
Abstract 

To study the relationships between leaf nitrogen and the reproduc-
tive potential of diamondback moth, all reproductive parameters of this
pest raised on two canola cultivars were evaluated. A standardized
regression coefficient (β) was used as an index for nitrogen-reproduc-
tion relationship strength. The only difference between net fecundity
rate and net fertility rate is hx’s effect, but the difference in their stan-
dardized regression coefficients was not significant [β=+0.934
(R2=0.87, F1,4=27.34, P=0.006) and β=+0.922 (R2=0.85, F1,4=22.825,
P=0.009)]. Accordingly, gross fecundity rate and gross fertility rate dif-
fer only in hx’s effect, but the difference in standardized regression
coefficients again was not significant [β=0.895 (R2=0.8, F1,4=16.159,
P=0.016)-0.890 (R2=0.79, F1,4=15.266, P=0.017)=0.005]. As gross
fecundity rate differs from net fecundity rate only in midpoint survivor-
ship (Lx)’s effect, it is understood that survivorship could affect the

plant nitrogen–fecundity relation considerably (standardized coeffi-
cients difference=0.044) and could be a critical parameter in insect-
plant interactions. But, the terms of reproductive parameters, i.e. Lx
and hx, showed the same effect on the strength of nitrogen-fecundity
regression statistically, even though Lx has been selected frequently by
many researchers as an important fitness correlate. Measuring the
hatch rate could be recommended in trophic interactions studies due
to its being easier to apply, more robust, and quicker to accomplish
than measurement of survivorship; however, it is important as an indi-
cator in combination with brood size for determining the initial popu-
lation size of an insect herbivore.

Introduction

Fitness of non-feeding adult herbivorous insects, especially their
reproductive potential, is frequently affected by plant chemical or physi-
cal quality (Awmack & Leather, 2002; Moreau et al., 2006; Ode, 2006). The
effects of plant quality on insect performance correlates such as repro-
duction have frequently been noted by insect researchers (Joern &
Behmer, 1998). Host plant quality affects many life history characteristics
of herbivorous visitors through effects on their growth rate, resistance to
diseases, reproduction (Price et al., 1980) and population fluctuations
due to reproductive variation, survival, and development of the herbivore
(Walde, 1995). Harcourt (1963) suggested that nitrogen was important in
diamondback moth population dynamics in the 1960s, and White (1993)
has been a strong advocate for years. Primary plant metabolites, includ-
ing nitrogen, which has been shown to strongly affect the feeding and
growth of insect herbivores (Smith & Northcott, 1951; Mattson, 1980;
White, 1984; Agrawal, 2004; Soufbaf et al., 2012), have been paid less
attention compared with studies on secondary plant metabolites’ effects
on insect performance (Harvey, 2005; Ode, 2006).

There is a voluminous literature on the effect of plant cultivar or
species on herbivore reproduction (Begum et al., 1996; Awmack &
Leather, 2002; Sarfraz et al., 2007, 2009); but the potential relation-
ships between reproduction and plant primary chemistry have not
been well studied. Moreover, studies that examine the effect of plant
quality on insect performance mainly use synthetic nitrogenous fertil-
izers, which could inevitably raise plant biomass as plant quality is
improved; therefore, the effects of natural plant quality have not been
studied per se. Fecundity is the number of eggs laid by an individual
insect, while fertility is the number of viable offspring produced
(Awmack & Leather, 2002). Accordingly, the number of eggs hatched
refers to the difference between fecundity and fertility in such insects.
One of the reproductive strategies taken by a female insect encounter-
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ing a low-quality host plant is to lay a large number of low-quality eggs
(Rossiter et al., 1993). Certainly, a proportion of these eggs have a very
low chance of becoming viable offspring under natural conditions. The
ratio of eggs surviving to total eggs laid refers to egg hatchability,
which is interestingly ignored by many researchers in the area of host
plant quality-insect herbivore reproduction studies. Even so, Awmack &
Leather (2002) in their review on such studies, which categorized
them according to the measured insect fitness correlates, did not
define the share of fertility or egg mortality against the 7% share of
fecundity achieved. Obviously, egg hatch rate might bear considerably
on the reproductive success of an insect herbivore. However, in similar
studies on parasitoids, for instance, Harvey (2005) demonstrated that
in comparing the allocation of limited host resources to different fit-
ness functions, less attention has been paid to developmental time and
survival that may vary with host quality, in comparison with body size,
which has been considered as the most prominent fitness measure in
predictive models.

Here, the strength and importance of the relationship between the
primary plant metabolite, nitrogen, and reproductive potential of the
diamondback moth were examined. To this end, two out of ten possible
Brassica napus (canola) cultivars, SLM046 and RGS003, were selected to
represent high- and low-quality host plants. These have previously
been shown to differ in nitrogen contents, and to significantly affect
the biology and life table parameters of diamondback moth, Plutella
xylostella L. (Lepidoptera: Plutellidae) (Soufbaf et al., 2010a, 2010b,
2012), which is the most important pest of cruciferous crops to have
developed resistance to all classes of insecticides (Sarfraz et al., 2007).
This insect was studied after four generations were allowed to feed on
the respective plant cultivars, by which time it was hypothesized that
the different host plant qualities would have been manifested in subse-
quent diamondback moth generations. As excised leaves were used as
hosts in this trial, diamondback moth was supplied only with fixed-
quality plant material, which could inevitably just show different nutri-
tional quality of plants (i.e., the potential effects of volatiles from live
plants were removed; therefore, the herbivores were not allowed to
express a preference in selecting host plants as an oviposition sub-
strate in this study). Nitrogen and water have been recognized by many
researchers as the most important nutritional elements (Coley et al.,
2006); therefore, the quality in question was determined by analyzing
nitrogen as one of the most important plant nutrients, and then rela-
tionships were explored between this plant quality index and the repro-
ductive potential of diamondback moth by using regression analysis.

One of the enduring challenges in insect fitness studies is in select-
ing the proper insect fitness correlates that show the greatest rele-
vance to insect success in response to descriptive variables such as
plant quality. Therefore, in a cause-and-effect context, the relative
importance of two fitness correlates, including Lx and hx, was explored,
considering that their relevance to reproductive parameters has been
demonstrated mathematically by earlier researchers (Carey, 1993). In
this study, we attempt to show that egg hatch rate is not less relevant
than insect survival in host plant quality-insect herbivore reproduction
interactions, despite the fact that it is not cited in any of the 170 stud-
ies in the literature survey by Awmack & Leather (2002), compared
with 26 records of these 170 studies that focus on insect survival.

Materials and methods

Diamondback moth larvae and pupae were collected from cabbage
grown in the horticultural fields of the University of Tehran. Sub-
colonies of the herbivore were established on two plant cultivars sep-
arately and were maintained under constant environmental condi-
tions at 25±2°C, 60±5% relative humidity, and 16:8 h L/D for more

than four generations. To assess the effect of different plant cultivars
on the reproductive potential of diamondback moth, 20 newly
emerged females from each plant cultivar were placed individually in
ventilated plastic containers (15×20 cm) and paired with males from
the same plant cultivar. A leaf from each respective plant cultivar was
placed in each container, and was replaced daily. The number of eggs
laid was recorded daily until death of the last female. To prevent the
leaf from wilting, the petiole was wrapped with cotton wool soaked in
water. Following the methods of Carey (1993), the reproductive
potential parameters were calculated. Leaf tissue from each plant was
analyzed for nitrogen (N) content. Leaves of each plant cultivar were
dried at 55˚C for 12 h and the nitrogen content of the dried leaves was
measured using the Kjeldahl method (Karla, 1998). Dried leaf sam-
ples of each plant cultivar were obtained from ten different plants, to
account for variability in nitrogen quality and quantity among individ-
ual plants (Mattson, 1980), and three replicates were run for each
plant cultivar.

Statistical analysis

All data obtained from measurements on the two plant cultivars were
subjected to the Kolmogorov-Smirnov test for normality before analysis.
A multivariate general linear model was used to demonstrate the
effects of plant cultivar on the reproductive potential parameters of the
herbivore. Relationships between leaf tissue nitrogen content and
reproduction parameters of the herbivore were assessed using linear
regression analysis. To determine the strength of the relationship
between these two quantities, the product moment correlation coeffi-
cients (e.g. Pearson’s coefficient) would be suitable tools to employ;
however, the necessary condition for use of such correlations is that
linear regression between two variables must be significant. The linear
regression strength using a standardized coefficient (β) was applied as
an index for assessing the strength of plant nitrogen and moth repro-
duction trade-off. As all reproductive parameters are inter-related, their
formulae are different by just one or two terms (Table 1). It was hypoth-
esized that quantified differences among the parameters in their rela-
tionship with plant nitrogen could be related to the terms in question.
For instance, gross fecundity rate and gross fertility rate are different
in the term hx, and net fecundity rate and gross fecundity rate vary in
Lx. These different terms can be protagonists in creating the differ-
ences among the closely related parameters. Therefore, differences
between standardized regression coefficients (β) were assumed to be
related to the terms in question. All statistical analyses were performed
using SPSS 16 (SPSS ver. 2008, IBM Corp., Chicago, IL1 USA).
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Table 1. Reproductive parameters and their formulae measured in
this study after Carey (1993).

Reproductive parameters Formula

GRR

Gross fecundity rate

Gross fertility rate

Net fecundity rate

Net fertility rate
GRR, gross reproductive rate. α is the day on which the oviposition period begins, and β is the last day of
oviposition period; mx is average number of female eggs laid by each female during ¥ to ¥+1 age interval;
Mx represents the mean number of total eggs laid by each female during ¥ to ¥+1 age interval; hx repre-
sents the hatch rate; Lx represents the mid-point survivorship of diamondback moths from age ¥ to ¥+1.
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Results

The canola cultivar SLM046 showed a significantly higher value of leaf
nitrogen content than the other host plant, RGS003 (5.1 and 1.6% for
SLM046 and RGS003, respectively) (T=�40.86, df=2, P=0.001).

All reproductive parameters, including gross reproductive rate
(GRR), gross fecundity rate, gross fertility rate, net fecundity rate, and
net fertility rate, differed between the two plant cultivars (Table 2). For
individuals reared on RGS003, parameters were lower than those on
SLM046 (Table 2). There were strong relationships between nitrogen as
the primary metabolite and all reproductive parameters of the herbi-
vore (Table 3, Figure 1). The plant nitrogen and the net fecundity rate
of diamondback moth showed the strongest correlation measured in
the current study (β=+0.934), while plant nitrogen and the gross
fecundity rate of diamondback moth showed a lower relationship
(β=+0.890) (Table 3, Figure 1).

The difference in standardized regression coefficients of net fecun-
dity rate and net fertility rate was 0.012, and the 95% confidence inter-
val (CI) for their unstandardized β overlapped (Table 3, Figure 1). The
difference in standardized regression coefficients of gross fecundity
rate and gross fertility rate was 0.005 (Table 3, Figure 1). The standard-
ized regression coefficients difference between gross fecundity rate
and net fecundity rate was 0.044.

Discussion and conclusions

Insect herbivores feeding on host plants of lower quality in compo-
nents such as nitrogen characteristically show lower fecundity
(Mattson, 1980; Awmack & Leather, 2002; Chen et al., 2004).
Diamondback moths laid more eggs on SLM046 than RGS003 under the
same environmental conditions. SLM046 was the most suitable host
plant for diamondback moth among ten tested canola cultivars (Soufbaf
et al., 2010a, 2010b). This could be related to the high level of natural
nitrogen available in the plant cultivar SLM046, so diamondback moth
produced more eggs on this plant cultivar, which satisfied its nitrogen
needs in a shorter period (Soufbaf et al., 2012). Similarly, diamondback
moth was more abundant in high-nitrogen treatments than in low-
nitrogen treatments in a field study (Fox et al., 1990); however, in that
study nitrogenous fertilizer was used to study plant quality.

All reproductive parameters, including GRR, gross fecundity rate,
gross fertility rate, net fecundity rate, and net fertility rate, differed sig-
nificantly between the two plant cultivars in this study. These parame-
ters for individual moths reared on RGS003 were lower compared with
those on SLM046. There were strong relationships between nitrogen as
the primary metabolite and all reproductive parameters of the herbi-
vore. Plant nitrogen and net fecundity rate of diamondback moth
showed the strongest correlation (β=+0.934), while plant nitrogen and
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Table 2. Analysis from the reproductive potential parameters of Plutella xylostella (Lepidoptera: Plutellidae) on two canola cultivars. A
multivariate general linear model approach was used to assay changes in all parameters between cultivars.

Canola cultivar SLM046 RGS003 Type III sum of squares df F
Reproductive parameters

GRR 227.0±10.9 120.05±7.98 9962.568 1, 4 27.12**

Gross fertility rate 403.8±19.4 243.9±14.3 21,252.235 1, 4 17.12*

Net fertility rate 310.4±12.1 178.4±10.7 22,429.991 1, 4 24.81**

Gross fecundity rate 430.0±20.6 264.9±15.5 23,006.103 1, 4 16.16*

Net fecundity rate 330.6±12.9 176.28±9.88 31,042.355 1, 4 31.17**

Egg hatchability 93.75% 92.06% - - -
df, degree of freedom; GRR, gross reproductive rate.
Data represented in first two columns are mean±SE of measured parameters on respective canola cultivar. *, **, *** represent significant levels at P<0.05, P<0.01, and P<0.001, respectively.

Table 3. Statistics of linear regression relationships between plant nitrogen and the reproductive parameters of Plutella xylostella L.
(Lepidoptera: Plutellidae).

Model ANOVA
Regressions β 95% CI for unstandardized β R2 SS df (model, F P-value
between nitrogen residual)
and reproductive Lower limit Upper limit
parameters

Net fecundity rate +0.934 133.562 434.849 0.87 30,569.375 1, 4 27.437 0.006
Net fertility rate +0.922 110.360 382.619 0.85 22,162.323 1, 4 22.825 0.009
Gross fecundity rate +0.890 70.943 419.324 0.79 22,741.974 1, 4 15.266 0.017
Gross fertility rate +0.895 72.889 398.392 0.80 21,014.625 1, 4 16.159 0.016
GRR +0.929 72.386 250.632 0.86 9872.259 1, 4 25.316 0.007
ANOVA, analysis of variance; CI, confidence interval; df, degree of freedom; GRR, gross reproductive rate.
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gross fecundity rate showed the weakest relationship (β=+0.890).
Net fecundity rate represents the product of the mean number of

total eggs laid by each female during the x to x+1 age interval, and mid-
point survivorship, without considering egg hatch rate. Egg survival,
which is manifested in hatch rate (hx), seems not to be a critical term
in nitrogen-fecundity relationship strength, as the only difference
between net fecundity rate and net fertility rate is hx, but the difference
in their standardized regression coefficients is not significant (+0.934
and +0.922), and the 95% CI for their unstandardized β show overlap.
Accordingly, gross fecundity rate and gross fertility rate formulae differ
only in hx (Table 1), but the difference in standardized regression coef-
ficients is again not significant (0.895–0.890=0.0-5). As gross fecundi-
ty rate formulae only differ from net fecundity rate formulae in the mid-
point survivorship term (Lx), the first result is that the noted survivor-
ship could affect the plant nitrogen-fecundity relationship considerably
(standardized regression coefficients difference: 0.934–0.890=0.044)
and might be a critical parameter among insect fitness parameters in
insect-plant interactions studies, as emphasized by many researchers
(Harvey, 2005; Gols et al., 2008). But 95% CI for unstandardized β
(slope of regression line) for regressions among each reproductive
parameter and nitrogen revealed that discriminate terms, i.e. Lx and hx,
have the same effect on the strength of the nitrogen-fecundity regres-
sion statistically, although the effect of Lx was nearly 8.8 times that of
the hx effect.

In several herbivorous insects, measurements of body size and allo-
metric quantities (e.g., total body weight/length of costal vein) have
been shown to be robustly correlated with fecundity (Klingenberg &
Spence, 1997; Awmack & Leather, 2002). Under similar nutritional
requirements of both juvenile and adult, fecundity could be predicted by
developmental rates, as reproductive rates could be supported by plants

as are growth rates (Awmack & Leather, 2002). However, as fecundity
is not always a predictor of viable offspring, measures of egg hatch rate
might be a more reliable indicator of the effects of host plant quality on
herbivore fecundity than survival rates in both the juvenile and adult.
This study first demonstrated that there was a strong positive relation-
ship between nitrogen and the reproductive potential of diamondback
moth. This could in turn emphasize the nutritional importance of nitro-
gen in the reproduction of the herbivore and thus in its population
growth ability. Moreover, nitrogen contents in canola leaf tissues
appeared to be strong positive predictors for reproductive potential of
diamondback moth. Second, egg-adult survivorship and egg hatch rate
showed the same relevance in plant chemistry-insect herbivore inter-
actions. Therefore, measurement of egg hatch rate could be recom-
mended in trophic interaction studies due to its being easier to apply,
more robust, and quicker to accomplish than measurement of total sur-
vivorship.
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