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not to spray pesticides as spiders are potentially control-
ling the pest species. Interviews with farmers made clear 
that many farmers in the study area showed their interest in 
management methods that promote biological pest control.
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Introduction

In agricultural fields, spiders often occur in high abundance 
and richness (e.g. Marc et al. 1999; Sunderland and Samu 
2000; Sebastian et  al. 2005; Stenchly et  al. 2012; Takada 
et al. 2012). Their broad food spectrum leads to stable pop-
ulation dynamics and allows them to remain in agricultural 
fields, especially in times of low abundances of preferred 
prey species (Maloney et al. 2003). Spiders as a group are 
generalist predators. However, different families, genera 
or species utilise various foraging strategies and exhibit 
specialisations with respect to microhabitat, prey items or 
activity periods. Spiders generally can be divided into web 
builders and free hunters, while Uetz et al. (1999) even dis-
tinguished between eight guilds in agricultural fields: sheet, 
tangle, orb and space web-building spiders and running, 
stalking, ambushing and foliage-dwelling free-hunting spe-
cies. Hence, they can be very useful natural enemies for 
insect pests (Marc et al. 1999; Maloney et al. 2003). Thus, 
their conservation in agricultural fields is important for bio-
logical pest control (Settle et al. 1996; Lou et al. 2013) and 
contributes to environmentally friendly farming practices.

Rice (Oryza sativa) is the major food crop in Asia. To 
meet the demands of a growing population the ‘Green 
Revolution’, a most influential intervention in rice cul-
tivation in all Asian countries starting in the mid-1960s, 
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aimed to increase rice production through the intro-
duction of agrochemicals, machinery and high yield-
ing varieties. However, intensified cultivation practices 
may affect the conservation of prey-predator complexes 
in agricultural fields (Zhao et al. 2015; Lee et al. 2014). 
Fertiliser application can promote pest populations; this 
is especially the case with sap-feeding insects like plant- 
and leafhoppers, which respond positively to nitrogen-
rich plants (Matson 1997; Lu and Heong 2009; Horgan 
and Crisol 2013). Pesticide application kills the target 
species but often it also kills useful natural enemies 
(Settle et al. 1996; Marc et al. 1999; Landis et al. 2000; 
Tilman et  al. 2001). For instance, pesticides applied in 
the early growth of rice plants kill predators like spiders, 
which are then unable to control pests that peak later 
in the season, such as plant- and leafhoppers (hereafter 
referred to as leafhoppers), which are a major concern 
in rice cultivation (Settle et  al. 1996; Lou et  al. 2013; 
Lu et al. 2015). To avoid such secondary pest outbreaks, 
conservation biological pest control might be the better 
strategy instead of applying chemical pesticides. By con-
serving predators such as spiders in rice fields, the pest 
numbers can be held below the economic threshold (Set-
tle et al. 1996). According to Balfour and Rypstra (1998) 
and Sunderland and Samu (2000), weed density provides 
higher structural diversity in a habitat, which benefits 
spider communities. Weeding therefore may reduce this 
structural diversity in the crop field and thus also can 
lead to a decline in spider abundance and richness.

Besides measures at a local scale, the features at the 
landscape scale can be equally important for the protec-
tion of predators in agricultural fields. Diverse natural 
or semi-natural habitats adjoining crop field as well as 
a more complex landscape structure containing com-
paratively undisturbed habitats, e.g. fallow fields, field 
margins or hedgerows, can provide refuges or source 
habitats for various species (Bianchi et al. 2006). Hence, 
these habitats are important for the colonisation of crop 
fields by predators such as spiders (Marc et  al. 1999; 
Schmidt et  al. 2008; Schoenly et  al. 2010). However, 
expanding agricultural land, establishing monocultures 
and shifting to new crop types at the expenses of natu-
ral or semi-natural habitats are common phenomena in 
agriculturally used areas (Tilman et  al. 2001; Laurance 
2010).

In this study, we examined how different spider fami-
lies as well as spider webs in rice fields are related to 
prey availability, adjacent habitat, landscape structure 
and cultivation practices. Understanding the relative role 
of local and landscape management for enhancing spider 
densities helps to develop strategies for conservation of 
these important biocontrol agents.

Materials and methods

Study site

The study took place in the Wayanad district, Kerala State, 
South India. Wayanad is an undulating plateau located in 
the Western Ghats between the Kerala plains in the west 
and the Mysore plateau in the east. The hilly terrain ranges 
between 700 and 2100 m a.s.l. The climate is classified as 
a tropical monsoon climate with a mean temperature range 
of 18–29 °C and an annual rainfall of 2322 mm. Agricul-
ture is the major source of livelihood in Wayanad. Most of 
the agricultural land is maintained by subsistence farmers 
and small-holder plantations (Santhoshkumar and Ichikawa 
2010). In diverse homegardens on the hill tops, surrounding 
the farm houses, farmers grow fruit trees, coffee (Coffea 
spp.), spices, vegetables, coconut (Cocos nucifera), etc. for 
self-sufficiency (Kumar et al. 2010). However, market pres-
sure often leads to transformation of these homegardens 
into simplified systems such as rubber (Ficus elastica) or 
coffee plantations. Rice is cultivated in the plains surround-
ing the hills. The rice cultivation in this area is mainly rain-
fed and therefore usually only one crop per year is possible. 
Cultivation starts in July after the monsoon rain and ends 
with the harvest in December. The ‘Green Revolution’ also 
affected this rather remote area of rice cultivation (Pandey 
et al. 2010). Furthermore, as a consequence of the commer-
cialisation of agriculture in the late 1990s, the cultivation 
of cash crops such as banana (Musa spp.), arecanut (Areca 
catechu), ginger (Zingiber officinale) and turmeric (Cur-
cuma longa) increased considerably and contributed largely 
to the foreign exchange earnings of the district (George and 
Krishnaprasad 2006). These cash crops are usually grown 
in transformed rice fields. Hence, the expansion of cash 
crops resulted in a reduction of the rice cultivation area 
from 30,000 ha (1980–1981) to 8995 ha (2011–2012) (GOI 
2013). However, rice cultivation is still continued by many 
farmers and recently promoted by programmes to cultivate 
and conserve traditional rice varieties (Manoj 2012) and by 
prohibition of conversion of rice land for other purposes 
(Government of Kerala 2008).

Experimental design

In total, 18 rice fields were selected for the study (Fig. S1). 
To incorporate cultivation practices and landscape structure, 
we selected rice fields with high-intensity and low-intensity 
management adjacent to homegardens (diverse polycultures) 
and banana fields (intensified monocultures). Samples were 
taken in 12 subplots per field. Each was 2 × 1 m in size and 
2 m apart from each other. Four subplots each were located 
within three transects to cover the different microhabitats 
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constituting a rice field: (1) at the edge of the field, closest 
to the adjacent habitat, (2) 10 m to the field and (3) at the 
earthen bunds in the midst of the rice fields (Fig. 1). The dis-
tance from the centre transect to the bund transects varied 
between 5 and 10 m, depending on the field size.

To differentiate between low-intensity and high-inten-
sity fields, we interviewed the farmers about their cultiva-
tion practices during the field site selection. Additionally, 
we regularly recorded their management steps during the 
whole sample period, as farmers were flexible in the man-
agement practices they applied. We focused on the three 
major practices of intensification: (1) the amount of applied 
fertiliser (min = 35.31  kg/ha; max = 705.98  kg/ha), (2) 
whether insecticides were applied and (3) whether weed-
ing was done or not. No herbicides were used in the study 
region and weed control was done manually. Permission to 
work in their rice fields was provided by the farmers in the 
form of a written agreement.

Data collection

The survey took place during the cropping season after the 
South-West Monsoon, between August and December in 
2011 and 2012. Samples were taken approximately once 

a month; one each during the tillering stage, during pani-
cle development, flowering and milk grain stage to cover 
the different phenological stages of the rice crop (Reissig 
et al. 1986). In 2011, during the milk grain stage, most of 
the farmers did not permit sampling. Thus, only three sam-
ple rounds could be taken. Samples were taken on predomi-
nantly dry days between 8 am and 2 pm in an alternating 
order, so that each field was sampled in the morning and in 
the early afternoon as well. We collected spiders and insects 
by sweep netting using a triangular web with a side length 
of 35 cm and a rounded front. We conducted five sweeps 
per sampling in 2011, covering the 2 × 1 m of each subplot. 
Since the number of specimens which were collected by 
five sweeps was not as high as we had expected, the num-
ber of sweeps per subplot and sampling was increased to 
15 in the following year. Sweep netting was always done 
by LB. Before the specimens were transferred into collect-
ing bottles, they were killed. For several minutes we kept 
the net, with the living animals inside, in a collection bot-
tle (1 l) containing a cotton ball with ethyl acetate. Spiders 
were then transferred to collecting bottles by hand. This 
allowed us to take photographs of the specimens without 
changes of colour or deformations caused by alcohol. Fal-
lowing removal of spiders, the insects were transferred into 

Fig. 1  Rice fields beside 
homegarden polyculture (top 
left) and banana monoculture 
(top right) and sketch of the 
experimental design. In total 18 
rice fields with high-intensity 
and low-intensity manage-
ment were selected. Fields 
were located either adjacent 
to homegarden polycultures or 
banana monocultures. Samples 
were taken in four subplots 
(each 2 × 1 m, 2 m apart) within 
three transects (edge, centre, 
bund) in each field
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bottles filled with 70% isopropyl alcohol. Samples were 
taken to the lab for identification. All specimens were pre-
served in 70% isopropyl alcohol and stored in the collection 
of the Zoological Survey of India, WGRC Calicut. Identifi-
cation of spiders was based on Tikader (1987), Barrion and 
Litsinger (1995), Murphy and Murphy (2000), Proszynski 
(2003), Jocqué and Dippenaar-Schoeman (2007), Sebas-
tian and Peter (2009) and the taxonomy followed the World 
Spider Catalog (2014). Leafhopper identification was based 
on the descriptions given by Kalshoven (1981) and names 
were crosschecked with the Encyclopedia of Life (EOL 
2014).

Spider webs were surveyed in 2012 during the flowering 
and milk grain stages. Before the sweep netting was done, 
each subplot had been carefully searched for webs. A spray 
bottle filled with water was used to increase the webs’ vis-
ibility. We did not step into the subplots while surveying 
the webs. The rice leaves were moved as little as possible 
in order to prevent any disturbance of the spiders and the 
destruction of their webs. We counted and identified the 
webs. They were categorised into four sizes: tiny (5–10 cm 
diameter), small (10–15  cm), medium (15–20  cm) and 
large (≥20 cm). Their orientation (horizontal, vertical and 
diagonal) was noted as well as their location (top, middle, 
at base of the rice tillers, and on the ground/soil). These 
parameters are closely linked to the web types described by 
Jocqué and Dippenaar-Schoeman (2007) and Sebastian and 
Peter (2009), which were used for web identification.

A plant survey to assess weed richness and cover in the 
rice fields was conducted in 2012 during panicle develop-
ment and milk grain stage. In each subplot the plant spe-
cies were identified and the coverage for each species was 
estimated. Specimens that could not be identified in the 
field were collected and taken to the lab. Sasidharan (2011) 
and The Plant List (2013) were used as a reference of weed 
identification and recent taxonomy.

Furthermore, the current land-use in the surroundings 
of each plot was mapped within a 500 m radius based on 
Google Earth pictures (scale = 1.7:10,000), verified by a 
field survey and digitised to a GIS map using ArcGIS 10 
(ESRI 2011). We selected a 500 m radius, which seemed to 
capture the landscape size relevant to spider dispersal (e.g. 
Schmidt and Tscharntke 2005). We used the Shannon Index 
(diversity function in the vegan package in R) to calculate 
the habitat diversity of each landscape, based on the num-
ber of different habitat types and the percentage of each 
habitat type of the landscape’s total area (Steffan-Dewenter 
et al. 2002).

Statistical analysis

We pooled the data per transect over the 2 years to 
increase the sample size. For the analysis of spider webs 

only data from 2012 were used, also pooled per tran-
sect. We conducted a multivariate analysis using the 
mvabund package (3.9.3) (Wang et  al. 2016) using R 
(3.1.2) (R Core Team 2014) to analyse the response of 
different spider families and spider web types to several 
environmental and management factors. Separate models 
were computed for spider families and spider webs. The 
mvabund package builds on a model-based approach for 
the analysis of multivariate abundance data. The function 
manyglm of the mvabund package computes generalised 
linear models for each species (or, as in our case, fami-
lies and web types respectively) in a dataset separately 
using a collective set of explanatory variables. Using the 
function anova.manyglm(), adjusted for multiple testing, 
p.uni = “adjusted”, multivariate and univariate results 
for each family were obtained. We used a negative bino-
mial distribution to account for count data. An integrated 
inference tool in the model takes correlations between 
families into account (Wang et  al. 2012). Checks for 
homoscedasticity, normality of errors and absence of out-
liers were done by diagnostic plots of each model. Over-
lapping landscapes (as it was the case in several locations 
due to a restricted number of suitable fields) does not 
necessarily lead to spatial autocorrelation (Zuckerberg 
et al. 2012). Spatial autocorrelation should only be taken 
into account in the model if it occurs. However, there is 
no option to check for spatial autocorrelation in manyglm 
residuals so far. A Spearman’s correlation test was con-
ducted to check for correlations between the explana-
tory variables, namely adjacent habitats (homegarden or 
banana), the amount of applied fertiliser (kg/ha), insec-
ticide application, weed operations, landscape diversity, 
abundance of leafhoppers, Lepidoptera and other insects, 
weed richness, percentage of weed cover and the percent-
ages of landscape components (homegarden, banana, 
rice and fallow) in the landscape (Table S1). Due to cor-
relations between landscape structure and percentage of 
homegarden, leafhopper abundance and abundance of 
Lepidoptera and other insects respectively, we fitted the 
following models:

(1) y ~ adjacent habitat + amount of applied fer-
tiliser + insecticide application + weed opera-
tions + landscape structure + abundance of all 
insects + weed richness + percentage of weed cover

(2) y ~ % homegarden + % banana + % rice + % fallow
(3) y ~ leafhopper abundance
(4) y ~ Lepidoptera abundance
(5) y ~ abundance of other insects.

Additionally, we conducted a Spearman’s correlation 
test between the abundances of leafhoppers, Lepidoptera, 
other insects and the application of fertilisers to check 
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whether there is an indirect effect of fertiliser through prey 
abundance or not.

Results

In total, we collected 2073 spider individuals belonging to 
15 families and 86 species. Only the seven most abundant 
spider families were included in the analysis (total abun-
dance ≥40), i.e. Tetragnathidae, Oxyopidae, Salticidae, 
Araneidae, Lycosidae, Linyphiidae, Thomisidae (Table  1, 
Table S2). For the other families we had too few counts to 
obtain meaningful results. A total of 386 spider webs were 
counted and classified into five different web types, namely 
orb webs, space webs, ground webs, tetragnathid webs and 
reduced webs (Table 2). Reduced webs were excluded from 
the analysis because of insufficient records.

A total of 15,620 leafhoppers were counted over the 
2 years with 10,367 individuals collected only in 2012. 
These individuals were identified to species level if possi-
ble. Leafhoppers were dominated by well known rice pest 
species, namely Sogatella furcifera (n = 2103), Nephotettix 
spp. (n = 1899) and Recilia dorsalis (n = 573) (Table  S3). 
Furthermore, 7116 insects of ten orders other than leafhop-
pers were recorded, i.e. Coleoptera, Dermaptera, Hemip-
tera, Hymenoptera, Isoptera, Lepidoptera, Mantodea, Odo-
nata, Orthoptera and Planipennia (Table  S4). Among the 
1396 Lepidoptera (adult and larvae) observed, we recorded 
high numbers of Nymphula depunctalis (rice leaf-roller) 
and Cnaphalocrocis medinalis (leaf-folder) (together con-
stituting about 70% of the 2012 samples), both are known 
as rice pests.

The results of the multivariate analysis (Table  3, Sup-
porting Information III) showed that adjacent habitat and 
landscape structure did not affect spider families or spider 
web types. Moreover, no effect could be recognised for the 
three different management practices, fertiliser and insec-
ticide application and weeding operations. Weed richness 
did not affect spider families or web types. Also, the per-
centage of different landscape components had no effect 
on spider families. However, ground webs were positively 
related to the percentage of fallows.

The number of available insect prey explained a sig-
nificant amount of variation in spider abundance and spi-
der web number (Fig. 2; Table S5). A closer look at these 
numbers revealed different responses of spider families and 
web types to the abundance of leafhoppers, Lepidoptera 
and other insects. As the results of the univariate analysis 
have shown, all spider families were positively related to 
Lepidoptera abundance, while only Tetragnathidae, Oxy-
opidae and Linyphiidae positively responded to leafhopper 
abundance. The number of Tetragnathidae, Oxyopidae and 
Salticidae significantly increased with raising numbers of 

other insects (Fig. 3; Tables S7, S8 and S9). Furthermore, 
the increase in herb cover was negatively related to spider 
families, but this result was only significant for Oxyopidae 
(Fig. 2; Table S5).

The analysis of spider webs showed similar results as 
the analysis of spider families—the abundance of insect 
prey being the most important (Fig.  4a; Table  S10). The 
number of Tetraganthid and orb webs increased with num-
bers of leafhoppers, Lepidoptera and other insects (Fig. 5; 
Table S12, S13 and S14). Moreover, spider web numbers 
were positively related to higher percentages of fallow 
fields in the surrounding landscape (Fig.  4b; Table  S11) 
while herb cover had no effect. Fertiliser applications were 
not related to leafhoppers, Lepidoptera and other insects 
(Fig. S1).

Discussion

Leafhoppers, Lepidoptera and other insect prey

The availability of prey explained most of the density of 
the seven most abundant spider families (>40 individuals) 
and four spider web types. However, in contrast to, e.g., 
Nyffeler and Benz (1987), Kiritani et al. (1972), Sebastian 
et al. (2005), Takada et al. (2012), Takada et al. (2013), Lou 
et al. (2013), who describe a top-down effect of spiders on 
pest insects, our findings suggest that spiders were driven 
by bottom-up effects. Marc et  al. (1999) and Harwood 
et  al. (2001) describe the aggregation of spiders in prey 
rich areas as a possible numerical response. Furthermore, 
prey switching can occur, when spiders change their prey 
preferences in favour of the most abundant prey (Nyffeler 
et al. 1994a; Riechert and Lawrence 1997). In the studied 
case, spiders follow the density of their prey. This indicates 
that spiders may have the potential to prevent severe pest 
outbreaks or even to control pest insects in the rice fields. 
However, to evaluate pest regulation delivery by spiders in 
the studied area, further investigations are necessary.

The number of leafhoppers and Lepidoptera was most 
important for the most abundant spider family, Tetragnathi-
dae. Abundance of other insects also had a positive effect, 
but it was less significant. In case of tetragnathid webs, the 
response to leafhopper abundance was least significant, 
compared to Lepidoptera and other insects. Tetragnathi-
dae build large, horizontal webs in the upper part of the 
rice vegetation or in its canopy. According to Tahir et  al. 
(2009) the order of prey caught by Tetragnatha javana is 
Lepidoptera, followed by Diptera, Homoptera, Coleoptera, 
Hymenoptera and Orthoptera, which corresponds with our 
findings, showing highest increase of Tetragnathidae with 
increasing abundance of Lepidoptera and leafhoppers. 
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Table 1  Short characterisation of the seven most abundant spider 
families found in rice fields in Wayanad, South India. Descriptions 
are based on Murphy and Murphy (2000), Jocqué and Dippenaar-

Schoeman (2007), Sebastian and Peter (2009) and own observations 
(n = number of specimens collected). All pictures by L. Betz. (Color 
figure online)

Family Dominant species or 
genus

Foraging strategy Habitat Location in rice Picture

Tetrag-
nathidae 
(n = 1,024)

Tetragnatha spp. 
(n = 934)

Large, horizontal orb 
webs with open hub

Tallish grass and 
vegetation, 
wetlands, near 
water; webs often 
spanned across 
streams

Rice canopy

Tetragnatha sp. 

Oxyopidae 
(n = 458)

Oxyopes javanus 
(n = 164 plus 293 
juvenile specimens, 
most likely O. java-
nus also)

Chasing or stalking Grasses, herbs and 
shrubs

Mid-height of rice 
vegetation

Oxyopes javanus 

Salticidae 
(n = 255)

Carrhotus viduus 
(n = 139)

Stalking or chasing Shrubs, tallish 
grasses, rice plants

Mid-height of rice 
vegetation

Carrhotus viduus 

Araneidae 
(n = 111)

Neoscona spp. (n = 48) Vertical orb webs Marshy grasslands Mid-height or canopy 
of rice

Neoscona sp. 

Lycosidae 
(n = 61)

Pardosa summatrana 
(n = 31)

Free hunting Grassland, damp 
ground among leaf 
litter

On ground or water 
surface of rice fields, 
sometimes at the 
base of rice tillers

Pardosa summatrana 

Linyphiidae 
(n = 60)

Atypena adelinae 
(n = 37)

3-dimensional sheet 
webs

Grass fields, lawns Mid or base of rice 
tillers

Atypena adelinae

Thomisidae 
(n = 41)

Thomisus (n = 11) Ambushing (often 
camouflaged as 
flowers)

Flowers, foliage Mid-height of rice 
vegetation

Thomisus pugilis 
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Kiritani et al. (1972) also showed that Tetragnathidae prey 
efficiently on leafhoppers.

For Araneidae, only the increase of Lepidoptera abun-
dance showed a slightly significant effect. However, the 
numbers of orb webs, which are primarily build by Aranei-
dae, not only increased significantly with the numbers of 
Lepidoptera, but also with leafhoppers and other insects. 
Tahir et  al. (2009) found that Lepidoptera were the pre-
ferred prey of the Araneidae Neoscona theisi, which corre-
sponds with our findings for Araneidae and orb webs.

The low numbers of Linyphiidae in this study might be 
partly due to a sample bias. Linyphiidae are usually found 
at the base of the rice tillers where it was difficult to reach 
with the sweep net in tall rice varieties (up to 1.4 m high). 
However, Sebastian et  al. (2005) recorded similarly low 

numbers of Linyphiidae. Nevertheless, the results showed 
a slightly positive relationship between Linyphiidae and 
Lepidoptera and leafhopper abundance respectively. These 
findings are in line with Lou et  al. (2013), who reported 
that Linyphiidae do feed on leafhoppers but are more 
important predators of young Lepidoptera larvae and rice 
aphids. More than 60% of the captured Lepidoptera in our 
study were larvae, which may explain the positive relation-
ship between Lepidoptera and Linyphiidae. The lack of rice 
aphids in the studied fields could be a reason why the abun-
dance of other insects did not have a significant effect.

The second most abundant spider family, Oxyopidae, 
hunts by chasing or stalking. The numbers of Oxyopidae 
increased with the abundance of leafhoppers, Lepidoptera 
and other insects. Tahir and Butt (2009) showed in their 

Table 2  Spider web types found in the rice fields and the spider fam-
ilies associated with these web types. Descriptions and family alloca-
tions are based on Jocqué and Dippenaar-Schoeman (2007), Sebastian 

and Peter (2009) and own observations (n = number of webs col-
lected). All drawings by L. Betz

Web Guild Web description Family/genus associated 
with web type

Web location within the 
rice vegetation

Schematic drawing of the 
web

Tetragnathid webs 
(n = 192)

Large, horizontal orb webs 
with an open hub

Tetragnathidae Rice canopy

Orb webs (n = 72) Orb webs, different in 
size, with or without 
stabilamentum (bands of 
dense silk)

Araneidae, Theridiosoma-
tidae, Uloboridae

(webs of Theridiosoma-
tidae are hoisted in the 
centre like a tent)

Mid height or base of rice 
vegetation

Space webs (n = 66) 3-dimensional web con-
structions with or with-
out sheet like structure in 
the centre

Linyphiidae, Pholicidae, 
Theridiidae

Mainly at the base of rice 
tillers

Ground webs (n = 48) Tiny sheet webs woven 
over small pits in the soil 
or holes created by small 
stones or balls of earth

Erigoninae (Linyphiidae) On the ground

Reduced webs (n = 8) Triangular webs or 
reduced orb webs with 
missing sectors

Uloboridae, Cyrtarachne 
spp. (Araneidae)

Mid height of rice vegeta-
tion
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experiment that Oxyopes javanus do feed on leafhoppers, 
Lepidoptera and grasshopper nymphs, but preferred Lepi-
doptera larvae over leafhopper nymphs and adults. Their 
least favourite prey were grasshopper nymphs. Noticeable 
were the high numbers of immature Oxyopes sp. individu-
als in our samples. However, Barrion et  al. (2012) found 
such high number of immature Oxyopes sp. in rice fields 
in China as well and reported their efficiency in feeding on 
nymphs of leafhoppers. Although much smaller than the 

adults but high in numbers immature Oxyopes sp. may have 
the potential to reduce the number of leafhopper nymphs.

The number of Salticidae, also hunting spiders, 
increased with higher numbers of Lepidoptera and other 
insects. The frequently observed moths N. depuntalis and 
C. medinalis fit well into the prey spectrum of Carrhotus 
viduus (C. L. Koch) Sebastian and Peter (2009), which was 
the most abundant member of the Salticidae in our study 
fields. Additionally, Salticidae may prey on the larvae of N. 

Table 3  P-values of the univariate test of the manyglm models for spider families and spider webs

Bold numbers indicate significance. Homegarden = percent of homegarden area in the landscape, banana = percent of banana fields, rice = per-
cent of rice fields, fallow = percent of fallow fields. Landscape refers to a circle of 500 m radius around each sampled rice fields. Insect abun-
dance = abundance of insects except leafhoppers and Lepidoptera. Full outputs from the models are given in the Supporting Information III

Explanatory variables Spider families

Tetragnathidae Oxyopidae Salticidae Araneidae Lycosidae Linyphiidae Thomisidae

Adjacent habitat 0.687 0.687 0.839 0.687 0.839 0.764 0.839
Landscape structure 0.995 0.995 0.995 0.983 0.995 0.735 0.967
Amount of fertiliser application 0.721 0.555 0.572 0.372 0.721 0.721 0.721
Insecticide application 0.996 0.95 0.996 0.867 0.989 0.996 0.949
Weeding 0.183 0.99 0.917 0.811 0.917 0.75 0.969
Total insect abundance 0.002 0.012 0.123 0.072 0.053 0.072 0.133
Plant richness 0.741 0.741 0.905 0.592 0.905 0.905 0.858
Percent of herb cover 0.17 0.003 0.288 0.247 0.288 0.24 0.24
Homegarden 0.953 0.905 0.694 0.694 0.905 0.694 0.975
Banana 0.36 0.678 0.698 0.485 0.698 0.698 0.698
Rice 0.978 0.978 0.848 0.858 0.978 0.714 0.848
Fallow 0.963 0.963 0.963 0.918 0.901 0.829 0.829
Leafhopper abundance 0.001 0.006 0.301 0.498 0.077 0.034 0.301
Lepidoptera abundance 0.001 0.006 0.006 0.048 0.048 0.009 0.048
Insect abundance 0.013 0.001 0.013 0.2 0.13 0.2 0.2

Explanatory variables Spider webs

Orb webs Tetragnathid 
webs

Space webs Ground webs

Adjacent habitat 0.892 0.535 0.47 0.892
Landscape structure 0.642 0.687 0.302 0.257
Amount of fertiliser application 0.132 0.129 0.129 0.129
Insecticide application 0.347 0.347 0.469 0.95
Weeding 0.974 0.272 0.974 0.655
Total insect abundance 0.001 0.001 0.628 0.628
Plant richness 0.764 0.764 0.596 0.764
Percent of herb cover 0.32 0.32 0.176 0.32
Homegarden 0.856 0.117 0.856 0.856
Banana 0.985 0.53 0.877 0.169
Rice 0.827 0.492 0.827 0.526
Fallow 0.333 0.333 0.333 0.003
Leafhopper abundance 0.018 0.006 0.753 0.753
Lepidoptera abundance 0.014 0.001 0.227 0.989
Insect abundance 0.001 0.001 0.897 0.897
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depunctalis and C. medinalis, which were mostly observed 
in the middle layer of the rice vegetation. This is the pre-
ferred hunting ground of these spiders. Furthermore, Salti-
cidae may also hunt less airworthy insects, such as beetles 
(Riechert and Bishop 1990; Nyffeler et  al. 1994b), which 
could explain their positive response to other insects.

The numbers of Lycosidae found in this study was com-
paratively low, probably, because sweep netting is not the 
most efficient way to sample this group. Pitfall traps would 
have been much more appropriate to capture these ground 
running spiders but due to the standing water in the fields, 
they could not be installed. In contrast to studies by Kiri-
tani et al. (1972), Nyffeler and Benz (1987) and Lou et al. 
(2013), who reported leafhoppers to be the preferred prey 
of Lycosidae, our results indicated an increase in Lycosidae 
abundance with higher numbers of Lepidoptera. However, 
the analysis showed a slightly positive response to leafhop-
per abundance as well, though it was not significant.

In the study area damage to the crop due to pest spe-
cies do occur, but only occasionally and, according to the 
farmers, very locally. However, as the majority of the rice 
farmers in Wayanad are subsistence farmers, these locally 
restricted outbreaks can cause significant crop damage and 
substantially decrease an individual farmer’s yield. In con-
sequence, those affected are forced to buy additional rice 
from the market to supply the need of rice for the year, 
which often results in serious financial hardship. Therefore, 
conserving the spider community in the rice fields that is 
potentially able to control pests and prevent pest outbreaks, 
is a useful measure for these farmers.

Weed cover and richness

Structural diversity provided by plant diversity was hypoth-
esised to be important to conserve spider populations in 
agricultural fields. Plant diversity provides hiding places 
for hunting spiders and diverse options for web builders to 
fix their webs and also additional prey insects, which are 
related to non-crop plants (Balfour and Rypstra 1998; Sun-
derland and Samu 2000; Foelix 2011). However, we did 
not find any effects of plant diversity, on spider families 
or on spider webs. Moreover, our results indicated a trend 
towards a decline in abundance for all spider families with 
an increase of herb cover in the rice fields. However, only 
the effect on Oxyopidae was significant. Probably a too 
dense vegetation impedes foraging of these free hunting 
spiders and thus the prey have more options to hide (Butt 
and Xaaceph 2015). Web builders need enough structure 
to fix their webs but also require enough space to build 
them properly (Foelix 2011). Perhaps, denser herb vegeta-
tion in rice fields reduces the spaces for web building or the 
chance that prey is intercepted by spider webs. Therefore, 
mechanical weeding by hand, as it is done in the study area, 

apparently does not disturb spider population in the fields. 
Furthermore, it might also be possible that the efficiency of 
invertebrate capture is reduced in fields with denser weed 
cover.

Adjacent habitat, landscape structure and management

In contrast to the findings of Clough et  al. (2005) and 
Schmidt et  al. (2008), no effects were found for the type 
of adjacent habitat (homegarden polyculture vs. banana 
monoculture), but the percentage of fallow fields in the 
surrounding landscape showed a positive impact on the 
number of ground webs. Fallows serve as a retreat during 
the dry season for some spiders, especially for those liv-
ing in small crevices in the soil and on the bunds (Arida 
and Heong 1994; Bambaradeniya et  al. 2004). Thus, fal-
low fields within the rice landscape may help in conserv-
ing ground dwelling spiders in the rice fields. Homegarden 
polycultures and banana monocultures are dominated by 
woody plants and may possibly be inhabited by a spider 
assemblage that prefers woody habitats and does not spill-
over into open habitats, such as the rice fields (Entling et al. 
2007). Lemessa et al. (2015) and Schmidt et al. (2008) dis-
cussed that the spatial scale showing explanatory power is 
species specific. Thus, a 500  m radius is perhaps not the 
best spatial scale for all species and a possible reason for 
the low impact of landscape patterns found. Hence, the 
type of adjacent habitat and landscape structure seemed 
to be of less importance for the conservation of the spider 
families in rice fields compared to the findings of studies 
in different contexts (e.g. Marc et al. 1999; Schmidt et al. 
2008; Schoenly et al. 2010).

Several studies showed a harmful effect of chemi-
cal insecticides and fertilisers on spiders (e.g. Marc et  al. 
1999; Settle et al. 1996; Amano et al. 2011). However, we 
did not find any effect of different levels of fertiliser or of 
insecticide applications. Similarly, insect abundance was 
not affected by fertiliser application, suggesting that there 
is no indirect effect through prey abundance. The reason 
for the lack of impact of the different management prac-
tices could be that intensification of rice cultivation in the 
studied region had not yet reached levels high enough to 
significantly damage the spider population. Compared to 
other rice cultivation regions, the intensification observed 
in Wayanad is very modest (Lu and Heong 2009). The 
interviews and discussions with the farmers showed that 
the opinions about how to cultivate rice are diverse and do 
range from the traditional way only using organic manure 
and manual pest management to very intensified manage-
ment with high yielding varieties, chemical fertiliser and 
pesticides, larger fields, irrigation and machineries and all 
possible combinations in between. However, there also are 
those farmers (usually owning larger portions of land) who 
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totally believe in intensified agriculture and who are trying 
to promote it within the district. Hence, where the future 
of Wayanad’s rice cultivation lies is hard to predict. It will 
depend on various factors such as the farmers’ personal 
decisions, the market structure, local politics, etc.

Spider web sampling

The identification of spider webs between the rice plants 
was not easy and perhaps is less precise, compared with 
studies by Gollan et al. (2010) and Stenchly et al. (2011), 
which were conducted in woody habitats. However, spider 

web sampling can complement the spider sampling. In 
fields where the installation of pitfall traps was impossi-
ble, the survey of spider webs might be a good addition to 
sweep netting, as it is rather difficult to catch spiders at the 
base of the rice tillers, especially in later cropping stages 
when the crop has grown high. For instance, Erigoninae 
(Linyphiidae), which build ground webs—tiny sheet webs, 
built over small holes in the soil, might be missed by sweep 
netting but could be detected by their webs. The same may 
apply for Araneidae, which hide in the middle layer of the 
vegetation. Although spider webs and spider abundances 
have been sampled in different years, the analyses suggest 
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diverging results. For instance, the analysis of spider fami-
lies only showed an increase of Araneidae with an increas-
ing number of Lepidoptera, while the analysis of spider 
webs indicated that orb webs, which are mainly build by 
Araneidae, responded positively to increasing numbers 
of leafhoppers and also other insects. Ground webs were 
positively related to higher percentages of fallows in the 
surrounding, but such a relationship was not found for 
Linyphiidae.

In addition, the large horizontal webs in the rice canopy 
built by Tetragnathidae are easy to observe in the early 
morning when they are covered with dew drops. High 

numbers of tetragnathid webs could indicate to the farm-
ers that insect pests are potentially being controlled by 
spiders, suggesting deciding against pesticide application. 
Interviews during the field site selection revealed that sev-
eral farmers have a good understanding about the complex-
ity of the rice agroecosystem and also explained the role 
of spiders within the fields; that they feed on the pest spe-
cies and therefore are helpful. Moreover, some farmers, 
who have started with intensified management because 
they had hoped for higher yields and more security against 
pest outbreaks, were frustrated because these expectations 
did not become true. Pesticides had not shown an effect but 
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the farmers simultaneously noticed a drop in the quality of 
the rice. Therefore, they asked us, and discussed among 
themselves during a workshop, about alternatives. Those 
farmers who did not use pesticides often followed the tra-
ditional way of pest control using Artemisia plants as pest 
repellents. Many farmers were interested in the concept of 
biological pest control and asked about how to promote it 
in practice, which might be a good sign towards sustainable 
and environmentally friendly smallholder rice cultivation.

Conclusion

In conclusion, the findings of this study showed that the 
major determining factor for overall spider and spider web 
abundance was the prey availability, indicating that the spi-
der community in these rice fields was driven by bottom-
up effects. This suggests that spiders may have the poten-
tial to control the number of pest insects in the rice fields. 
Hence, conservation biological control of spiders could 
be a measure to prevent pest outbreaks and thus losses in 
harvest as well as the environmentally problematic appli-
cation of pesticides. The spider assemblage in rice fields 
and the adjacent, woody habitats (homegarden polyculture 
vs. banana monoculture) may be too different, thereby hin-
dering important spill-over across habitat edges. However, 
maintaining fallow fields in the surrounding landscape of 
the rice fields appeared to be a useful measure to conserve 
predators in the rice fields, as fallows can serve as refuge 
habitats during the dry season for spiders such as Erigo-
ninae. The missing evidence that fertiliser and insecticide 
application had an impact on spiders may be due to the low 
level of intensification. Herbicides were not used in the 
study region and the weeding by hand apparently does not 
disturb spider populations. Spider web sampling can be a 
useful complement to spider sampling. Spiders that occur 
in the lower levels of the rice vegetation or at the base of 
the tillers might be missed by sweep netting, but are likely 
to be detected by their webs. In addition, the large tetrag-
nathid webs are easy to observe and indicate high numbers 
of Tetragnathidae, which could be a reason for farmers not 
to spray pesticides as spiders are potentially already con-
trolling the number of pest insects. Although there are 
farmers in the study area who want to push the intensifica-
tion of rice cultivation forward, there also are many farm-
ers, who see the drawbacks of an intensified agriculture and 
either already follow organic farming or are very interested 
in how to apply environmentally friendly management 
methods.
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