, to effectively
manage natural enemy diversity for pest control, it is essen-
tial to know whether it is better to increase the abundance of
the single most effective natural enemy or to augment natu-
ral enemy diversity in general [13]. However, current ideas
about the relationship between diversity and productivity
often focus on plant assemblages, where net primary pro-
duction is the obvious measure of productivity using rela-
tively pristine systems or experimental mesocosms that ap-
proximate natural systems [14—16]. Less attention has been
directed to understand relationships between productivity at
one trophic level and diversity at the next higher trophic
level. Little attention has also been paid to how richness and
productivity are related in agroecosystems, which are far
from pristine due to a variety of anthropogenic influences
[17,18]. Moreover, the importance of diversity within high-
er trophic levels for prey suppression and trophic cascades
has been explored only recently and evidence is emerging
that changes in natural enemy diversity can, in fact, influ-
ence the functioning of ecosystems [19,20], although com-
plementarity and selection effects occur in both animals and
plants, few studies have conclusively documented the
mechanisms mediating diversity effects [2]. To our
knowledge, few studies have examined more complicated
ecosystems with several trophic levels, like those that occur
in crop-insect pest-natural enemy assemblages [18,21].
Cotton is an important crop around the world. Over the
past half-century, many agricultural practices that influence
diversity and species richness of an insect assemblage have
been studied. Maximizing the impact of natural enemies
already present in the cotton agroecosystem could reduce
the need for chemical inputs to manage pests [22]. Inter-
cropping and other multiple cropping practices are becom-
ing common in the Southeastern United States, mostly as
double cropping of winter wheat and summer soybean [23].
In the Midwestern United States, the combination of soy-
bean and corn in strip intercropping has been used as an
economic alternative for monocultures. Additionally, de-
layed uniform planting, where most cotton is planted after
mid-May to delay the appearance of cotton squares until
early July, has become an important and widely accepted
management strategy in Texas, United States [24,25]. In
Northern China, intercropped cotton agroecosystems and
mono cotton agroecosystems are very common. The effects
of intercropping with wheat or of different planting dates on
the physiology and yield of cotton have been extensively
studied [26,27]. However, the relationship between crop
diversity and productivity and key insect pests and natural
enemies in different cotton agroecosystems remains unclear.
In this study, we examined the correlation between
productivity and diversity among the three trophic levels
associated with planting date and intercropping in four types
of cotton agroecosystems using ecological energetics. In
particular, we focus on two questions: (i) Is there a correla-
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tion between productivity and diversity among the three
trophic levels in cotton agroecosystems? (ii) Do intercrop
and planting date affect the productivity of cotton, insect
pests and natural enemies under the condition of no chemi-
cal control in Northern China?

1 Materials and methods
1.1 Study area

This study was conducted in Raoyang County, Hebei Prov-
ince of Northern China (25°N, 112°E). The region has a
seasonal cumulative temperature of about 3500°C above
15°C and receives 500—600 mm of rainfall annually. The
soil type is a very fine sandy loam (20%—-22% clay). Soil
organic matter and total N, P, and K are about 0.845%,
10.5%, 10.8%, and 17.7%, respectively.

The experimental design was arranged as randomised
complete blocks with three replications (plots) for each
treatment. Each plot was about 400 m, consisted of 10 rows
of cotton, variety Shimian No.11, row spacing was 1 m and
row length was 40 m. The area of these four cotton agroe-
cosystems for this experiment was about 4800 m”. The four
cotton agroecosystems for this experiment were as follows:
mono cotton seeded on April 27, mono cotton seeded on
May 15, wheat-cotton intercrop seeded on April 27, and
wheat-cotton intercrop on May 15. The cotton was seeded
in 2012 and the wheat was seeded on 1 October 2011 in the
middle three rows within the 10-row cotton plots. Wheat
and cotton were harvested on June 10 and October 5 in
2012, respectively. Irrigation was applied as needed in the
soil. The agronomic manipulations were the same in each plot.
No pesticides were applied to any plots during these experi-
ments. Three rows of cotton with the same variety used in the
current study were planted in each plot as protect zone.

1.2 Arthropod sampling

Five 1-m” sampling sites, each consisting of six cotton
plants, were selected randomly in each plot. Numbers of
sedentary arthropods (except cotton aphids) were counted
visually on the plants at each site every five days from 5
June to 15 September 2012 (n=21). Flying arthropods were
sampled with five sweeps using a 38-cm diameter
sweep-net near each sampling site in each plot. Arthropods
collected by sweep-net were taken to the laboratory for spe-
cies identification. The total number of arthropods from
sweep nets was also counted. Five plants were randomly
selected in each plot for sampling of aphids. The number of
aphids was counted on three leaves taken from three differ-
ent positions within the plant canopy as described by Hard-
ee et al. [28]. Position 1 was the fourth fully expanded leaf
below the terminal, position 2 was the first main stem green
leaf about one-third the distance of plant height below the
terminal, and position 3 was the first main stem green leaf
above the first fruiting branch at the base of the plant. The
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arthropod complex was separated into species and classified
as phytophages, predators, and parasitoids in each plot on
each sampling date.

1.3 Individual biomass, caloric value and respiratory
rate

The phytophages and natural enemies collected from the
cotton plots were killed with ethyl acetate and dried for 48 h
at 60°C. An automatic electrobalance (R200D, Sartorius
GmbH, Germany) was used to obtain dry weight as biomass
(mg/individual) for each sample. The caloric value (J mg_l)
of each sample was determined with a Bomb calorimeter
(PARR 1281, Parr Instrument Company, USA) from com-
bustion of the sample. The energy content of all samples
from each trophic classification was recorded separately for
each of the three replications. Measurements of O, con-
sumption rate of the phytophages and natural enemies were
made in a Gilson single valve differential respirometer
(1GRP-14, Gilson Medical Electronics, France) with a wa-
ter bath controlled at 25+0.2°C [18]. Ten percent KOH was
used as a CO, absorbent in the centercentre well of the
flasks. Readings were taken every 5 min for 15 min, and the
mean value was used in calculations.

1.4 Arthropod assemblage productivity and respira-
tion capacity

Based on the net ecological efficiency (a) [29], individual
biomass, caloric value, and respiratory rate, the index of
arthropod assemblage biomass, respiration capacity (R), and
assemblage productivity (P) were estimated by combining
the numbers and development stages of each species within
each of the four cotton production systems for each sam-
pling date. The coefficient b=2.58 was used to correct la-
boratory values for field conditions [30] to minimize error
in estimated field assemblage respiration. Temperature data
were taken from a weather station located 1.8 km distance
from our experimental field.

1.5 Primary productivity in fields

Five 1-m? of samples of cotton or wheat and associated lit-
ter were collected randomly from each plot every five days
in 2004 (n=21) to estimate primary production. Materials
were dried for 48 h at 60°C, and weight and caloric values
were determined as described previously for arthropods.
The plant respiration loss was determined according to
Thormley [31], and the method of Gao et al. [18] was used
to calculate the gross productivity (Py) of the primary pro-
ducer (cotton or wheat plant) per unit area (J m).

1.6 Assemblage diversity index

The Shannon-Weaver diversity index (HN) [32] and diver-
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sity index for energy flow (HE), which was deduced from
the Shannon-Weaver diversity index [18], were used for
analysing assemblage diversity.

1.7 Data analysis

All the data were analysed using SPSS for Windows, Ver-
sion 12.0 (SPSS, USA). We analyzed productivity and as-
similation of three assemblages using ANOVA method
along with one-tailed Fisher’s least significant difference
(LSD) test at P<0.05. Twenty-one pairs of data were used to
determine Pearson correlations between species richness (),
total individual numbers (N), diversity indices (HN), energy
flow (HE), and productivity (P) for each assemblage every
five days from 5 June to 15 September 2012. Correlations
were considered significant at P<0.05 and at P<0.01.

2 Results

2.1 Productivity and assimilation of the phytophage
and natural enemy assemblages in cotton agroecosys-
tems

2.1.1 Phytophage assemblage

Phytophage productivity varied from 106 to 439 kJ m™~ a™'
(Figure 1A), and assimilation varied from 221 to 1044 kJ
m~ a”' (Figure 2A) in the four cotton agroecosystems, re-
spectively. Significantly higher productivity and assimila-
tion of phytophages were found in late-planted (May 15)
monoculture cotton compared to the other three agroeco-
systems.

2.1.2  Predator assemblage

Productivity and assimilation of predators in the four cotton
agroecosystems ranged from 41 to 51 kJ m™~ a™' (Figure 1B)
and from 59 to 78 kJ m ™ a™' (Figure 2B), respectively. No
significant differences in productivity or assimilation of
predators were found among the four agroecosystems.

2.1.3 Parasitoid assemblage

Parasitoid productivity ranged from 6 to 8 k] m™ a™' (Fig-
ure 1C) and assimilation from9to 12kJ m~a™" (Figure 2C)
in the four cotton agroecosystems, and these values were
much lower than those observed from phytophages and
predators. The lowest parasitoid productivity and assimila-
tion occurred in monoculture late-planted cotton (May 15).

2.2 Correlation between diversity and productivity in
phytophage, predator, and parasitoid assemblages in
cotton agroecosystems

2.2.1 Phytophage assemblage
The productivity of phytophages correlated significantly
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Figure 1 The productivity (Mean+SE) of the phytophage and natural
enemy assemblages in four types of cotton agroecosystems (kJ m™> a™').
The different letters above the four bars in each of the three panels indicate
significant differences between the four mean values at P<0.05 level by
LSD test. 4-27, plants seeded on April 27; 5-15, plants seeded on May 15.

with species richness (P<0.01) in all cotton systems ex-
ceptmonoculture cotton seeded on April 27 (Table 1).
Moreover, phytophage productivity correlated with total
numbers (P<0.01) in all cotton production systems. How-
ever, phytophage productivity did not correlate significantly
with diversity indices or diversity indices of energy flow,
except in the cotton-wheat intercrop seeded on May 15, in
which diversity indices correlated strongly with productivity
(P=0.0231). Interestingly, diversity indices of energy flow
for phytophages displayed negative correlations with
productivity in three agroecosystems, although these corre-
lations were not significant.

2.2.2 Predator assemblage

Species richness and total individual number of predators
significantly correlated (P=0.0108) with productivity in all
cotton agroecosystems except cotton plots planted on April
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Figure 2 The assimilation (Mean+SE) of the phytophage and natural
enemy assemblages in four types of cotton agroecosystems (kJ m™? a”!
The different letters above the four bars in each of the three panels indicate
significant differences between the four mean values at P<0.05 level by
LSD test. 4-27, plants seeded on April 27; 5-15, plants seeded on May 15.

27. No correlation was found between the number diversity
indices or diversity indices of energy flow for the predator
assemblage with productivity in the four cotton agroecosys-
tems (Table 1).

2.2.3 Parasitoid assemblage

Parasitoid productivity showed a notable positive correla-
tion with total individual number of parasitoids in all cotton
production systems. Also, a significant correlation was
found between species richness and productivity in the
mono cultural cotton agroecosystems but not in the inter-
cropped agroecosystems. The correlation between the di-
versity indices for energy flow and productivity was signif-
icant in all plots except for cotton-wheat intercrop planted
on May 15. Significant correlations were also found be-
tween the number diversity indices and productivity in the
plots seeded on April 27 (Table 1).
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Table 1 Correlations between the diversity index and productivity of the phytophage, predator, and parasitoid assemblage in four types of cotton agroeco-

systems (df=20)
Assemblage Seed time Types of agroecosystem P-S P-N P-HE P-HN
April 27 Cotton 0.169 0.829™ 0.263 0.168
April 27 Cotton-wheat intercrop 0.636" 0.796" -0.194 0.052
Phytophage - I
May 15 Cotton 0.554 0.694 -0.232 -0.104
May 15 Cotton-wheat intercrop 0.573" 0.776" -0.077 0.497*
April 27 Cotton 0.050 0.333 0.238 0.009
Predat April 27 Cotton-wheat intercrop 0.743" 0.919" -0.212 -0.293
reaator # ok
May 15 Cotton 0.517 0.859 0.113 0.062
May 15 Cotton-wheat intercrop 0.676" 0.557" 0.151 -0.085
April 27 Cotton 0.524" 0.782" 0.778" 0.772"
. April 27 Cotton-wheat intercrop 0.381 0.992. 0.857° 0.838"
Parasitoid . o .
May 15 Cotton 0.506 0.944 0.529 0.130
May 15 Cotton-wheat intercrop 0.152 0.894™ 0.213 0.120

a) P, the productivity; S, species; N, total individual numbers; HE, diversity indices for assemblage energy flow; HN, diversity indices for assemblage
numbers. * and ** indicate significant correlation at P<0.05 and P<0.01, respectively.

2.3 Correlation between the assemblage structure in-
dex and lower assemblage productivity in the four cot-
ton agroecosystems

2.3.1 Structure index of phytophage assemblage and crop
primary productivity

There was a significant correlation (P<0.01) between spe-
cies richness of arthropod pests and primary productivity in
the cotton-wheat intercropped on April 27 (Table 2). Con-
versely, the correlation between the total number of arthro-
pod pests and primary productivity was not significant in
the cotton-wheat plots planted on April 27. Phytophage
productivity correlated significantly with the primary as-
semblage in both inter-cropped cotton fields. No significant
correlation existed between number or energy flow diversity
indices for phytophages and productivity of the primary
assemblage except energy flow diversity indices for phy-
tophages in the cotton-wheat plots planted on May 15.
Moreover, the diversity indices of energy flow diversity
indices for phytophages exhibited a negative correlation
with productivity of the primary assemblage in all agroeco-
systems.

2.3.2  Structure index of predator assemblage and produc-
tivity of the phytophage assemblage

The species richness of predators depended on the produc-
tivity of the phytophage assemblage (Table 2). Significant
correlations between species richness of the predator as-
semblage and phytophage productivity were found in all
cotton agroecosystems except for cotton plots planted on
April 27. There was a significant correlation (P=0.0164)
between the total individual number of predator assemblage
and productivity of the phytophage assemblage in the inter-
cropped cotton-wheat planted on April 27. There were no
significant correlations between the productivity of preda-
tors and phytophages. Diversity indices of energy flow and
number diversity indices of the predator assemblage were

negatively correlated with the productivity of phytophage
assemblage (but not significantly) in most cotton agroeco-
systems (Table 2).

2.3.3  Structure index of parasitoid assemblage and
productivity of the phytophage assemblage

Correlation between the species richness of the parasitoid
assemblage and phytophage productivity was significant
(P=0.0277) only in cotton plots planted on April 27. The
total individual numbers of parasitoids and the phytophage
assemblage productivity showed significant correlations in
the cotton plots, except for those planted on April 27. The
productivity of the parasitoid assemblage depended signifi-
cantly on phytophage productivity. However, the diversity
indices of energy flow and number diversity indices for
parasitoids were not significantly correlated with productiv-
ity of phytophage assemblage in most cotton agroecosys-
tems (Table 2).

3 Discussion

The existing literature contains conflicting evidence on the
relationship between species diversity and productivity, and
field experiments indicate both negative and positive corre-
lations between productivity and species diversity [1,33].
Moreover, much of the evidence for the relationship biodi-
versity and productivity originates from plant-based studies
at a single trophic level [1]. Here we assessed the correla-
tion between productivity and diversity of phytophage and
natural enemy assemblages associated with planting date
and intercropping in four types of cotton agroecosystems.
Our studies from four cotton agroecosystems showed that
diversity indices of arthropod pest and natural enemy as-
semblages had no significant correlation with lower trophic
assemblage productivity. In other words, arthropod diversity
does not depend on host productivity in agroecosystems.
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Table 2 Correlations between the productivity of primary crop or phytophage assemblage and structure index of higher trophic level assemblage in four

types of cotton agroecosystems (df=20)"

Correlation mode Seed time  Types of agroecosystem P-S P-N P-P P-HE P-HN

April 27 Cotton 0.359 0.597" 0.309  -0.060  0.056

. . April 27 Cotton-wheat intercrop 0.716" 0353 0.693"  -0.191 —0.049

Primary crop productivity-phytophage assemblages X

May 15 Cotton -0.314 0.548 0.091  —0.005  0.131
May 15 Cotton-wheat intercrop 0.336 0.536" 0.650" —0.120 0.641"
April 27 Cotton 0.244 0.271 -0.080 0321 0452

Phytophage productivity-predator assemblages April 27 Cotton-wheat intercrop 0.594:* 0.442" 0271  -0258 -0.284
May 15 Cotton 0.450 0.380 0.141  -0232 -0.308

May 15 Cotton-wheat intercrop 0.494" 0.351 0.088 -0.249  -0.082

April 27 Cotton 0.500" 0.304 0.526 0.429  0.301

Phytophage productivity-parasitoid assemblages April 27 Cotton-wheat intercrop 0.130 0.464; 0.512; 0332 0319
May 15 Cotton 0.427 0.795 0.816" 0.442%  0.245

May 15 Cotton-wheat intercrop 0.423 0.460" 0.609”  0.007  0.189

a) P, the productivity; S, species; N, total individual numbers; HE, diversity indices for assemblage energy flow; HN, diversity indices for assemblage
numbers. * and ** indicate significant correlation at P<0.05 and P<0.01, respectively.

The diversity index of Shannon-Weaver [32] has been
extensively used as a measure of assemblage diversity. All
proposed functional diversity measures have assumed that
individuals in a given assemblage are equally important,
even if they make disproportionate contributions to assem-
blage function [34]. However, several studies have reported
on how variation among individuals of the same species is
important for assemblage function [35,36]. Up to this point,
none of the methods proposed for estimating functional di-
versity [37] give a clear approach to incorporating infor-
mation about individuals [34]. Our previous research de-
duced the diversity index of energy flow based on the
Shannon-Wiener index by ecological energetics, as a meas-
ure of the functional diversity index, which includes
measures that incorporate information about the abundance,
age structure, life history, and mortality of each species in a
assemblage [18]. In the current paper, we further found the
diversity indices, including indices of energy flow diversity
and numerical diversity, do not relate with their productivity
or lower trophic assemblage productivity in most cotton
fields for either the phytophage or the natural enemy as-
semblages.

The effects of arthropods on primary production may al-
so be influenced by plant species diversity. This topic has
been of interest to agro-ecologists who seek to understand
why pest outbreaks are more frequent in monocultures than
in polycultures [38]. Multiple-cropping practices influence
resource concentration, and therefore, may affect density
and productivity of pests and other organisms [39]. Experi-
mental tests have been conducted mainly in agricultural
ecosystems by comparing the number of herbivores and
natural enemies in monocultures and polycultures from just
the perspective of abundance [22,40]. However, reviews of
the intercropping literature indicate that, relative to mono-
cultures, herbivores in intercropping systems were less
abundant in more than 50% of the studies, more abundant in
15 to 18%, and variable in about 20% [38,41]. About 9% of

the studies showed no difference in density between crop-
ping systems [42]. In our study, lower productivity and as-
similation of phytophages occurred in the inter-planted cot-
ton fields compared to cotton monocultures. Productivity
and assimilation of the natural enemy assemblages exhibit-
ed a complex pattern, but the results suggest that in-
ter-cropped cotton fields had a stronger ability to support
the natural enemy assemblage and reduce phytophages.

Studies conducted in Georgia [43] and Louisiana [44]
demonstrated that maturity group and planting date can in-
fluence the seasonal abundance of arthropod pests of soy-
bean, as well as of beneficial arthropods (arthropods and
spiders). Additionally, the success of a trap crop strategy to
manage certain arthropod pests depends on soybean ma-
turity group, and planting date associated with early soy-
bean production was the most important factors influencing
arthropod densities [45]. Agi et al. [46] considered that ear-
ly planting may be an effective management strategy for
Bollgard cotton in North Carolina. However, Slosser et al.
[25] believed that cotton bollworm larvae were not influ-
enced significantly by planting date in irrigated and dryland
cotton in the Texas Rolling Plains. In these studies, planting
date significantly influenced productivity and assimilation
of the phytophage assemblage in the mono cultured cotton
plots, but no significant effects were found in the in-
ter-cropped cotton plots. Furthermore, even higher trends
were found in inter-cropped plots planted on May 15 than
those planted on April 27. For both predator and parasitoid
assemblages, planting date did not show any significant
differences in the four cotton plots. These results suggest
that late-planted mono cotton agroecosystems increased
productivity of the phytophages and transformed the food
into energy to support phytophage development better than
early-planted mono cotton agroecosystems.

In conclusion, our results clearly showed that there was
no correlation between productivity and diversity indices
(including indices of energy flow diversity and number di-
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versity) in most cotton plots for phytophages and their
predator assemblage. In the cotton-wheat agroecosystem,
the higher species richness (e.g., intercropped cotton fields)
can increase the assemblage utilization of light energy and,
in turn, increase productivity for primary producers, which
were more able to increase the productivity of the natural
enemy assemblage and to control phytophages. On the other
hand, planting date significantly influenced productivity and
assimilation of the phytophage assemblage in the mono
cultured cotton plots, but not for predator and parasitoid
assemblages in the inter-cropped cotton plots. Consequently,
we believe that inter-cropped agricultural manipulation ap-
pears optimal for natural enemies to control arthropod pests
in northern China.

We are grateful to Dr. MK Harris and JE Slosser from Texas A&M Uni-
versity for their constructive comments on earlier versions of the manu-
script. This work was supported by the National Natural Science Founda-
tion of China (31101491, 31030012) and National Key Technology R&D
Program (2012BAD19B05).
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