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Natural enemy impacts on Bemisia tabaci (MEAM1)
dominate plant quality effects in the cotton system
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Abstract. 1. Plant quality (bottom-up effects) and natural enemies (top-down effects)
affect herbivore performance. Furthermore, plant quality can also influence the impact
of natural enemies.

2. Lower plant quality through reduced irrigation increased the abundance of the
cryptic species from the Bemisia tabaci complex [hereafter B. tabaci Middle East Asia
Minor 1 (MEAM1)], but not its natural enemies on cotton. It was therefore predicted
that lower plant quality would diminish the impact of natural enemies in regulating this
herbivore.

3. Over three cotton seasons, plant quality was manipulated via differential irrigation
and natural enemy abundance with insecticides. Life tables were used to evaluate
the impact of these factors on mortality of immature B. tabaci (MEAM1) over nine
generations.

4. Mortality of B. tabaci (MEAM1) was consistently affected by natural enemies but
not by plant quality. This pattern was driven by high levels of sucking predation, which
was the primary (key) factor associated with changes in immature mortality across all
irrigation and natural enemy treatments. Dislodgement (chewing predation and weather)
and parasitism contributed as key factors in some cases. Analyses also showed that
elimination of sucking predation and dislodgement would have the greatest effect on
overall mortality.

5. The top-down effects of natural enemies had dominant effects on populations
of B. tabaci (MEAM1) relative to the bottom-up effects of plant quality. Effects
were primarily due to native generalist arthropod predators and not more host-specific
aphelinid parasitoids. The findings of this study demonstrate the important role
of arthropod predators in population suppression and validate the importance of
conservation biological control in this system for effective pest control.

Key words. Arthropod predators, biological control, life tables, parasitoids, plant
stress, whiteflies.

Introduction

Plant resources (bottom-up effects) and natural enemies
(top-down effects) are important influences on insect herbivore
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abundance, distribution and performance, ultimately affecting
population regulation in insect communities (Hunter & Price,
1992; Stiling & Rossi, 1997; Forkner & Hunter, 2000; Walker
& Jones, 2001; Finke & Denno, 2002 & Richmond et al., 2004).
The relative contributions of bottom-up and top-down effects
vary with levels of plant quality (McMillin & Wagner, 1998;
Dyer & Letourneau, 1999), insect feeding guild (Cornell &
Hawkins, 1995), life stage (Harcourt, 1966; Walker & Jones,
2001) and spatial and temporal variation in insect densities
(Hunter et al., 1997). Plant quality generally influences insect
population dynamics through changes in fecundity, survival,
dispersal, competition and natural enemy-induced mortality
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(Price et al., 1980; Denno et al., 1995; Abrahamson & Weis,
1997; Williams, 1999; Lill et al., 2002; Walker et al., 2008).
Insect herbivores constitute a basic resource for natural enemies.
Thus, changes in host plant quality may indirectly influence
the impact of the natural enemies through effects on their prey
(Havill & Raffa, 2000; Giles et al., 2002; Harvey et al., 2003).
For example, plant quality may influence herbivore develop-
mental rates (Price et al., 1980; Clancy & Price, 1987; Loader
& Damman, 1991; Benrey & Denno, 1997), their quality as
prey (Harvey et al., 1995; Pandey & Singh, 1999; West et al.,
2001; King, 2002), or even affect changes in prey spatial and
temporal distribution (Hassell & Southwood, 1978; Damman,
1987; Walde, 1995; Stiling & Rossi, 1997; Moon & Stiling,
2002; Turlings & Wackers, 2004), all of which could affect
the ability of natural enemies to find and utilise their prey as a
nutritional resource. Some studies support the hypothesis that
plant quality mediates natural enemy impact (Hunter & Price,
1992; Walde, 1995; Stiling & Rossi, 1997; Forkner & Hunter,
2000; Denno et al., 2002; Gratton & Denno, 2003), while others
have found no influence of plant quality on natural enemy
impact (Costamagna & Landis, 2006; Daugherty et al., 2007).

Most of these studies have been conducted in natural and
forest ecosystems with only a few conducted in managed
agro-ecosystems (e.g. Dyer & Stireman, 2003; Costamagna
& Landis, 2006) and some under different climatic scenarios
(e.g. McKenzie et al., 2013; Ryalls et al., 2015). In managed
row-crop agro-ecosystems, plant quality is typically high for
productivity purposes and can be manipulated easily through
varying water and/or nitrogen inputs. Water as an input plays
an important role in abundance of insect herbivores through
its influence on plant quality (White, 1969; Mattson & Haack,
1987; Waring & Cobb, 1992). The response of herbivores to
water stress could vary with feeding guild; for example, gall
formers responded negatively (Larsson 1989), while leaf miners
and phloem feeders benefited from drought stress (Huberty and
Denno 2004). In agro-ecosystems, water stress can influence
oviposition and nutritional resources for pests and natural
enemies (Gillespie & McGregor, 2000, Seagraves et al., 2011),
as well as the herbivore’s microenvironment (Ellsworth et al.,
1992). Similarly, insect pests and natural enemies are more
consistently abundant in agro-ecosystems and both can be
manipulated through the application and timing of specific
insecticide inputs. Agro-ecosystems could therefore provide
useful insights into the relative influences of plant quality and
natural enemies on insect herbivores.

The invasive, polyphagous cryptic species of the Bemisia
tabaci complex [here after referred to as B. tabaci Middle East
Asia Minor 1 (MEAM1); Dinsdale et al., 2010] is a key pest of
several crops throughout the world and, in Arizona, it is a key
pest of cotton causing potential losses in quantity and quality
(Naranjo & Ellsworth, 2009b). Several studies have examined
the separate effects of plant quality, manipulated via water stress
or nitrogen fertility, and natural enemies on abundance and
performance of B. tabaci. Higher B. tabaci densities have been
found on water-stressed plants (Flint et al., 1994; 1996; Skinner,
1996a) and under high nitrogen application (Bentz et al., 1996;
Bi et al., 2001; 2003; 2005). Natural enemies have been shown
to play a key role in mortality of immature B. tabaci (Naranjo

& Ellsworth, 2005; Asiimwe et al., 2007; Karut & Naranjo,
2009). The potential influence of water stress on natural enemies
may influence their population dynamics and consequently their
potential contribution to pest suppression (Naranjo et al., 2009;
Asiimwe et al., 2013). No study has simultaneously manipulated
plant quality and natural enemies to investigate their interactive
and competing effects on the factors that influence mortality in
populations of B. tabaci (MEAM1).

Life tables are a useful tool for understanding the factors gov-
erning population dynamics in the field (Stiling, 1988; Cornell,
1990; Cornell & Hawkins, 1995; Cornell et al., 1998), the rela-
tive importance of different insect mortality factors, and the role
that bottom-up and top-down forces play in regulating insect
populations (Preszler & Price, 1988; Cornell, 1990; Cornell
& Hawkins, 1995; Stein & Price, 1995; Cornell et al., 1998;
McMillin & Wagner, 1998). A combination of manipulative
experiments and life tables could potentially provide a much bet-
ter understanding of the relative importance of bottom-up and
top-down forces on insect populations (Hunter, 2001; Walker
& Jones, 2001; Gripenberg & Roslin, 2007). The sessile nature
of immatures of B. tabaci (MEAM1) makes it an ideal system
for using life table methods, because life stages can be readily
identified, the fate of individuals can be followed over time, and
natural enemies in our system typically leave a permanent record
of their activity.

We manipulated plant quality by varying irrigation levels and
used an insecticide to create contrasted natural enemy densities
in central Arizona cotton fields. We examined the population
dynamics and interaction of whiteflies and natural enemies rel-
ative to plant quality and insecticide treatments in a companion
study (Asiimwe et al., 2013). Here, we used an in situ, life table
method to evaluate the relative influences of plant quality and
natural enemies on sources and rates of mortality of individual
cohorts of B. tabaci (MEAM1) in cotton over three seasons.
In particular, we sought to understand whether plant quality
effects indirectly influenced the impact of natural enemies on
B. tabaci (MEAM1) or directly affected the overall survival of
immature B. tabaci (MEAM1) in cotton. We predicted that the
impact of natural enemies in regulating populations of B. tabaci
(MEAM1) would be diminished on plants of lower quality,
because B. tabaci densities have been higher on water-stressed
cotton with lower plant productivity, i.e. poorer quality plants
(Flint et al., 1994; 1996; Skinner et al., 1996a) while abundance
and function of natural enemies do not accompany changes in
prey density (Naranjo & Ellsworth, 2005; 2009a).

Materials and methods

Study site and experimental design

The studies were conducted in Maricopa, Arizona using
Genuity Bollgard II with Roundup Ready Flex cotton (Mon-
santo Company, St Louis, Missouri) that confers protection
against lepidopteran insect damage and tolerance to glyphosate
herbicides. Seeds were planted in mid-April each year. Study
design was a randomised complete block (n= 4), split-plot
design with irrigation level as the whole plots and natural
enemy manipulation as the subplots. Irrigations were done at
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20%, 40% and 60% soil water depletion (SWD), where 40%
SWD represents the standard regime for cotton at our study
site. Chemical exclusion with acephate was used to manipulate
natural enemy levels. Acephate has been shown to reduce nat-
ural enemies (predators and parasitoids) while having minimal
to no effect on any stage of whiteflies (Ellsworth et al., 1998;
Naranjo et al., 2004b; Naranjo & Ellsworth, 2009a). Pest and
natural enemy densities were measured in a companion study
according to standard methods (Asiimwe et al., 2013). Briefly,
natural enemies were measured with 38-cm-diameter sweep
nets, and densities of B. tabaci (MEAM1) were monitored with
leaf or leaf disk sample units.

Plant responses

The effect of irrigation regimes on plant responses was
estimated through infrared thermometer measurements of the
topmost expanded leaves for 10 plants in each irrigation regime
immediately before each irrigation. Higher canopy temperatures
indicate elevated levels of water stress. We also estimated plant
height and number of nodes biweekly for five randomly selected
plants in plots of each irrigation treatment according to the
methods described in Silvertooth (2001).

Cohort establishment

We used naturally occurring populations to establish cohorts
of eggs and settled first-instar nymphs on the undersides of
leaves in the central two to three rows of each plot following
Naranjo & Ellsworth (2005). Freshly laid eggs and recently
settled first-instar nymphs were located using an 8X Peak loupe
lens (Light Impressions, Brea, California). New eggs were
identified by their creamy white colour and usually found on the
third and fourth fully expanded leaf down from the main-stem
terminal. Settled first-instar nymphs were identified by their
translucent colour, almost flush with the leaf surface, and were
mostly found on the fourth to seventh fully expanded leaves
below the main-stem terminal. A non-toxic, ultra-fine-point
black or blue permanent marker was used to draw a small
tight circle around identified eggs or nymphs. Each circle
contained usually one, but no more than four, eggs, or one settled
first-instar nymph. Eggs and nymphs were marked on separate
leaves and a small numbered tag was placed on the petiole
of each leaf containing marked eggs and nymphs. Brightly
coloured flagging tape was tied on to the main stem just below
the tagged leaf to facilitate relocation of marked individuals.
No more than seven eggs or nymphs were marked per leaf
and no more than one leaf was marked per plant. A minimum
of 40 eggs and 40 settled first-instar nymphs were marked in
each plot for a minimum of 960 individual eggs and first-instar
nymphs in each cohort over the entire experiment. As many as
20–30 evenly spaced plants were used in each plot depending
on insect densities at the time of establishment. To ensure that
settled first-instar nymphs and not mobile crawlers were marked,
each marked nymph was re-examined after 1–3 h. Cohorts were
established on 16 July, 12 August and 4 September in 2008, 9
July, 5 August and 4 September in 2009, and 16 July, and 4 and

27 August in 2010. All cohorts were generally established on a
single day between 06.00 and 09.00 hours, although low insect
densities during establishment of several cohorts required setup
times to be extended into the early afternoon hours. Here, we
use the term cohort and generation interchangeably because we
are measuring mortality from the egg to adult stage.

Determination of mortality factors

After cohorts had been established, each marked nymph was
observed in the field (three times a week) using a 15X peak
loupe (Light Impressions, Brea, California) until that individual
died, disappeared or emerged as an adult. We found it difficult
to determine the fate of the eggs in the field, even with a
15X lens, so all leaves containing marked eggs were harvested
after 10 days and taken to the laboratory where they were
examined under a dissecting microscope. Eggs typically take
5–7 days to hatch into nymphs under summer temperatures in
central Arizona. During each observation date, the instar and
state of each nymph were recorded and categorised as alive,
dislodged, preyed upon, parasitised or dead due to unknown
causes. Mortality in the egg stage was due to dislodgement,
predation or physiological inviability. The sessile nymphs were
categorised as alive based on size, shape, colour and the presence
and location of symmetrical bacteriosomes. Dislodgement was
recorded when a marked individual observed as alive on the
previous observation date was absent without leaving a trace
on the subsequent observation date. Dislodgement was mainly
due to weather and chewing predation (Naranjo & Ellsworth,
2005). Predation was most often observable as being due to
sucking predators and was characterised by a sunken, usually
translucent, empty or partially empty nymph cadaver or egg
chorion. Parasitism was only observed in nymphs and was
characterised by the displacement of bacteriosomes or presence
of parasitoid larvae, pupae or meconium within fourth-instar
cadavers. Eggs were categorised as inviable when they appeared
mature (with a dark brown colour) but failed to eclose after
10 days. When an individual was observed to be dead, yet it
was not obvious that mortality was due to any of the above
factors, mortality was categorised as unknown. This source of
mortality was rarely observed and provided insufficient data for
analysis. Once all marked individuals on a leaf had either died or
emerged, the leaf was harvested and returned to the laboratory
where cause of death was verified on individuals still on the
leaf using a dissecting microscope. A single person determined
cause of death for both the eggs and nymphs throughout the
study, ensuring consistency in determining sources of mortality.
Mortality of first-instar crawlers was not explicitly measured in
this study; however, given that the duration between eclosion and
settling is 3–6 h (Price & Taborsky, 1992; Simmons, 2002) and
crawler mortality on cotton is negligible (Naranjo, 2007; Karut
& Naranjo, 2009), we did not expect mortality during this stage
to significantly affect generational mortality.

Data analyses

Determination of mortality rates. The concepts originally
proposed by Royama (1981) and later elaborated and expanded
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on by Buonaccorsi & Elkinton (1990), Elkinton et al. (1992)
and Naranjo & Ellsworth (2005) were used to determine
stage-specific marginal rates of mortality based on observed
(apparent) mortality rates for each treatment. Because any single
stage could be possibly affected by three mortality factors that
do not act in any obvious sequence, but are instead contempo-
raneous, marginal mortality rates are needed. The marginal rate
estimates the level of mortality from a single factor assuming
that factor was the only one operating at the time. Because dis-
lodgement cannot be obscured by any other factor, it is the only
mortality factor for which the apparent rate of mortality is equal
to the marginal mortality rate. We used the simplified equation
from Naranjo & Ellsworth (2005) to calculate marginal mortal-
ity rates, where

MA = dA∕
(
1 − dB

)
,

and MA is the marginal rate of mortality for factor A, dA

is the apparent (observed) rate of mortality from factor A,
and dB is the sum of apparent mortalities from all other
competing contemporaneous factors. Thus, the marginal rates
of egg inviability, nymphal parasitism and unknown mortality
were estimated by accounting for apparent rates of predation
and dislodgement, marginal rates of predation accounted for
the apparent rate of dislodgement and the marginal rate of
dislodgement was the same as the apparent rate.

Irreplaceable mortality. Irreplaceable mortality was calcu-
lated for each treatment using the methods of Carey (1989) and
Naranjo & Ellsworth (2005). Irreplaceable mortality is that por-
tion of total generational mortality that would not occur if a
given mortality factor was eliminated (Southwood, 1978). The
simplified general equation is

IC = D–
[
1–

(
1–MA

) (
1–MB

)]

where
D =

[
1–

(
1–MA

) (
1–MB

) (
1–MC

)]

and Mx is the marginal mortality for generalised factor or stage
A, B, or C. IC is the irreplaceable mortality for factor or stage
C and excludes the marginal mortality of the factor or stage of
interest (which, in this example, is C). This estimate assumes
that mortality factors are density-independent.

Key factor analysis. Mortality was expressed as k-values
[where k=−ln(1−M)], and M is the marginal mortality rate
for a given factor in a given stage. k-values are convenient for
calculating mortality because they are additive across stages
and mortality factors (Varley & Gradwell, 1960). The method
of Podoler & Rogers (1975) was used to evaluate key factors
by regressing individual k-values on total K. This method
identifies the key factor as that with the largest regression
coefficient (slope). The method of Smith (1973) was then
used to determine the relative importance of each factor by
sequentially eliminating each key factor based on the regression
coefficient until all but one or two factors remained in most
of the stages.

Statistical analyses

Linear regression analysis was conducted to assess the rela-
tionship between irrigation levels and various estimates of plant
quality (canopy temperature, plant heights, number of nodes,
height to node ratios). Plant quality metrics, standardised for
each year, were regressed on differential levels of total water
(cm) applied to the three irrigation treatments after establish-
ment of the crop (see Asiimwe et al., 2013). Mixed-model
anova (Littell et al., 1996) was used to determine effects of plant
quality (irrigation levels), natural enemies and their interaction
on levels of marginal mortality, generational survivorship and
irreplaceable mortality. The block and cohort within-year vari-
ables and their associated interaction terms were random effects;
natural enemy and irrigation treatments, year and associated
interactions were fixed effects. The Kenward–Roger’s formula
was used to estimate corrected degrees of freedom. Data were
transformed using square root or arcsine-square root as needed
to meet the assumptions of anova. Pre-planned orthogonal con-
trasts for plant quality compared 20% and 40% SWD to 60%
SWD and 20% SWD to 40% and 60% SWD. Key factor analy-
ses were conducted using data from all nine generations (three
per year for 3 years).

Results

Increasing levels of irrigation were associated with increasing
plant height [F(1, 25)= 6.0, P= 0.021], increasing height to
node ratios [F(1, 25)= 18.3, P= 0.0002] and declining canopy
temperature [F(1, 69)= 9.6, P= 0.0028], but no differences
were found in number of nodes (P= 0.378). A companion study
examined population dynamics and predator–prey interactions
(Asiimwe et al., 2013). Briefly, broad-spectrum insecticide
applications resulted in lower natural enemy densities relative
to the untreated control and lower predator:prey ratios, but there
were no effects of plant quality on natural enemy abundance
or these ratios. Densities of B. tabaci eggs, nymphs and adults
were higher when natural enemies were reduced compared
with the controls, regardless of irrigation level (Asiimwe et al.,
2013). Whitefly densities were higher two-thirds of the time and
increased two- to six-fold when natural enemies were reduced.
Plant quality effects on B. tabaci densities were expressed about
one-third of the time and were generally inconsistent across
years.

Marginal mortality

Results were not affected by year of study [F(2, 6)< 2.00,
P> 0.22]. Marginal mortalities for parasitism [F(1, 6.6)= 1.10,
P= 0.33] were unaffected by natural enemy treatment, while
results for dislodgement (F(1, 31.9)= 0.37, P= 0.055) were
marginally significant (Fig. 1A). Rates of predation were greater
in control plots than in plots where natural enemy densities
were reduced [F(1, 6)= 60.23, P= 0.0002], but the opposite
was observed for rates of egg inviability, which were very
low [F(1, 20.6)= 7.61, P= 0.012]. Marginal rates of mortality
factors were not affected by plant quality [F(2, 9.8–15.2)< 0.76,
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Fig. 1. Main effect box plots for marginal mortality rates for immature Bemisia tabaci (MEAM1) caused by various factors, over nine generations in
3 years (2008–2010). (a) Natural enemy treatments; (b) cotton irrigation regimes [20%, 40% and 60% soil water depletion (SWD)]. Different letters
within a mortality factor denote statistical significance (P< 0.05); bars without letters did not differ significantly. Control, natural enemies unaltered;
NE reduced, natural enemies reduced with acephate sprays. For plots, diamonds with error bars denote the mean and SEM, the box denotes the 25th
and 75th percentiles, whiskers denote the 10th and 90th percentiles and points depict the 5th and 95th percentiles.

Fig. 2. Survivorship curves for Bemisia tabaci (MEAM1) relative to natural enemy (a) and cotton irrigation regimes [20%, 40% and 60% soil water
depletion (SWD)] (b), over nine generations in 3 years (2008–2010). Asterisks denote significant differences as measured cumulatively through the
indicated life stage (P< 0.05). Control, natural enemies unaltered; NE reduced, natural enemies reduced with acephate sprays. Error bars represent
SEM. N1 through N4 denote the four nymphal stadia.

P> 0.49] (Fig. 1B) and there were no interactions between
natural enemy and plant quality treatments for any mortality
factor [F(2, 12–45)< 1.31, P> 0.28].

Generational survival

Year was not a significant factor and survivorship was simi-
lar across years [F(2, 6)< 0.72, P> 0.52]. Natural enemy levels
did not affect cumulative survival of up to the first nymphal
stadium [F(1, 6)< 2.29, P> 0.18] but was higher for insects
in the second to fourth stadia when natural enemy densi-
ties were reduced compared with the control [F(1, 6)> 12.4,
P< 0.009] (Fig. 2A). Plant quality affected survival during the
egg stage [F(2, 183)= 3.72, P= 0.026], but not cumulatively
through the remainder of the nymphal stadia [F(2, 21.1)< 1.33,
P> 0.33] (Fig. 2B). Eggs on plants subject to 40–60% SWD had
marginally higher survival than those on plants with 20% SWD
[F(1, 183)= 7.33, P= 0.07].

Key factors

The key factors were consistently associated with mortality
during the fourth stadium regardless of plant quality or natural
enemy treatment (Tables 1 and 2). Predation was the dominant
key factor followed by parasitism and then dislodgement in
various life stages.

Irreplaceable mortality

Levels of irreplaceable mortality due to various sources did not
generally vary across years [F(2, 6)< 2.49, P> 0.16]. Predation,
dislodgement and inviability were affected by natural enemy
levels (Fig. 3A). Predation was higher in the natural enemy
control [F(1, 6.55)= 18.78, P= 0.004] and the other two fac-
tors were higher when natural enemy densities were reduced.
[dislodgement, F(1, 6.12)= 24.48, P= 0.003; inviability,
F(1, 34)= 21.42, P< 0.0001]. Plant quality did not affect
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Table 1. Key factor analysis of life tables over nine generations of immature Bemisia tabaci (MEAM1) pooled over all natural enemy treatments for
each plant quality treatment: cotton irrigated at 20%, 40% and 60% soil water depletion (SWD), Maricopa, Arizona.

Iteration

Stage Factor 1 2 3 4 5

20% SWD
Egg Dislodgement 0.075 0.115 0.184 0.236 0.257

Predation 0.002 0.006 0.017 0.015 0.048
Inviability 0.004 0.013 0.026 0.03 0.028

First instar Dislodgement 0.126 0.207 0.232 0.419
Predation 0.014 0.019 0.031 0.055 0.049

Second instar Dislodgement −0.002 −0.002 −0.003 0.002 −0.005
Predation 0.003 0.012 0.006 0.031 0.066

Third instar Dislodgement 0.047 0.071 0.193 0.11 0.422
Predation 0.048 0.064 0.088 0.129 0.169

Fourth instar Dislodgement 0.079 0.119 0.242 – –
Predation 0.354 – – – –
Parasitism 0.259 0.388 – – –

40% SWD
Egg Dislodgement 0.06 0.216 0.176 0.341 0.358

Predation 0.011 0.019 0.011 0.035 0.055
Inviability −0.004 −0.002 −0.014 −0.019 0.0

First instar Dislodgement 0.111 0.272 – – –
Predation −0.003 −0.005 0.001 0.000 −0.066

Second instar Dislodgement −0.011 −0.023 −0.028 −0.052 −0.042
Predation 0.004 −0.029 −0.037 −0.002 −0.199

Third instar Dislodgement 0.037 0.251 0.450 – –
Predation 0.037 0.036 0.027 0.148 0.329

Fourth instar Dislodgement 0.045 0.266 0.416 0.557 –
Predation 0.35 – – – –
Parasitism 0.363 – – – –

60% SWD
Egg Dislodgement 0.065 0.108 0.192 0.279 0.272

Predation 0.001 0.005 0.009 0.008 0.025
Inviability 0.016 0.038 0.05 0.064 0.083

First instar Dislodgement 0.112 0.162 0.192 0.344
Predation 0.009 0.002 0.004 0.012 0.036

Second instar Dislodgement 0.004 0.018 0.027 0.037 0.013
Predation 0.013 0.015 0.001 0.027 0.035

Third instar Dislodgement 0.049 0.105 0.207 0.152 0.425
Predation 0.052 0.052 0.049 0.068 0.104

Fouth instar Dislodgement 0.09 0.162 0.263 – –
Predation 0.363 – – – –
Parasitism 0.222 0.327 – – –

Values represent the slope of the regression of individual k-values on total K (−ln of generational survival). The factor with the highest slope (key factor
in bold type) is eliminated in each subsequent step in order to estimate the relative effect of each factor on overall variation in generational survival.

irreplaceable mortality from any mortality factor [F(2, 34)
< 2.41, P> 0.10] (Fig. 3B) and there were no interactions
between natural enemy and plant quality treatments [F(2, 45)
< 1.86, P> 0.18].

Discussion

We used a combination of experimental manipulation and life
table analyses to evaluate the relative impact of the top-down
influences of natural enemies and the bottom-up effects of
plant quality on mortality of B. tabaci (MEAM1). We show
that natural enemies, mainly predators and, to a much lesser

extent, parasitoids, are exerting significant top-down mortality
on B. tabaci (MEAM1) in cotton regardless of levels of plant
quality. These effects translated into increased survivorship
of B. tabaci (MEAM1) when natural enemy densities were
reduced, irrespective of plant quality. Irrigation changed the
plant environment in important ways, and we presume these
changes are reflected in the quality of the plant relative to
whitefly biology. Such changes have been shown to influence
whitefly behaviour and population dynamics (Hilje et al., 2001;
Chilcutt et al., 2005). However, plant quality effects on whitefly
population dynamics were weak and observed only one-third
of the time, mostly as elevated densities on deficit-irrigated
plants (Asiimwe et al., 2013). The lack of interaction between
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Table 2. Key factor analysis of life tables over nine generations of immature Bemisia tabaci (MEAM1) pooled over all plant quality treatments for
each natural enemy treatment (Maricopa, Arizona).

Iteration

Stage Factor 1 2 3 4 5

Control
Egg Dislodgement 0.066 0.265 0.239 0.443 –

Predation 0.004 0.011 0.02 0.021 0.047
Inviability 0.004 0.006 −0.011 0.004 0.011

First instar Dislodgement 0.154 0.392 – – –
Predation 0.004 0.029 0.035 0.058 0.069

Second instar Dislodgement −0.006 −0.018 −0.022 −0.028 0.103
Predation 0.001 0.001 −0.021 0.022 0.129

Third instar Dislodgement 0.015 0.101 0.336 – –
Predation 0.035 0.09 0.121 0.186 0.293

Fourth instar Dislodgement 0.035 0.126 0.317 0.31 0.489
Predation 0.348 – – – –
Parasitism 0.339 – – – –

Natural enemies reduced
Egg Dislodgement 0.084 0.115 0.136 0.209 0.202

Predation −0.007 0.012 0.012 0.024 0.039
Inviability 0.024 0.036 0.046 0.081 0.087

First instar Dislodgement 0.1 0.15 0.274 0.312 –
Predation −0.008 −0.008 −0.008 −0.002 −0.004

Second instar Dislodgement 0.006 0.013 0.024 0.043 0.013
Predation −0.014 −0.016 −0.011 −0.008 0.018

Third instar Dislodgement 0.142 0.18 0.124 0.306 0.615
Predation 0.026 0.031 0.046 0.043 0.034

Fourth instar Dislodgement 0.198 0.249 – – –
Predation 0.256 – – – –
Parasitism 0.18 0.239 0.362 – –

Values represent the slope of the regression of individual k-values on total K (−ln of generational survival). The factor with the highest slope (key factor
in bold type) is eliminated in each subsequent step in order to estimate the relative effect of each factor on overall variation in generational survival.

plant quality and natural enemy treatments further indicates that
plant quality did not influence natural enemy impacts. Thus,
our prediction that lower plant quality would negatively affect
herbivore regulation as supplied by natural enemy mortality was
not supported.

Marginal mortality rates, key factor and irreplaceable mortal-
ity analyses collectively provided further insight into the relative
importance of individual sources of mortality to immature mor-
tality. Sucking predation supplied the highest rates of marginal
and irreplaceable mortality across all levels of plant quality but
was diminished in treatments where natural enemies were delib-
erately reduced with insecticides. Consistent with this, key fac-
tor analyses showed that predation was generally the primary
mortality factor responsible for changes in immature mortality
across all treatments. Parasitism was the secondary key mortal-
ity factor followed by dislodgement of various life stages. These
findings corroborate those of Naranjo & Ellsworth (2005) in
unsprayed cotton at the same general study location. Consis-
tent with the current study, predation was due to the action of
sucking predators, while dislodgement reflected the effects of
chewing predators and weather, particularly rain and dust storms
(Naranjo & Ellsworth, 2005). The reduction of natural enemy
densities due to insecticides and consequent decline in preda-
tion rates led to increased survivorship and concomitant out-
break levels of B. tabaci (Asiimwe et al., 2013), indicating the

important role that predators play in conservation biological
control of this pest in cotton (Naranjo & Ellsworth, 2009a,
2009b).

Our results emphasised the greater role that predation plays
over parasitism in this system. The sucking predators typical in
this system are generalists feeding on a suite of prey, including
Lygus hesperus (Knight) (Miridae) and spider mites, which
were prevalent in this study (Asiimwe et al., 2013; 2014). Any
accompanying changes in the dynamics of these alternative
prey might alter the functional contribution of these predators
to whitefly suppression either positively or negatively. We
observed higher densities of L. hesperus in the well-irrigated
plants (Asiimwe et al., 2014), and higher spider mite densi-
ties in the deficit-irrigated plants (Asiimwe et al., 2013), both
of which potentially make these respective treatments more
attractive for the generalist predators. This is in contrast to
aphelinid parasitoids, which lack alternate hosts due to their
specialisation on whiteflies, and are relatively poor dispersers
(Naranjo et al., 2009).

Life table methods have been used to understand the relative
roles that plant factors or natural enemies play in mortality
of insect herbivores (Hunter, 2001; Walker & Jones, 2001).
These studies have produced varying results depending on
feeding site, with natural enemies having a greater influence
on exophytic insect herbivores and plant factors dominating
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Fig. 3. Main effect box plots for irreplaceable mortality rates for immature Bemisia tabaci (MEAM1) caused by various factors. Natural enemy
treatments (a) and cotton irrigation regimes [20%, 40% and 60% soil water depletion (SWD)] (b) shown over nine generations in 3 years (2008–2010).
Different letters within a mortality factor denote statistical significance (P< 0.05); bars without letters did not differ significantly. Control, natural
enemies unaltered; NE reduced, natural enemies reduced with acephate sprays. For plots, diamonds with error bars denote the mean and SEM, the box
denotes 25th and 75th percentiles, whiskers denote 10th and 90th percentiles and points depict 5th and 95th percentiles.

in endophytic herbivores (Cornell & Hawkins, 1995). This
pattern holds here, where mortality of the exophytic B. tabaci
(MEAM1) is mainly influenced by predators. Plant effects on
herbivore mortality are often associated with antibiosis, which is
usually expressed as a reduction in survival, longer development
times and feeding failure (Cornell & Hawkins, 1995; Walker
& Jones, 2001). Using differential irrigation regimes, we were
able to significantly manipulate plant quality, as evidenced by
differences in height and canopy temperature, which have been
shown to affect abundance and performance of B. tabaci and
its natural enemies on cotton (Gerling et al., 1986; Skinner,
1996b; Hilje et al., 2001; Chilcutt et al., 2005; Asiimwe et al.,
2013). Here, the only change in survival rates of B. tabaci
(MEAM1) due to plant quality was observed for eggs, where
survival was greater in deficit irrigation treatments. This was
consistent with our population data, which showed higher egg
densities with increasing deficits in irrigation in some years
(Asiimwe et al., 2013). Antibiosis or other plant-based effects
did not appear to influence developmental rate. Nymphal cohorts
were typically completed in about 2 weeks with no clear effects
of irrigation treatments (data not shown). However, our findings
on plant quality could have been confounded by outbreaks
of spider mites and whiteflies when natural enemy densities
were reduced and in the deficit-irrigated plants (Asiimwe et al.,
2013). These outbreaks resulted in premature defoliation and
possible negative feedback effects on plant qualities that were
not directly quantified. In addition, the presence of L. hesperus
could have affected fruiting patterns, and resource partitioning
potentially affected the quality of the plants for whiteflies.
Overall, these factors, individually or collectively, could have
influenced our findings by affecting plant quality in unintended
ways. Nonetheless, our findings are consistent with Walker &
Jones (2001) and Cornell & Hawkins (1995), showing that
plant effects are rarely the primary source of mortality during
immature stages.

Despite evidence from our study that the top-down influences
of natural enemies are dominant in this system, we did not

explicitly measure fecundity and thus might have underes-
timated the bottom-up effects of plant quality. We also did
not measure mortality in the adult stage. Denno & Peterson
(2000) argued that mobile and highly fecund phytophagous
insects, such as adults of B. tabaci (MEAM1), are more likely
to benefit from improved plant quality through rapid population
growth and consequent escape from natural enemies. However,
B. tabaci (MEAM1) is a multi-voltine insect with overlap-
ping generations, and mortality of immature stages ultimately
impacts within-season adult abundance during a large portion
of the season when emigration and immigration are minimal
(Naranjo & Ellsworth, 2005). The patterns of mortality and
survival observed here were consistently reflected in densities
of all stages, with significantly higher egg, nymph and adult
densities when natural enemy densities were reduced (Asiimwe
et al., 2013).

Conclusion

Agro-ecosystems are highly managed systems characterised by
a narrow range of genotypes or phenotypes, specific and tar-
geted application of production inputs such as water, fertilis-
ers and pesticides, and defined growing periods. These factors
interact to determine pest densities and, subsequently, damage
incurred from pests. In the cotton system, natural enemies have
a major impact on the mortality of immature B. tabaci and
are contributing to biological control and management of this
key pest (Naranjo et al., 2004a; Naranjo & Ellsworth, 2005;
2009a,2009b). We extended these findings by investigating the
dual role that plant quality, as a result of irrigation, could poten-
tially have on survival of B. tabaci (MEAM1), directly and
indirectly, by mediating the effects of natural enemies in the
field. Our results show that top-down effects of natural ene-
mies, particularly generalist predators, dominate mortality of
B. tabaci (MEAM1) and their impact is not influenced by the
bottom-up effects of plant quality, thus validating the importance
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of conservation biological control for the management of popu-
lations of B. tabaci (MEAM1) in cotton.
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