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h i g h l i g h t s
� Spiders are beneficial predators in crops.
� Spider feeding behavior is affected by pesticides.
� We evaluated the effect of glyphosate of wolf spiders when feeding on different prey.
� Glyphosate affected wolf spider’s functional response in a prey-specific way.
� Prey-specific response to glyphosate can affect wolf spider’s biocontrol services.
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a b s t r a c t

Although glyphosate is widely used for weed pest control, it might have negative side effects on natural
enemies. Wolf spiders are one of the most representative predators found on soybean crops in Uruguay,
preying on a wide variety of potential pests. However, the sublethal effects that pesticides might have on
this group have been poorly explored for South American species. Herein, we explored the sublethal
effects of glyphosate on the functional response of the wolf spider Hogna cf. bivittata against three po-
tential pest insects, namely ant (Acromyrmex sp.), caterpillar (Anticarsia gemmatalis), and cricket
(Miogryllus sp.). We contaminated residually adult females of the species Hogna cf. bivittata with
glyphosate (Roundup®) and compared their functional response against non-contaminated spiders. We
did not observe any mortality during the study. We found that overall Hogna cf. bivittata showed a
functional response type II against crickets and caterpillars but no functional response to ants.
Contaminated spiders killed less ants and caterpillars in comparison to the control group, probably as a
consequence of the irritating effects of glyphosate. We did not observe differences in functional response
to crickets at the evaluated densities, probably as a consequence of the low capture rate against this prey.
Although glyphosate does not specifically target spiders, it might have negative sublethal effects on
native predators such as Hogna cf. bivittata. Further studies should explore effect of glyphosate on other
native predators from South American crops.

© 2020 Elsevier Ltd. All rights reserved.
Ecología Para la Agricultura,
res, Uruguay.
ia@cure.edu.uy (L.F. García),
1. Introduction

Worldwide, glyphosate is one of the most frequently used pes-
ticides for controlling weed pests in several economically impor-
tant crops (Vila-Aiub et al., 2008). This pesticide is used in many
South American countries in which the production of some
economically important crops, such as soybean, demands use of a
high-level glyphosate for weed prevention (Christoffoleti et al.,
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2008). Glyphosate can have highly negative effects on the envi-
ronment and human health; however, there are only a limited
number of studies that have evaluated the potential impact of
glyphosate on other facets of pest control, such as reduction of
insect pests by their natural enemies in South America (L�opez et al.,
2012).

Negative agrochemical effects on natural enemies have been
traditionally measured mainly by lethal effects. However, agro-
chemicals can also cause various sublethal effects (Desneux et al.,
2007), which can have comparable impact on the lethal effects of
pest suppression caused by natural enemies (Desneux et al., 2007;
Pek�ar, 2012). For example, pesticides have been shown to cause a
reduction in oviposition rate in some parasitoid species (Fangupo
et al., 2018). Pesticides can also reduce the capture rate and alter
prey selection in generalist insect and spider predators (Pasquet
et al., 2016; Petcharad et al., 2018; Zhang et al., 2015). These
negative effects caused by pesticides on natural enemies can even
increase crop damage by pests (Bommarco et al., 2011; Furlong
et al., 2004). Glyphosate and glyphosate-based herbicides were
observed to have negative (Benamú et al., 2010; Evans et al., 2010;
Korenko et al., 2016; Leccia et al., 2016; Niedobov�a et al., 2019;
Schneider et al., 2009; Wrinn et al., 2012), neutral (Michalkov�a and
Pek�ar, 2009), or stimulating effects (Svobodov�a et al., 2018) on
natural arthropod enemies of insect pests, suggesting species/
taxon- and trait-specific responses even in closely related species
(Rittman et al., 2013).

Spiders cause a significant reduction in pests on a global scale
(Michalko et al., 2019), and as a consequence, are excellent models
for evaluating the effect of glyphosate on generalist predators
(Benamú et al., 2010; Evans et al., 2010; Wrinn et al., 2012). Wolf
spiders (Araneae, Lycosidae) are dominant predators in various
crops in which they occur on soil and at lower vegetation in which
they can come directly into contact with glyphosate (Benamú et al.,
2017; Samu and Csaba, 2002). Wolf spiders lead to a reduction in
pests and improve crop performance in various agroecosystems
(Birkhofer et al., 2008; Oraze and Grigarick, 1989; Snyder andWise,
2001; Suenaga and Hamamura, 2015), including soybean (Hlivko
and Rypstra, 2003).

Functional response of predator to prey is a widely used char-
acteristic to evaluate the potential of natural enemies to regulate
pests, since it is related to the per capita number of prey killed at
different prey densities during a certain time period (Benhadi
Marín et al., 2019). Several functional response types have been
identified (Jeschke et al., 2004), but there are three basic types
(type I-III) (Juliano, 2001). In predators with the type I functional
response, the number of killed prey increases linearly with
increasing prey density and the predators kill a constant proportion
of prey until their satiation; type II functional response is charac-
terized by an asymptotic increase in number of killed prey and the
proportion of killed prey decreases with increasing prey density
(Holling, 1965; Juliano, 2001). This type is common in arthropod
predators including spiders (Riechert and Lockley, 1984). The type
III functional response follows a sigmoidal shape where there is an
initial increase followed by a decrease in the proportion of killed
prey as prey density increases (Holling, 1965; Juliano, 2001).

Glyphosate can cause a reduction in the predatory activity of
wolf spiders (Korenko et al., 2016; Niedobov�a et al., 2019). Most
studies investigating the effects of glyphosate on predatory activ-
ities use only one constant non-pest prey density. However, the
densities of pests fluctuate across space and time (Ewald et al.,
2015). Moreover, one recent study pointed out that the effects of
a pesticide on predatory activity of a generalist predator can be
prey-specific, and the predatory activity can decrease, increase, or
show no significant changes depending on the prey (Petcharad
et al., 2018). Therefore, it is more useful to investigate the effects
of pesticides on predators’ functional responses to the changing
densities of various pests as this type of investigation may yield a
better mechanistic explanation for pest suppression patterns
observed in the field (Benhadi Marín et al., 2018; Pek�ar et al., 2015).
However, there is no such study concerning glyphosate.

Glyphosate may theoretically change the capture rate and type
of functional response in a pest-specific manner (Deng et al., 2007;
Michalko and Ko�suli�c, 2016). Glyphosate may also cause irritating
effects, and the affected spiders can then perform only wasteful
killing, thus minimizing handling time (Deng et al., 2007). This
would lead to a change from an asymptotical or sigmoid increase in
killed prey along the lines of prey density to a linear increase in
killed prey (Michalko and Ko�suli�c, 2016), id est from a type II or III
functional response to type I (Holling, 1965).

In this study, we investigated the effects of glyphosate on the
functional responses of the agrobiont wolf spider Hogna cf. bivittata
to densities of soybean insect pests.Hogna cf. bivittata is common in
soybean crops in Uruguay, therefore we evaluated its feeding rate
against three soybean pests, namely cricket Miogryllus sp., selected
based on field observations and the caterpillar Anticarsia gemma-
talis, and the ant Acromyrmex sp. which are common pests in local
soybean crops (Ribeiro et al., 2008) These three pests differ in their
nutritional content, level of danger, locomotion, and escape capa-
bilities (Greeney et al., 2012; Lease and Wolf, 2011; Líznarov�a;
Pek�ar, 2013). We expected that glyphosate will reduce capture
rate of Hogna cf. bivittata but it will alter the functional response of
Hogna cf. bivittata in a prey-specific manner. Specifically, the effect
of glyphosate will be more pronounced in a difficult prey that re-
quires more effort to subdue it than in an easy prey.

2. Material and methods

2.1. Specimen collection and hunger standardization

We collected 150 adult females of the species Hogna cf. bivitta-
ta(mean size±SD: 13 ±4 mm) found in native forests from San Jos�e,
Uruguay (34�19008.800S, 56�43013.500W). Spiders were transferred to
the laboratory and housed individually in Petri dishes (60� 15mm)
containing a small piece of wet cotton to keep moisture inside the
cage. We kept the cages in roomwith constant humidity (70 ± 10%),
temperature (25 ± 5 �C), and photoperiod (14 L: 10 D) to simulate
the natural conditions from the sampling locality.

To standardize the hunger level, all the spiders were fed
sequentially with juvenile individuals of the cockroach Blaptica
dubia during 1 h, when the spider stopped accepting prey, it was
considered satiated. The hunger standardization procedure lasted
only one day following similar studies focused on wolf spiders
feeding behavior (García et al., Accepted). Spiders were starved
during twoweeks after feeding, before starting the experiments. All
spiders spent the same time on Petri dishes (16 days), before
starting experiments.

2.2. Effect of glyphosate on spider feeding rate

To evaluate the effect of the glyphosate on the functional
response, we randomly assigned 150 spiders without replacement
to experimental groups based on treatment (control, glyphosate)/
prey type (ant, caterpillar, cricket; see later)/prey density. Five
spiders were used for each prey density, we kept the predator:prey
body size ratio as similar as possible between treatments to avoid
possible bias.

For the spider contamination, we used the residual toxicity
method suggested by �Rez�a�c et al. (2010). A filter paper (10� 10 cm)
was submerged into a glyphosate solution, with a concentration of
280 mg/L a.i. (100% field dosage) since it is commonly used in



Table 1
Parameter estimates (SE) of functional responses of the spider Hogna cf. bivittata
after contamination by glyphosate or exposure to water as a control to three pests.
The significantly negative linear term (b) from a quasibinomial model along with
stated search efficiency (a) from a gammamodel indicates the functional response of
type II. Number of killed ants did not depend on prey density indicated by the dash.
Th is for the handling time. The parameters were estimated for total time T ¼ 15 min
and area of 728 cm2. Comparisons are made between contaminated and control
group for each prey type. Different letters, indicate significant differences.

Prey Treatment В Th a

Cricket Glyphosate �0.12 (0.022) 5.2 (0.86)a 0.16 (0.369)a

Control �0.16 (0.022) 5.5 (0.80)a 0.36 (0.478)a

Caterpillar Glyphosate �0.76 (0.172) 3.1 (0.40)a 0.30 (0.816)a

Control �0.26 (0.074) 1.8 (0.28)b 0.21 (0.889)a

Ant Glyphosate �0.59 (0.103) 6.9 (0.83)a e

Control �0.58 (0.133) 4.3 (0.48)b e
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soybean crops in the region (Catacora Vargas et al., 2012). The filter
paper was left to dry (30 min) and later rolled in a test tube
(15 � 1.5 cm), each single spider was placed inside the tube for
30 min. For the control group the same procedurewas repeated but
individuals were exposed to distilled water, which is a solvent for
glyphosate. After contamination, individuals were transferred to a
glass container (19 � 10 � 6 cm) 30 min before starting the ex-
periments to allow the spider to habituate.

We used ant (Acromyrmex sp., mean size ± SD: 6 ± 3 mm),
caterpillar (Anticarsia gemmatalis,mean size ± SD: 17 ± 4 mm), and
cricket (Miogryllus sp., mean size ± SD: 15 ± 3 mm). Prey were
selected based on preliminary field records in the case of crickets,
which were observed feeding on soybean seedlings (Lacava pers
obs), and have been reported as pests for other crops such as grapes
(Bournier, 1977). Caterpillars and ants were selected, as these have
been suggested as pest for soybean crops in Uruguay (Ribeiro et al.,
2008). We also used as a criteria preliminary observations, where
adult females of Hogna cf. bivittata were observed preying on the
selected pests (Lacava pers. Obs.). The three pests were tested
separately. To avoid bias due to prey size differences, we selected
prey with body length up to two times the spider’s prosoma length,
except for ants that measured about half of the spider’s prosoma
length. We offered one of the five prey densities to each spider,
namely 1, 3, 5, 10, and 15 prey. Each prey item was assigned to
treatment/density/spider randomly without replacement. Overall,
we used five replications for each prey species and its corre-
sponding density and treatment. The experiment run for 4 h. To
ensure constant prey density (Juliano, 2001), we checked for dead
prey every 15 min and we replaced the dead prey for living one.

2.3. Data analysis

All analyses were performed within the R environment (R
Development Core Team, 2019). We determined the type of func-
tional response (type I-III) by evaluating the relationship between
the prey density and the proportion of killed prey (Juliano, 2001).
We applied the generalized linear models (GLMs) with quasibino-
mial error structure and logit link (GLM-qb) as the datawere under-
dispersed (Peka

́

r and Brabec, 2016). The linear predictor of the
initial model was of cubic regression type as it can provide a good fit
for the type III functional response (Juliano, 2001). The type of
functional response was then determined by the significance and
slope of the linear term (Juliano, 2001). Type I is determined by
non-significant linear term, while types II and III are determined by
a significant negative and positive linear term, respectively. Since
an experimental treatment can change the type of functional
response we analyzed the type for each group separately (Juliano,
2001).

If the linear term was significantly negative we modelled it ac-
cording to the formula (Holling, 1965):

Ne ¼ aNT
ð1þ aNThÞ

Where Ne, N, a, T, and Th are number of killed prey, prey density,
search efficiency, total time, and handling time (prey capture and
ingestion), respectively. We used the linearized form of the formula
by inversely transforming the prey density and by using a GLMwith
gamma error structure and inverse link (GLM-g) (Pek�ar and Brabec,
2016). To compare the capture rate between the experimental
groups we incorporated the effect of treatment into the model
(Juliano, 2001). We estimated the search efficiency a according to
the relationship a ¼1/bT, where b is the estimate of slope. Th was
estimated according to the relationship Th ¼ aT, where a is the
intercept (Pek�ar and Brabec, 2016). As a and Th were estimated
from the data, they contain all their sub-components (Holling,
1965). However, as the time of experiments was relatively short
while the ingestion takes more time (Sebrie et al., 1991, 1994;
Pasquet and Leborgne, 1997), the handling time is most likely
composed mainly from prey capture. T was 15 min as the period
when we checked for the dead prey.

3. Results

We did not observe any mortality throughout the short-term
course of the study. However, we observed that contaminated in-
dividuals constantly groomed legs and pedipalps after exposure.
The functional response of Hogna cf. bivittata to crickets was of type
II in control (GLM-qb, F1,23 ¼ 53.6, P < 0.001; Table 1) as well as in
the glyphosate contaminated group (GLM-qb, F1,23 ¼ 29.5,
P < 0.001; Table 1). The number of killed crickets increased with
prey density (GLM-g, F1,48 ¼ 7.90, P ¼ 0.007; Fig. 1) but the capture
rate was similar between the two treatments (GLM-g, F1,48 ¼ 0.39,
P ¼ 0.54). The estimated asymptote of killed crickets was 0.19 and
0.18 per 15 min in the control and glyphosate treatment,
respectively.

For caterpillars, the functional response was of type II in both
treatments (Table 1). In all treatments the number of killed prey
increased with density (GLM-g, F1,47 ¼ 35.03, P < 0.001). The
glyphosate contaminated spiders killed fewer caterpillars than
control spiders, which was due to higher handling time (GLM-g,
F1,48 ¼ 10.32, P¼ 0.002; Table 1; Fig. 2). The estimated asymptote of
killed caterpillars was 0.33 and 0.53 per 15 min in contaminated
and control group, respectively.

The proportion of killed ants decreased with prey density in the
control group (GLM-qb, F1,22 ¼ 28.9, P < 0.001; Table 1) and
glyphosate contaminated group (GLM-qb, F1,19 ¼ 57.4, P < 0.001;
Table 1). On the other hand, the number of killed ants did not in-
crease with prey density in both treatment groups (GLM-g,
F1,42 ¼ 0.02, P ¼ 0.88). This means that there was no functional
response to ant densities. However, number of killed ants was
lower in the contaminated than the control group (GLM-g,
F1,43 ¼ 8.09, P ¼ 0.007; Table 1; Fig. 3).

4. Discussion

Here we investigated how the glyphosate affects the functional
response of Hogna cf. bivittata to three important insect pests of
soybean, namely cricket Miogryllus sp., caterpillar A. gemmatalis,
and ant Acromyrmex sp. We did not observe any mortality, which is
in line with results showing that glyphosate has a minimal im-
mediate lethal effect (e.g., Michalkov�a and Pek�ar, 2009; Leccia et al.,
2016). The application of glyphosate affected the Hogna cf.



Fig. 1. Functional response of the spider Hogna cf. bivittata after contamination with
glyphosate or treated by water control to density of crickets Miogryllus sp. Estimated
relationships are displayed. Small noise in data along x-axis was added to show the
data structure. The estimated parameters are shown in Table 1.

Fig. 2. Functional response of the spider Hogna cf. bivittata after contamination with
glyphosate or treated by water control to density of caterpillars Anticarsia gemmatalis.
Estimated relationships are displayed. Small noise in data along x-axis was added to
show the data structure. The estimated parameters are shown in Table 1.

Fig. 3. Comparison of number of killed ants Acromyrmex sp. by the spider Hogna cf.
bivittata after contamination by glyphosate or exposure to water control. The points
are means and the lines are 95% confidence intervals.
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bivittata’s functional response in a pest-specific way. The glypho-
sate application reduced the capture rate of caterpillars and ants.
But the capture rate of crickets was similar between spiders from
glyphosate and control groups. Our results agree with Petcharad
et al. (2018), who showed that the effects of pesticides can be
prey-specific.

Surprisingly, the capture rate of crickets by Hogna cf. bivittata
was similar in the glyphosate and control treatments. We observed
that crickets exhibited highly effective defense as they avoided a
spider’s attack by jumping and kicking. This might explain the low
capture rate on this prey type. It is likely that the low capture rates
of crickets prevented the detection of differences between the
treatments. In addition, experience with prey can also affect the
capture success in spiders (Jakob and Long, 2016). However, we are
unaware whether the spiders captured crickets in the field and
therefore we cannot say whether experience with crickets might
affect the capture success of Hogna cf. bivittata.

The reduced capture rate of caterpillars by the glyphosate
exposed Hogna cf. bivittata was caused by increased handling time
while the search efficacy was similar. This suggests a minimal effect
of glyphosate on the factors that compose search efficacy, specif-
ically, relative spider and caterpillar locomotion speed, spider re-
action area, and killing success rate (Holling, 1965). On the other
hand, glyphosate influenced one or more components of handling
time, namely time spend by watching, subduing, and consuming
prey (Holling, 1965). Rittman et al. (2013) observed that glyphosate
does not affect the time when the wolf spider Pardosa milvina no-
tices the cricket, time when she initiates the attack, or killing suc-
cess rate of a single cricket. But, the Pardosa exposed to glyphosate
invests more in subduing the crickets as it takes more pounces than
the unexposed spiders (Rittman et al., 2013). As the experiments
were short-term (4 h) and the ingestion time is longer (Sebrie et al.,
1991, 1994; Pasquet and Leborgne, 1997), we assume that the
observed difference was not caused by the differences in digestion
pause of the spiders. Therefore, the lower capture rate of Hogna cf.
bivittatamight be connected to the subduing capacity. We observed
that caterpillars struggled more when captured than crickets and
ants, which might increase the differences in prey paralysation
between glyphosate and control groups.

Glyphosate also reduced the capture rate of ants. However, we
did not find a significant relationship between the consumption
rate and the prey density. Lycosids rarely prey on ants as they are
dangerous (Cushing, 2012; Líznarov�a and Pek�ar, 2013; Michalkov�a
and Pek�ar, 2009). The lack of relationship between density and
consumed prey might be explained by the fact that ants use group
defence (H€olldobler andWilson, 1990). The reduced searching time
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at higher ant density can be compensated by the increased time
spend by avoiding and defending against ant retaliation (Líznarov�a
and Pek�ar, 2013). We observed that contaminated spiders spend
more time grooming legs and pedipalps. We hypothesize that this
might influence the searching time and the number of prey
consumed. The intensified cleaning due to pesticde apllication have
been reported in different insecticides in other natural enemies
such as coccinelids and spiders (Wiles and Jepson, 1994; Niedobov�a
et al., 2016).

The effect of herbicides on spider-prey relationship and food-
web dynamics in agroecosystems is often assumed to be indirect
through changes in vegetation structure (e.g., Staudacher et al.,
2018). However, glyphosate can affect the feeding rate in a prey-
specific way within a spider species and the response to glypho-
sate to a specific prey type might differ among spider species
(Behrend and Rypstra, 2018; Rittman et al., 2013). Moreover,
glyphosate can affect spider behaviour and life-history parameters
across several instars (Behrend and Rypstra, 2018; Benamú et al.,
2010; Evans et al., 2010). Since glyphosate may inhibit cholines-
terase transmission in crayfished affecting nervous system and
altering key functions as feeding (Banaee et al., 2019), further
studies should explore if something similar occurs in spider
affecting their feeding behavior. Therefore, the application of
glyphosate can directly affect the strength and connections within
the food-webs and consequently the food-web dynamics and
biocontrol services provided by spiders.

Our results have implication for biological control. Hogna cf.
bivittata have the potential to contribute to pest limitation, espe-
cially of the caterpillars but also crickets in soybean crops because
the capture rates increased with the pests’ densities. Indeed, other
wolf spider species have been shown to be an effective predator of a
Noctuidae caterpillar pests of cotton (Rendon et al., 2016). However,
the suppression potential ofHogna cf. bivittata for ants is minimal as
the capture rate did not change with ant density.

In conclusion, we found a pest specific short-term effect of
glyphosate on the functional response of the wolf spider Hogna cf.
bivittata. Glyphosate did not affect capture rate of crickets signifi-
cantly but it reduced capture rate of caterpillars and ants. Our re-
sults therefore agree with other studies showing that glyphosate
can reduce the biocontrol potential of natural enemies (Benamú
et al., 2010; Korenko et al., 2016; Niedobov�a et al., 2019; Stecca
et al., 2016). However, the pest-specific effect on capture rate of
Hogna cf. bivittata suggests that the application of glyphosate may
affect the biocontrol services, not only through reduced overall
capture rate but also through the restructured food-web architec-
ture. Our results are therefore in line with those of Petcharad et al.
(2018) and illustrate the necessity to investigate the pest-specific
response of natural enemies to pesticides if we are to understand
the effect of pesticides on biocontrol services. Further studies
should explore the effect of glyphosate and other pesticides on food
webs where spiders are a representative group of predators.
CRediT author statement

Mari�angeles Lacava: Conceptualization, Methodology, Investi-
gation, Data curation, Writing original draft, Resources. Luis Fer-
nando García: Conceptualization, Methodology, Data curation,
Formal analysis, Writing original draft, Writing - Review & Editing.
Carmen Viera: Conceptualization, Methodology, Writing - Review
& Editing, Resources, Project administration, Funding acquisition.
Supervision. Radek Michalko. Formal analysis, Data curation, Soft-
ware, Visualization, Writing original draft, Writing - Review &
Editing.
Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

The Uruguayan Research Grant Agency (ANII: POS_-
NAC_2011_1_3687 and SNI) and the Sectorial Committee for Sci-
entific Research supported M.L. LFG and CV. RM was supported by
the grant no. QK1910296 NAZV provided by the Ministry of Agri-
culture of the Czech Republic e National Agency for Agricultural
Research. We are also indebted to Martín Santana, Ramiro Tam-
basco and Marcelo Ottati, for their help on laboratory observations.
Oscar Lacava, Edgardo Roland and Esteban Arostegui kindly helped
us with logistic support. We thank Marco Benamú for his com-
ments on a previous version of this project. We are indebted to Luis
Piaccentini for his help on spider identification and the anonymous
reviewers whose comments helped us to improve this manuscript.

References

Banaee, M., Akhlaghi, M., Soltanian, S., Gholamhosseini, A., Heidarieh, H.,
Fereidouni, M.S., 2019. Acute exposure to chlorpyrifos and glyphosate induces
changes in hemolymph biochemical parameters in the crayfish, Astacus lep-
todactylus (Eschscholtz, 1823). Comp. Biochem. Physiol. Part - C Toxicol. Phar-
macol 222, 145e155. https://doi.org/10.1016/j.cbpc.2019.05.003.

Behrend, J.E., Rypstra, A.L., 2018. Contact with a glyphosate-based herbicide has
long-term effects on the activity and foraging of an agrobiont wolf spider.
Chemosphere 194, 714e721. https://doi.org/10.1016/j.chemosphere.2017.12.038.

Benamú, M.A., Schneider, M.I., S�anchez, N.E., 2010. Effects of the herbicide glyph-
osate on biological attributes of Alpaida veniliae (Araneae, Araneidae), in labo-
ratory. Chemosphere 78, 871e876. https://doi.org/10.1016/
j.chemosphere.2009.11.027.

Benamú, M.A., Lacava, M., García, L.F., Santana, M., Viera, C., 2017. Spiders associated
with agroecosystems: roles and perspectives. In: Viera, C., Gonzaga, M. (Eds.),
Behaviour and Ecology of Spiders: Contributions from the Neotropical Region.
Springer, Cham, pp. 275e302. https://doi.org/10.1007/978-3-319-65717-2_11.

Benhadi-Marín, J., Pereira, J.A., Barreales, D., Sousa, J.P., Santos, S.A.P., 2018.
A simulation-based method to compare the pest suppression potential of
predators: a case study with spiders. Biol. Contr. 123, 87e96. https://doi.org/
10.1016/j.biocontrol.2018.05.007.

Benhadi-Marín, J., Pereira, J.A., Sousa, J.P., Santos, S.A.P., 2019. Functional responses
of three guilds of spiders: comparing single- and multiprey approaches. Ann.
Appl. Biol. 175, 202e214. https://doi.org/10.1111/aab.12530.

Birkhofer, K., Gavish-Regev, E., Endlweber, K., Lubin, Y.D., von Berg, K., Wise, D.H.,
Scheu, S., 2008. Cursorial spiders retard initial aphid population growth at low
densities in winter wheat. Bull. Entomol. Res. 98, 249e255. https://doi.org/
10.1017/S0007485308006019.

Bommarco, R., Miranda, F., Bylund, H., Bj€orkman, C., 2011. Insecticides suppress
natural enemies and increase pest damage in cabbage. J. Econ. Entomol. 104,
782e791. https://doi.org/10.1603/ec10444.

Bournier, A., 1977. Grape insects. Annu. Rev. Entomol. 22, 355e376. https://doi.org/
10.1146/annurev.en.22.010177.002035.

Catacora-Vargas, G., Galeano, P., Agapito-Tenfen, S.Z., Aranda, D., Palau, T., Onofre
Nodari, R., 2012. Soybean production in the southern cone of the americas:
update on land and pesticide use. Norway.

Christoffoleti, P.J., Galli, A.J., Carvalho, S.J., Moreira, M.S., Nicolai, M., Foloni, L.L.,
Martins, B.A., Ribeiro, D.N., 2008. Glyphosate sustainability in South American
cropping systems. Pest Manag. Sci. 64, 422e427. https://doi.org/10.1002/
ps.1560.

Cushing, P.E., 2012. Spider-ant associations: an updated review of myrmecomorphy,
myrmecophily, and myrmecophagy in spiders. Psyche 1e23. https://doi.org/
10.1155/2012/151989.

Deng, L., Dai, J., Cao, H., Xu, M., 2007. Effects of methamidophos on the predating
behavior of Hylyphantes graminicola (sundevall) (araneae: linyphiidae). Environ.
Toxicol. Chem. 26, 478e482. https://doi.org/10.1897/06-344R.1.

Desneux, N., Decourtye, A., Delpuech, J.-M., 2007. The sublethal effects of pesticides
on beneficial arthropods. Annu. Rev. Entomol. 52, 81e106. https://doi.org/
10.1146/annurev.ento.52.110405.091440.

Evans, S.C., Shaw, E.M., Rypstra, A.L., 2010. Exposure to a glyphosate-based herbi-
cide affects agrobiont predatory arthropod behaviour and long-term survival.
Ecotoxicology 19, 1249e1257. https://doi.org/10.1007/s10646-010-0509-9.

Ewald, J.A., Wheatley, C.J., Aebischer, N.J., Moreby, S.J., Duffield, S.J., Crick, H.Q.P.,
Morecroft, M.B., 2015. Influences of extreme weather, climate and pesticide use
on invertebrates in cereal fields over 42 years. Global Change Biol. 21,
3931e3950. https://doi.org/10.1111/gcb.13026.

https://doi.org/10.1016/j.cbpc.2019.05.003
https://doi.org/10.1016/j.chemosphere.2017.12.038
https://doi.org/10.1016/j.chemosphere.2009.11.027
https://doi.org/10.1016/j.chemosphere.2009.11.027
https://doi.org/10.1007/978-3-319-65717-2_11
https://doi.org/10.1016/j.biocontrol.2018.05.007
https://doi.org/10.1016/j.biocontrol.2018.05.007
https://doi.org/10.1111/aab.12530
https://doi.org/10.1017/S0007485308006019
https://doi.org/10.1017/S0007485308006019
https://doi.org/10.1603/ec10444
https://doi.org/10.1146/annurev.en.22.010177.002035
https://doi.org/10.1146/annurev.en.22.010177.002035
http://refhub.elsevier.com/S0045-6535(20)31980-9/sref10
http://refhub.elsevier.com/S0045-6535(20)31980-9/sref10
http://refhub.elsevier.com/S0045-6535(20)31980-9/sref10
https://doi.org/10.1002/ps.1560
https://doi.org/10.1002/ps.1560
https://doi.org/10.1155/2012/151989
https://doi.org/10.1155/2012/151989
https://doi.org/10.1897/06-344R.1
https://doi.org/10.1146/annurev.ento.52.110405.091440
https://doi.org/10.1146/annurev.ento.52.110405.091440
https://doi.org/10.1007/s10646-010-0509-9
https://doi.org/10.1111/gcb.13026


M. Lacava et al. / Chemosphere 262 (2021) 1277856
Fangupo, S., Kant, R., Palomar, M.K., Furlong, M.J., 2018. Impact of insecticides on
Trichogramma chilonis parasitism and in the oviposition pattern of large cab-
bage moth eggs. Acta Hortic. Regiotect 20, 40e43. https://doi.org/10.1515/ahr-
2017-0009.

Furlong, M.J., Zu-Hua, S., Yin-Quan, L., Shi-Jian, G., Yao-Bin, L., Shu-Sheng, L.,
Zalucki, M.P., 2004. Experimental analysis of the influence of pest management
practice on the efficacy of an endemic arthropod natural enemy complex of the
diamondback moth. J. Econ. Entomol. 97, 1814e1827. https://doi.org/10.1093/
jee/97.6.1814.

García, L.F., Nu~nez, E., Lacava, M., Silva, H., Martínez, S., Petillon, J. (In press).
Experimental assessment of trophic ecology in a generalist spider predator:
implications for biocontrol in Uruguayan crops. J. Appl. Entomol.

Greeney, H.F., Dyer, L., Smilanich, A.M., 2012. Feeding by lepidopteran larvae is
dangerous: a review of caterpillars’ chemical, physiological, morphological, and
behavioral defenses against natural enemies. Invertebr. Surviv. J. 9, 7e34.

H€olldobler, B., Wilson, E.O., 1990. The Ants. Springer-Verlag.
Hlivko, J.T., Rypstra, A.L., 2003. Spiders reduce herbivory: nonlethal effects of spi-

ders on the consumption of soybean leaves by beetle pests. Ann. Entomol. Soc.
Am. 96, 914e919. https://doi.org/10.1603/0013-8746(2003)096[0914:srhneo]
2.0.co;2.

Holling, C.S., 1965. The functional response of predators to prey density and its role
in mimicry and population regulation. Mem. Entomol. Soc. Canada 97, 5e60.
https://doi.org/10.4039/entm9745fv.

Jakob, E.M., Long, S.M., 2016. How (not) to train your spider: successful and un-
successful methods for studying learning. New Zeal. J. Zool. https://doi.org/
10.1080/03014223.2015.1127263.

Jeschke, J.M., Kopp, M., Tollrian, R., 2004. Consumer-food systems: why type I
functional responses are exclusive to filter feeders. Biol. Rev. 79, 337e349.
https://doi.org/10.1017/S1464793103006286.

Juliano, S.A., 2001. Attedation and functional response curves. In: Cheiner, S.M.,
Gurven, J. (Eds.), Design and Analysis of Ecological Experiments, second ed.,
pp. 178e196 London.

Korenko, S., Niedobov�a, J., Kol�a�rov�a, M., Hamouzov�a, K., Kysilkov�a, K., Michalko, R.,
2016. The effect of eight common herbicides on the predatory activity of the
agrobiont spider Pardosa agrestis. BioControl 61, 507e517. https://doi.org/
10.1007/s10526-016-9729-0.

Lease, H.M., Wolf, B.O., 2011. Lipid content of terrestrial arthropods in relation to
body size, phylogeny, ontogeny and sex. Physiol. Entomol. 36, 29e38. https://
doi.org/10.1111/j.1365-3032.2010.00767.x.

Leccia, F., Kysilkov�a, K., Kol�a�rov�a, M., Hamouzov�a, K., Líznarov�a, E., Korenko, S., 2016.
Disruption of the chemical communication of the European agrobiont ground-
dwelling spider Pardosa agrestis by pesticides. J. Appl. Entomol. 140, 609e616.
https://doi.org/10.1111/jen.12288.

Líznarov�a, E., Pek�ar, S., 2013. Dangerous prey is associated with a type 4 functional
response in spiders. Anim. Behav. 85, 1183e1190. https://doi.org/10.1016/
J.ANBEHAV.2013.03.004.

L�opez, S.L., Aiassa, D., Benítez-Leite, S., Lajmanovich, R., Ma~nas, F., Poletta, G.,
�Snchez, N., Simoniello, M.F., Carrasco, A.E., 2012. Pesticides used in South
American GMO-based agriculture. A review of their effects on humans and
animal models. In: Fishbein, C. (Ed.), Advances in Molecular Toxicology. Elsevier,
Oxford, pp. 41e75. https://doi.org/10.1016/B978-0-444-59389-4.00002-1.

Michalko, R., Ko�suli�c, O., 2016. Temperature-dependent effect of two neurotoxic
insecticides on predatory potential of Philodromus spiders. J. Pest. Sci. 2004 (89),
517e527. https://doi.org/10.1007/s10340-015-0696-5.

Michalko, R., Pek�ar, S., Dul’a, M., Entling, M.H., 2019. Global patterns in the
biocontrol efficacy of spiders: a meta-analysis. Global Ecol. Biogeogr. 28 (9),
1366e1378. https://doi.org/10.1111/geb.12927.

Michalkov�a, V., Pek�ar, S., 2009. How glyphosate altered the behaviour of agrobiont
spiders (Araneae: Lycosidae) and beetles (Coleoptera: carabidae). Biol. Contr. 51,
444e449. https://doi.org/10.1016/j.biocontrol.2009.08.003.

Niedobov�a, J., Hula, V., Michalko, R., 2016. Sublethal effect of agronomical surfac-
tants on the spider Pardosa agrestis. Environ. Pollut. 213, 84e89. https://doi.org/
10.1016/j.envpol.2016.02.005.

Niedobov�a, J., Skalský, M., Ou�rední�ckov�a, J., Michalko, R., Barto�skov�a, A., 2019.
Synergistic effects of glyphosate formulation herbicide and tank-mixing adju-
vants on Pardosa spiders. Environ. Pollut. 249, 338e344. https://doi.org/
10.1016/j.envpol.2019.03.031.

Oraze, M.J., Grigarick, A.A., 1989. Biological control of aster leafhopper (Homoptera:
cicadellidae) and midges (Diptera: chironomidae) by Pardosa ramulosa (Ara-
neae: Lycosidae) in California rice fields. J. Econ. Entomol. 82, 745e749. https://
doi.org/10.1093/jee/82.3.745.

Pasquet, A., Leborgne, R., 1997. Behavioural tactics for prey capture and prey
ingestion in two sympatric spiders. Neth. J. Zool. 48, 39e52. https://doi.org/
10.1163/156854298X00200.

Pasquet, A., Tupinier, N., Mazzia, C., Capowiez, Y., 2016. Exposure to spinosad affects
orb-web spider (Agalenatea redii) survival, web construction and prey capture
under laboratory conditions. J. Pest. Sci. 89, 507e515. https://doi.org/10.1007/
s10340-015-0691-x.

Pek�ar, S., 2012. Spiders (Araneae) in the pesticide world: an ecotoxicological review.
Pest Manag. Sci. 68, 1438e1446. https://doi.org/10.1002/ps.3397.

Pek�ar, S., Michalko, R., Loverre, P., Líznarov�a, E., �Cerneck�a, �L., 2015. Biological control
in winter: novel evidence for the importance of generalist predators. J. Appl.
Ecol. 52, 270e279. https://doi.org/10.1111/1365-2664.12363.

Pekar, S., Brabec, M., 2016. Modern Analysis of Biological Data: Generalized Linear
Models in R. Masaryk University Press, Brno.

Petcharad, B., Ko�suli�c, O., Michalko, R., 2018. Insecticides alter prey choice of po-
tential biocontrol agent Philodromus cespitum (Araneae, Philodromidae). Che-
mosphere 202, 491e497. https://doi.org/10.1016/j.chemosphere.2018.03.134.

�Rez�a�c, M., Pek�ar, S., Star�a, J., 2010. The negative effect of some selective insecticides
on the functional response of a potential biological control agent, the spider
Philodromus cespitum. BioControl 55, 503e510. https://doi.org/10.1007/s10526-
010-9272-3.

Rendon, D., Whitehouse, M.E.A., Taylor, P.W., 2016. Consumptive and non-
consumptive effects of wolf spiders on cotton bollworms. Entomol. Exp. Appl.
158, 170e183. https://doi.org/10.1111/eea.12390.

Ribeiro, A., Castiglioni, E., Silva, H., 2008. Soybean Insects in Uruguay. Illustrated
Manual for the Identification of Pests and Natural Enemies. Hemisferio Sur,
Montevideo (Insectos de la soja en Uruguay. Manual ilustrado de reconoci-
miento de plagas y enemigos naturales.

Riechert, S.E., Lockley, T., 1984. Spiders as Biological Control Agents. Annu. Rev.
Entomol 29, 299e320. https://doi.org/10.1146/annurev.en.29.010184.001503.

Rittman, S., Wrinn, K.M., Evans, S.C., Webb, A.W., Rypstra, A.L., 2013. Glyphosate-
based herbicide has contrasting effects on prey capture by two co-occurring
wolf spider species. J. Chem. Ecol. 39, 1247e1253. https://doi.org/10.1007/
s10886-013-0353-5.

Samu, F., Csaba, S., 2002. On the nature of agrobiont spiders. J. Arachnol. 30,
389e402.

Schneider, M.I., Sanchez, N., Pineda, S., Chi, H., Ronco, A., 2009. Impact of glyphosate
on the development, fertility and demography of Chrysoperla externa (Neuro-
ptera: chrysopidae): ecological approach. Chemosphere 76, 1451e1455. https://
doi.org/10.1016/j.chemosphere.2009.05.029.

Sebrie, M.A., Pasquet, A., Leborgne, R., 1991. Modalities of feeding behaviour in an
orb-weaving spider Zygiella x-notata (Clerck) (Araneae: araneidae). Behaviour
117, 206e219. https://doi.org/10.1163/156853991X00535.

Sebrier, M.A., Pasquet, A., Leborgne, R., 1994. Resource management in the orb-
weaving spider Zygiella x-notata: I. influence of spider behaviour and avail-
able prey. Ethology 96, 334e342. https://doi.org/10.1111/j.1439-
0310.1994.tb01021.x.

Snyder, W.E., Wise, D.H., 2001. Contrasting trophic cascades generated by a com-
munity of generalist predators. Ecology 82, 1571e1583. https://doi.org/10.1890/
00112-9658(2001)082[1571:CTCGBA]2.0.CO;2.

Staudacher, K., Rennstam Rubbmark, O., Birkhofer, K., Malsher, G., Sint, D.,
Jonsson, M., Traugott, M., 2018. Habitat heterogeneity induces rapid changes in
the feeding behaviour of generalist arthropod predators. Funct. Ecol. 32,
809e819. https://doi.org/10.1111/1365-2435.13028.

Stecca, C.S., Bueno, A.F., Pasini, A., Silva, D.M., Andrade, K., Filho, D.M.Z., 2016. Side-
effects of glyphosate to the parasitoid Telenomus remus nixon (hymenoptera:
platygastridae). Neotrop. Entomol. 45, 192e200. https://doi.org/10.1007/
s13744-016-0363-4.

Suenaga, H., Hamamura, T., 2015. Effects of manipulated density of the wolf spider,
Pardosa astrigera (Araneae: Lycosidae), on pest populations and cabbage yield: a
field enclosure experiment. Appl. Entomol. Zool 50, 89e97. https://doi.org/
10.1007/s13355-014-0310-y.

Svobodov�a, Z., Skokov�a Habu�stov�a, O., Holec, J., Holec, M., Boh�a�c, J., Jursík, M.,
Soukup, J., Sehnal, F., 2018. Split application of glyphosate in herbicide-tolerant
maize provides efficient weed control and favors beneficial epigeic arthropods.
Agric. Ecosyst. Environ. 251, 171e179. https://doi.org/10.1016/
J.AGEE.2017.09.018.

Vila-Aiub, M.M., Vidal, R.A., Balbi, M.C., Gundel, P.E., Trucco, F., Ghersa, C.M., 2008.
Review Glyphosate-resistant weeds of South American cropping systems: an
overview. Pest Manag. Sci. 64, 366e371. https://doi.org/10.1002/ps.1488.

Wiles, J.A., Jepson, P.C., 1994. Sub-lethal effects of deltamethrin residues on the
within-crop behaviour and distribution of Coccinella septempunctata. Entomol.
Exp. Appl. 72, 33e45. https://doi.org/10.1111/j.1570-7458.1994.tb01800.x.

Wrinn, K.M., Evans, S.C., Rypstra, A.L., 2012. Predator cues and an herbicide affect
activity and emigration in an agrobiont wolf spider. Chemosphere 87, 390e396.
https://doi.org/10.1016/j.chemosphere.2011.12.030.

Zhang, X., Xu, Q., Lu, W., Liu, F., 2015. Sublethal effects of four synthetic insecticides
on the generalist predator Cyrtorhinus lividipennis. J. Pest Sci. 88, 383e392.
https://doi.org/10.1007/s10340-014-0606-2.

https://doi.org/10.1515/ahr-2017-0009
https://doi.org/10.1515/ahr-2017-0009
https://doi.org/10.1093/jee/97.6.1814
https://doi.org/10.1093/jee/97.6.1814
http://refhub.elsevier.com/S0045-6535(20)31980-9/sref20
http://refhub.elsevier.com/S0045-6535(20)31980-9/sref20
http://refhub.elsevier.com/S0045-6535(20)31980-9/sref20
http://refhub.elsevier.com/S0045-6535(20)31980-9/sref20
http://refhub.elsevier.com/S0045-6535(20)31980-9/sref57
http://refhub.elsevier.com/S0045-6535(20)31980-9/sref57
https://doi.org/10.1603/0013-8746(2003)096[0914:srhneo]2.0.co;2
https://doi.org/10.1603/0013-8746(2003)096[0914:srhneo]2.0.co;2
https://doi.org/10.4039/entm9745fv
https://doi.org/10.1080/03014223.2015.1127263
https://doi.org/10.1080/03014223.2015.1127263
https://doi.org/10.1017/S1464793103006286
http://refhub.elsevier.com/S0045-6535(20)31980-9/sref24
http://refhub.elsevier.com/S0045-6535(20)31980-9/sref24
http://refhub.elsevier.com/S0045-6535(20)31980-9/sref24
http://refhub.elsevier.com/S0045-6535(20)31980-9/sref24
https://doi.org/10.1007/s10526-016-9729-0
https://doi.org/10.1007/s10526-016-9729-0
https://doi.org/10.1111/j.1365-3032.2010.00767.x
https://doi.org/10.1111/j.1365-3032.2010.00767.x
https://doi.org/10.1111/jen.12288
https://doi.org/10.1016/J.ANBEHAV.2013.03.004
https://doi.org/10.1016/J.ANBEHAV.2013.03.004
https://doi.org/10.1016/B978-0-444-59389-4.00002-1
https://doi.org/10.1007/s10340-015-0696-5
https://doi.org/10.1111/geb.12927
https://doi.org/10.1016/j.biocontrol.2009.08.003
https://doi.org/10.1016/j.envpol.2016.02.005
https://doi.org/10.1016/j.envpol.2016.02.005
https://doi.org/10.1016/j.envpol.2019.03.031
https://doi.org/10.1016/j.envpol.2019.03.031
https://doi.org/10.1093/jee/82.3.745
https://doi.org/10.1093/jee/82.3.745
https://doi.org/10.1163/156854298X00200
https://doi.org/10.1163/156854298X00200
https://doi.org/10.1007/s10340-015-0691-x
https://doi.org/10.1007/s10340-015-0691-x
https://doi.org/10.1002/ps.3397
https://doi.org/10.1111/1365-2664.12363
http://refhub.elsevier.com/S0045-6535(20)31980-9/sref40
http://refhub.elsevier.com/S0045-6535(20)31980-9/sref40
https://doi.org/10.1016/j.chemosphere.2018.03.134
https://doi.org/10.1007/s10526-010-9272-3
https://doi.org/10.1007/s10526-010-9272-3
https://doi.org/10.1111/eea.12390
http://refhub.elsevier.com/S0045-6535(20)31980-9/sref43
http://refhub.elsevier.com/S0045-6535(20)31980-9/sref43
http://refhub.elsevier.com/S0045-6535(20)31980-9/sref43
http://refhub.elsevier.com/S0045-6535(20)31980-9/sref43
https://doi.org/10.1146/annurev.en.29.010184.001503
https://doi.org/10.1007/s10886-013-0353-5
https://doi.org/10.1007/s10886-013-0353-5
http://refhub.elsevier.com/S0045-6535(20)31980-9/sref46
http://refhub.elsevier.com/S0045-6535(20)31980-9/sref46
http://refhub.elsevier.com/S0045-6535(20)31980-9/sref46
https://doi.org/10.1016/j.chemosphere.2009.05.029
https://doi.org/10.1016/j.chemosphere.2009.05.029
https://doi.org/10.1163/156853991X00535
https://doi.org/10.1111/j.1439-0310.1994.tb01021.x
https://doi.org/10.1111/j.1439-0310.1994.tb01021.x
https://doi.org/10.1890/00112-9658(2001)082[1571:CTCGBA]2.0.CO;2
https://doi.org/10.1890/00112-9658(2001)082[1571:CTCGBA]2.0.CO;2
https://doi.org/10.1111/1365-2435.13028
https://doi.org/10.1007/s13744-016-0363-4
https://doi.org/10.1007/s13744-016-0363-4
https://doi.org/10.1007/s13355-014-0310-y
https://doi.org/10.1007/s13355-014-0310-y
https://doi.org/10.1016/J.AGEE.2017.09.018
https://doi.org/10.1016/J.AGEE.2017.09.018
https://doi.org/10.1002/ps.1488
https://doi.org/10.1111/j.1570-7458.1994.tb01800.x
https://doi.org/10.1016/j.chemosphere.2011.12.030
https://doi.org/10.1007/s10340-014-0606-2

	The pest-specific effects of glyphosate on functional response of a wolf spider
	1. Introduction
	2. Material and methods
	2.1. Specimen collection and hunger standardization
	2.2. Effect of glyphosate on spider feeding rate
	2.3. Data analysis

	3. Results
	4. Discussion
	CRediT author statement
	Declaration of competing interest
	Acknowledgments
	References


