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Abstract 

Insect-proof screens constitute efficient physical means of protect-
ing horticultural crops against insect pests and their use has become
widespread. However, they may have a negative impact on plant
growth and fruit quality by modifying climatic parameters of green-
houses. In case of tomato crops, they are used mainly against white
flies and the tomato leaf miner Tuta absoluta (Meyrick). In Tunisia,
tomato plastic tunnels are often netted following two modalities: i)
complete netting of the greenhouse under the plastic screen (total net-
ting); or ii) netting only doors and lateral aeration windows (partial
netting). Weekly monitoring of T. absoluta in two tomato greenhouses
with different netting setups using pheromone traps and sampling of
leaves and fruits showed no differences in the levels of infestation by
the pest with a maximum average values of 6.66 eggs/leaf, 4.16
larvae/leaf and 4.16 mines/leaf. The maximum infestation rate of
leaves was 86.66% and that of fruits was 10.83%. No effects of the net-

ting setup used on plant growth parameters were detected. However,
the study of fruit quality parameters revealed significant decrease in
sugar contents in tomato fruits when using total netting setup
(4.26°Brix versus 3.68°Brix). Recommendations regarding the com-
bined use of pheromones traps and insect-proof nets are given and
possibilities to enhance the efficiency of nets as physical barrier
against T. absoluta are explored. 

Introduction

The tomato leafminer Tuta absoluta (Meyrick) (Lepidoptera:
Gelechiidae) is ranked among the most devastating insect pests of
Mediterranean open field and greenhouse tomato cultivations
(Desneux et al., 2010, 2011; Lebdi et al., 2011; Abbes et al., 2012b).
Originating from South America, this moth invaded the Mediterranean
region since 2006 through Spain (Urbaneja et al., 2007; Desneux et al.,
2010). Currently, the pest continues its spread through Asia and sub-
Saharan Africa (Desneux et al., 2011; Brévault et al., 2014). T. absoluta
has a high reproductive fitness as it can complete up to 12 generations
per year depending on climatic conditions (Tropea Garzia et al., 2012).
Damage is caused by the mining larvae attacking leaves, stems and
fruits and losses can reach up to 100% (Guenaoui, 2008; Chermiti et
al., 2009; Tropea Garzia et al., 2012). Besides, this pest has been
reported to develop resistance to many commonly sprayed insecticides
(Siqueira et al., 2001; Guedes & Picanço, 2012; Haddi et al., 2012;
Roditakis et al., 2015). Furthermore, it has been lately demonstrated
that females of some populations of T. absoluta from France and
Tunisia are able to reproduce parthenogenetically in the laboratory
which may make its management difficult task (Megido et al., 2012,
2013a; Abbes & Chermiti, 2014). 

Several control tactics have been developed and integrated in pest
management schemes targeting this economic pest including male
annihilation using sex pheromone traps, mating disruption and bio-
logical control mainly through the use of mirid bugs (Mollá et al., 2011;
Lebdi et al., 2011; Abbes et al., 2012a, 2012b; Cocco et al., 2013; Megido
et al., 2013b). In Tunisian unheated tomato plastic tunnels, the control
strategy based principally on the use of the male monitoring of this
pest has been supported by the use of insect-proof nets to avoid the
migration of gravid females from the outside and the re-infestations of
the pheromone-treated crops (Abbes et al., 2012b).

Physical barriers have been used in horticulture as reliable and effi-
cient tools to protect tomato cultivations and nurseries from several key
insect pests such as thrips, white flies and T. absoluta (Castellano et al.,
2008; Harbi et al., 2012). Nevertheless, they may have a negative effect
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on plant growth and fruit quality by modifying climatic parameters of
greenhouses (Teitel, 2006; Valera et al., 2006). In the Mediterranean
region, unheated plastic tomato tunnels protected with insect proof nets
have been frequently infested by T. absoluta especially near the open-
ings leading to extensive insecticide applications (Abbes & Chermiti,
2011; Harbi et al., 2012; Cocco et al., 2013; Biondi et al., 2015). This can
eventually increase the possibilities of insecticide resistance in T. abso-
luta populations. Furthermore, many insecticides used against T. abso-
luta have been reported as not compatible with the natural enemies
used for the biological control of this pest owing their possible acute and
long term toxicological side effects on non target arthropods (Carvalho
et al., 2003; Biondi et al., 2012a, 2012b, 2013). 

In Tunisia, two setups of insect proof nets are commonly used in
tomato tunnels: i) some growers prefer to completely cover the plastic
tunnels with insect-proof net and to overlay the plastic film to ensure
hermetic isolation of the greenhouse from the external environment
and to reduce the entrance of T. absoluta gravid females; or ii) some
others prefer to put the insect proof net only in the aeration windows
and doors which is a more economical option. This study was carried
out aiming to: i) evaluate the efficacy of these two insect-proof net
setups to control T. absoluta in greenhouses when combined with male
monitoring; ii) assess possible impacts of both netting setups on plant
growth and quality parameters of tomato fruits. The efficiency of net-
ting strategies is discussed and recommendations for a better control
of T. absoluta using insect-proof nets are given. 

Materials and methods

Experimental greenhouses 
The study was conducted in two tomato greenhouses located in the

region of Bekalta (Tunisian Central Coast). Tomato plants of the culti-
var Sahel were grown from seeds in a pest free nursery and transplant-
ed on 10th November 2009 with a density of 3 plants/m². Experimental
greenhouses were 64 m long, 8.5 m wide and 3 m high. They were pro-
tected with white-coloured insect-proof net of 6×8 threads/cm² and cov-
ered with plastic screens. The first greenhouse (hereafter called T) was
completely covered with insect-proof screen and with polyethylene plas-
tic with three aeration strips 1.5 m large each spaced out by 19.8 m.
Conversely the second greenhouse (hereafter named P) was covered
with polyethylene plastic film and insect-proof screens were installed
only in the three aeration strips of the same size of greenhouse T. In
both greenhouses, the resulting aeration rate was of 13.7%.

Male monitoring
In addition to insect-proof nets, the adult population dynamics were

monitored by placing in each greenhouse one sex pheromone water
trap (Tutasun®, Koppert Biological Systems, The Netherlands). Traps
were installed on 11th December 2009 at 40 cm height from the ground
level in the centre of greenhouses. Sex pheromone lures (Pherodis®,
Koppert Biological Systems) loaded with 0.5 mg of synthetic sex
pheromone of T. absoluta and they were renewed every five to six
weeks. Trapped males were monitored every week and the level of
water in the traps was adjusted as needed. 

Insecticide treatments 
As a part of the integrated pest management scheme against T.

absoluta, the experimental crops were sprayed with a Bacillus
thuriengiensis var. kurstaki based insecticide (Bactospeine 16000,
Valent BioSciences Corp., USA). Sprays were based on the level of
male weekly catches of the moth in the pheromone traps with a
threshold of 30 males/trap/week (Megido et al., 2013b). Sprays were

performed on 9th February, 3rd March 2010, 7th and 30th April and 10th,
15thand 17th May 2010. 

Sampling
The assessment of the preimaginal populations of T. absoluta in both

greenhouses was carried out from 20th December 2009 to 2nd June 2010
through random sampling of leaves as described by Gravena (1991) for
leafminers and leaf borers. The sampling protocol consists on the
examination of the first fully developed leaf from the upper third of
tomato plants; since young leaves are the preferential oviposition site
for T. absoluta (Silva et al., 1998; Leite et al., 1999). For each green-
house, 30 fully developed leaves were collected weekly from the upper
part of the tomato plant and the number of all present instars of the
tomato leafminer was counted in laboratory using a Leica MS5 stere-
omicroscope (Leica, Germany). The infestation rate of fruits per plant
was assessed weekly by counting infested and total number of fruits
directly 20 tomato plants randomly chosen in each studied greenhouse. 

Air temperature and air relative humidity were monitored in both
greenhouses using data loggers Type Watch Dog® (Spectrum
Technologies, USA).

Assessment of plant growth and quality parameters
of tomato fruits

To compare the impact of the netting setup on tomato plant growth,
12 plants were randomly chosen in each greenhouse. The growth
parameters were measured weekly starting with day 100 and continu-
ing to day 142 after transplanting. The investigated parameters were:
plant height, stem diameter at 30 cm from the apex and height of the
first fruit cluster.

The study of quality parameters in the tomato crops was based on
fruit sampling in four ripening stages (S1: turning, S2: pink, S3: light-
red, and S4: red-ripe). Thirty fruits for each ripening stage were ran-
domly chosen in three different dates for each greenhouse. The identi-
fication of the ripening stages of tomatoes was based on external fruit
colour (Viskelis et al., 2008).

The considered fruit quality parameters were weight, firmness, pH,
total soluble solid (TSS), acidity and dry matter. The weight of sampled
fruits was determined with a precision electronic scale type Sartorius
Basic® model B 120S (Sartorius, Germany). To assess the firmness of
fruits, a flat headed stainless steel cylindrical probe of 2 mm in diame-
ter was used. Penetration test started when the probe got in contact
with tomato surface, and finished when the probe penetrated the tissue
to a depth of 8 mm. Probe speed during penetration test was 1 mm/s.
Thirty tomatoes of each ripening stage were tested in two opposite
locations in the middle of the fruit. On the other hand, during the crop-
ping cycle, three measures of pH were performed for each ripening
stage of tomato fruits at 128, 135 and 142 days after transplanting. Ten
homogeneous fruits per ripening stage per date were homogenised and
pH was measured with a Jenway® digital pH-metre model 3505
(Jenway, UK). Three replicates per ripening stage and per date were
performed. Regarding TSS, three measures were taken at 128, 135 and
142 days after transplanting on ten homogeneous fruits for every ripen-
ing stage using an Atago® digital refractometer Model DR-M2 (Atago,
France). For each date, measurements were replicated three times.
The titrable acidity (TA) was determined by titration of the compost
powder sample homogenised with 0,01N NaOH using phenolphthalein-
indicator (expressed as g/L of citric acid) (Caliman et al., 2010). The
titration was replicated three times per ripening stage and per date.
Finally, the dry matter was calculated for each sampled tomato fruit
from the weight difference before and after oven drying of ten fruits at
70°C during 72 h (Wuzhong, 2002).
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Statistical analysis
The mean density of eggs and larvae on leave and the infestation

rates of leaves and fruits as well as mean values of the plant growth
parameters (plant height, stem diameter at 30 cm from the apex and the
height of the first fruit cluster) and fruit quality parameters (weight,
firmness, pH, TSS, acidity and dry matter) were compared using
Student’s t test at the significance level of 5% using the statistical soft-
ware SPSS (Statistical Package for the Social Sciences, version 17.0). 

Results

Climatic parameters 
In the greenhouse T, the average temperature ranged from 11.6°C

recorded on 17th February 2010 to 24.1°C on 2nd June 2010 (Figure 1A).
The lowest minimum temperature was registered on 13th January 2010
(1.4°C) whereas the highest was 43.5°C registered on 2nd June 2010.
With regards to relative humidity (RH) (Figure 1B), average values
were between 59% recorded on 6th January 2010 and 87.4% on 10th

March 2010. 
In the greenhouse P, the average temperature ranged between

12.2°C and 23.6°C recorded on 17th February 2010 and 2nd June 2010,
respectively. The lowest minimum temperature was 2.7°C recorded on

9th February 2010 while the highest was 39.3°C on 2nd June 2010
(Figure 2A).

The average RH was between 48.6% recorded on 6th January 2010
and raised to 84.6% n 102010 with a minimum of 20.7% observed in
January and a maximum of 100% during February, March and April
(Figure 2B).

Male monitoring 
The monitoring of the imaginal population of T. absoluta in green-

house T showed a low population density from the beginning of the
study towards 7th April 2010 during which the number of captured
adults per trap and per week was relatively low and peaked at 75 males
in on 3rd March 2010. Starting from 7th April 2010, the number of caught
males increased progressively to reach a maximum of 207 males
trapped on 21st April 2010. After that, capture decreased to values rang-
ing from 97 to 138 individuals per trap per week towards the end of the
cropping cycle. 

Similar flight pattern was observed in greenhouse P starting with
low trap catches from the beginning of the trial until 4th April 2010
when 58 individuals/trap/week were recorded (Figure 3B). The
number of captured males increased gradually to reach a maximum
of 296 males per trap per week on 12th May 2010 and thereby
decreasing at the end of the cultivation owing the end of the crop-
ping cycle and the absence of young leaves, preferential oviposition
site for T. absoluta. 
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Figure 1. Maximum, minimum and average daily temperature (A) and relative humidity (B) in the greenhouse T during the study.

Figure 2. Maximum, minimum and average daily temperature (A) and relative humidity (B) registered in the greenhouse P during the study.
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Population dynamics and infestation parameters
on leaves

The assessment of the population dynamics of T. absoluta in green-
houses T and P revealed the absence of all biological instars of the

insect during the beginning of the trial until 14th April 2010 in green-
house T and 21st April 2010in greenhouse P (Figure 4). The low popu-
lation density until April is confirmed by the absence of mines and a
low infestation rate on leaves not exceeding 3.3% in greenhouse T and
10% in greenhouse P (Figure 5). The population density increased

                                Article

Figure 3. Tuta absoluta male capture in pheromone traps in greenhouses T (A) and P (B). (♦) indicates lure renewal and (↓) indicates
Bt sprays.

Figure 4. Dynamics of juvenile instars of Tuta absoluta in greenhouses T (A) and P (B). (↓) indicates Bt sprays.

Figure 5. Mean number of larval galleries of Tuta absoluta per leaf (A) and infestation rate of leaves (B) in greenhouses T and P. (↓)
indicates Bt sprays. 
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gradually to reach a maximum of 9.7 individuals per leaf on 26th May
2010 in greenhouse T and 8.3 individuals per leaf on 19th May 2010 in
greenhouse P (Figure 4A and B). This high population density caused
infestation rates on leaves on 2nd June 2010 in both greenhouses
(Figure 5B). Similarly, the number of mines per leaf remained low until
April, then increased progressively to reach a maximum of 4.2 mines
per leaf on 2nd June 2010 in greenhouse T and 2.6 mines per leaf on
19th May 2010 in greenhouse P (Figure 5B). 

Estimation of tomato fruit loss
The assessment of fruit losses started on 28 April 2010 until the end

of the trial. The fruit infestation rate remained low in the beginning
with a maximum of 2% in both greenhouses. The final infestation rates
were 4.3% and 11% in greenhouses T and P, respectively without a sig-
nificant difference (t-test, P>0.05) (Figure 6).

Impact of insect-proof net on plant growth
and quality of tomato fruits

Impact on plant growth

Measurement of tomato plants height from day 100 to day 142 after
transplantation showed that plants have the same growth speed with-
out significant differences (t-test, all P>0.05) (Figure 7A). The mean
growth rate ± standard error (SE) was 2.5±0.21 cm/day in greenhouse
T and 2.7±0.14 cm/day in greenhouse P. Similarly, stems’ diameters
were not significantly different (t-test, all P>0.05). The average diam-
eter ±SE of the stems increased from 1.6±0.19 to 1.7±0.25cm after 42
days in greenhouse T and from 1.6±0.22 to 1.8±0.25 cm in greenhouse
P during the same period (Figure 7B).

On the other hand, the average height of the first bunch showed no
significant differences between studied greenhouses (t-test,
P=0.11>0.05). Indeed, for 100-day aged plants, the average
height±SE of the first bunch was about 26.3±2.46 cm in greenhouse
T and 28.8± 4.64 cm in greenhouse P (Figure 7C). 

Impact on tomato fruit quality

The pattern of tomato fruit firmness during ripening was similar in
both studied greenhouses was similar. It decreased from the first ripen-
ing stage (turning) to the fourth ripening stage (red-ripe) from an
average of 3.46 kg/cm² to 1.15 kg/cm² respectively without significant
differences between greenhouses T and P within each ripening stage
(t-test, all P>0.05) (Figure 8A). 

The pH of tomato juice does not reflect its concentration in acids and

is generally between 4 and 4.5 (Grasselly et al., 2000). In this study, the
pH was between 4.01 and 4.16 in the greenhouse T and between 4.02
and 4.14 in greenhouse P (Figure 8B), without significant difference
between greenhouses T and P within each ripening stage (t-test, all
P>0.05). 

TSS as measured by the refractometric index increased in green-
house P from 4.08°Brix in the turning stage to 4.27°Brix in the red-ripe
stage (Figure 8C). In greenhouse T, it decreased from 4.11°Brix in the
turning stage to 3.69°Brix in the red-ripe stage while marking a slight
increase at pink stage reaching 4.13° Brix. TSS at red-ripening stage
was significantly higher in greenhouse P than on greenhouse T (t test,
P=0.03) (Figure 8C).
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Figure 6. Percentage of fruits infested by Tuta absoluta in the
experimental greenhouses.

Figure 7. Tomato growth parameters in experimental greenhous-
es: plant height (A); plant diameter (B) and height of the first
bunch (C).
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TA represented by the citric acid content, showed the same pattern as
the TSS with a maximum of 4.54 g/L and 4.76 g/L and a minimum of 3.52
g/L and 4.14 g/L in greenhouses T and P, respectively without a signifi-
cant differences in all ripening stage (t-test, all P>0.05) (Figure 8D).

The dry matter (DM) in tomato fruits in greenhouse T ranged from
5.67% in the turning stage to 5.15% in the red-ripe stage (Figure 8E). On
the other hand, in greenhouse P it decreased from 5.73% in the turning
stage to 4.93% in the red-ripe stage (Figure 8E) without significant differ-
ences (t-test, all P>0.05). Considering that tomato fruits in greenhouse P
had in the red-ripe stage higher TSS than those of the greenhouse T, the

average fruit weight in the first greenhouse (89.17 g) was higher than
that recorded in greenhouse T (63.94 g), even though no significant dif-
ference was observed (t-test, P=0.284) (Figure 8F). 

Discussion and conclusions

Measurements of air temperature and relative humidity in tomato
greenhouses with different netting modalities revealed similar climatic

                                Article

Figure 8. Mean (±SE) tomato quality parameters values in the greenhouses T and P. A) Firmness; B) pH (B); C) total soluble solid; D)
titrable acidity; E) dry matter; F) weight. Ripening stages: turning (S1); pink (S2); light-red (S3); red-ripe (S4). Means within each ripen-
ing stage marked with different letters are significantly different by t-test (P<0.05).
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conditions. This can be explained by the same percentage of aeration.
However, it may also depend on the physical properties of the insect-
proof nets used such as transmissivity (the ability to transmit radia-
tion) and reflectivity (the ability to reflect radiation). As a general rule,
nets are non�uniform materials and the effect of their radiometric prop-
erties on the crops should be taken into consideration. On the other
hand, despite the netting of the experimental greenhouses, T. absoluta
infested the studied crops even though the number of leaf mines and
fruit damage were relatively low. 

Furthermore, Bt-based insecticides specifically targeting T. absoluta
were applied 7 times during the cropping season which reduced the
density of larvae on leaves and the infestations on leaves and fruits.
However, repeated sprayings of Bt without alternating insecticides
with different active ingredients and modes of action can result in
emergence of Bt-resistant populations of T. absoluta (Braham et al.,
2012). This was the case for many other lepidopteran pests such as
Spodoptera frugiperda (J. E. Smith) and Helicoverpa armigera (Hübner)
(Wu, 2007; Zhu et al., 2015). 

The flight patterns of the males of T. absoluta captured in sex
pheromone traps were comparable in studied greenhouses as well as
the population dynamics of the pest and the infestation rates on leaves
and fruits. These indicate that both tested insect-proof net setups can
provide the same levels of protection against T. absoluta. In both cases,
the integration of sex pheromone traps with insect-proof nets and Bt
sprays resulted in a relatively low level of crop infestation. The early
detection of the presence of adults of T. absoluta with pheromone traps
may allow targeting first instar larvae known to be the most susceptible
to Bt. This can be very effective in tackling early the pest as the follow-
ing larval instars are endophytic and hard to be targeted with insecti-
cides acting through contact or ingestion.

When combining sex pheromone trapping and insect proof nets, it is
important to ensure that nets are well installed and holes-free and
traps are well maintained (adjustment of the level of water for water
traps or renewal of sticky boards in case of delta traps). Abbes and
Chermiti (2011) reported that the use of pheromone traps without
insect-proof net combined with bad trap maintenance can result in
higher infestation rate by raising the density of males in the green-
house and consequently the mating chances. However, in Tunisia, we
noticed that during the achievement of some agricultural practices
such as pruning and especially harvest, some growers open the green-
houses’ doors allowing the increase of the imaginal populations of T.
absoluta and by consequence leaf and fruit infestation rates especially
towards the end of the cropping cycle. 

Recent studies on the efficiency of a-cypermethrin-treated nets
reported their potential to prevent the entrance of adults of T. absoluta
inside the greenhouses through their repellence and long term side
effects on pest life history parameters and reproductive fitness (Biondi
et al., 2015). This can ameliorate the efficiency of insect-proof nets
considering the combined effects of the physical barrier and the insec-
ticide. Furthermore, some Tunisian growers prefer to maintain their
netted tomato greenhouses closed even after the end of the cropping
cycle in order to avoid the dissemination of the pest. This good agricul-
tural practice can reduce the level of inoculum of T. absoluta in the next
tomato cropping seasons (in greenhouses and open field) (Abbes et al.,
2012b). Thus, the use of a-cypermethrin-treated nets can make this
strategy more efficient in reducing the imaginal population of the pest. 

In this study, similar plant growth parameters were registered in
both greenhouses suggesting that the type of netting setups as
described has no direct impact on the vegetative growth of tomato
plant. In addition, most fruit quality parameters (firmness, pH, TA, DM
and weight) were comparable under both tested cropping conditions.
However, TSS was higher in the greenhouse equipped with insect-
proof nets in the aeration strips P at the end of the study. This can be
explained by the fact that netting the entire greenhouse can decrease

the solar radiation which may result in the decrease of the TSS in the
fruits especially near maturation (red-ripe ripening stage). This phe-
nomenon is known as the shading factor which can vary according to
the net material and colour (Castellano et al., 2008). These parameters
should be also taken in consideration when using insect-poof nets. 

Based on our findings, it can be concluded that the total netting of
the greenhouses is not economically rewarding since the netting of
openings can give the same level of protection against T. absoluta. This
netting setup can be ameliorated by using insecticide-treated nets to
enhance the role of the physical barrier. 
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