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Introduction

Farmlands are not only sources of food for people, but also 
provide habitat for many organisms (Katoh et  al. 2009; 
Pimentel et  al. 1992). Paddy fields are created in at least 
114 countries around the world (Maclean et al. 2002), and 
provide breeding and feeding habitats for various organ-
isms as alternative to wetlands (Elphick 2000; Katano et al. 
2003). However, the Green Revolution during the 1960s 
and 1970s enhanced rice productivity through the utiliza-
tion of agrochemicals and consolidation of ditches (Hazell 
2010), which decreased the species diversity of paddy-
inhabiting organisms (Katayama et  al. 2015; Kobori and 
Primack 2003). To ameliorate these negative effects, envi-
ronmentally friendly farming (EFF) has become an increas-
ingly popular option among farmers. Previous studies have 
shown that EFF enhances species diversity and abundance 
of organisms in paddy fields (Nakanishi et al. 2009; Tanaka 
and Ihara 2012; Ushio et al. 2014), but it may decrease crop 
productivity due to the prevalence of diseases, pests, and 
weeds of rice paddies. Thus, it is crucial to identify envi-
ronmental conditions that could mitigate this tradeoff, such 
as the identification of landscape structures maintaining 
high densities of natural enemies in paddy fields under EFF 
(Kiritani 2000; Miyashita et al. 2014; Takada et al. 2012).

Spiders are dominant predators of insect pests in paddy 
ecosystems. Spiders of the genus Tetragnatha are common 
web-building spiders that appear to have potential in pest 
control (Amano et al. 2011; Kobayashi et al. 2011; Takada 
et al. 2012). In addition, these spiders were selected as indi-
cators that can be used to evaluate the effect of EFF on the 
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conservation and enhancement of biodiversity in paddy 
fields in Japan (Tanaka and Ihara 2013).

Earlier studies showed that the abundance of Tetragna-
tha spiders inhabiting grasslands, paddy fields and creeks 
was dependent on the surrounding forest cover (Amano 
et  al. 2011; Miyashita et  al. 2012; Yoshida 1981). Since 
the abundance of spiders is generally affected by food 
availability (Diehl et al. 2013; Miyashita et al. 2003; Polis 
et  al. 1998), the high abundance of Tetragnatha spiders 
was supposed to be due to the bottom-up effect of prey 
insects, which emerge in high densities from paddy fields 
or grasslands with high surrounding forest cover (Amano 
et  al. 2011; Miyashita et  al. 2012; Yoshida 1981). Espe-
cially, dipterans may be the key prey for Tetragnatha spi-
ders in paddy fields (Kiritani et al. 1972; Yoshida 1987). 
In order to test the bottom-up effect, it is necessary to 
demonstrate correlations between the abundance of dip-
terans and the population growth rate of Tetragnatha spi-
ders, using time-series data, rather than snapshot correla-
tions between the prey and predator abundance. It is also 
important to consider not only the abundance of spiders 
in paddy fields, but also in ditches, as Tetragnatha spi-
ders prefer damp habitats (Yoshida 1981). In the non-crop 
season, paddy fields have little water and vegetation to 
support webs, and consequently are probably unsuitable 
habitats for Tetragnatha spiders, while ditches adjacent 
to paddy fields often hold water and vegetation almost 
year-round and may function as an important habitat for 
spiders. It is therefore necessary to examine spider popu-
lation dynamics in landscapes including paddy fields and 
ditches to identify any limiting factors for their population 
growth rate.

The objective of this study was to identify the mecha-
nisms that increase the abundance of Tetragnatha spiders in 
paddy fields under EFF by surveying population dynamics 
in a paddy-dominated landscape. Specifically we focused 
on testing:

1.	 The population of Tetragnatha spiders, which was 
maintained by complementary utilization of paddy 
fields and ditches through the seasons.

2.	 The positive effect of EFF on Tetragnatha spiders and 
flying insects, which was enhanced when the surround-
ing forest cover was higher.

3.	 The population growth rate of Tetragnatha spiders, 
which was increased with an increasing density of fly-
ing insects.

4.	 The density of Tetragnatha spiders in ditches in the 
non-crop season, which was also high when the sur-
rounding forest cover was high and nearby paddy fields 
were under EFF.

Methods

Study area

Field surveys were conducted in Shioya Town, Tochigi Pre-
fecture, central Japan (36°44′N, 139°51′E). This study area 
is characterized by paddy-dominated landscapes mixed 
with cedar plantations (Fig. 1), and there were no natural 
wetlands or abandoned wet paddy fields that could serve 
as source habitats for Tetragnatha spiders and their major 
prey. Some of these paddy fields were under EFF, where 
the use of agrochemicals and chemical fertilizers was lim-
ited compared to conventional farming (CF), i.e., no use of 
insecticides since 2010, and an almost 50 % reduction, for 
at least 10 years, in the use of other chemicals, including 
fungicides, herbicides, and chemical fertilizers (see details 
in Table 1). Most of the paddy fields had both irrigation and 
drainage concrete ditches on opposite sides, with a similar 
width (about 40  cm). Moreover, all paddy fields located 
opposite, across ditches adjacent to the focal paddy fields, 
were managed by CF. These conditions enabled us to test 
whether farming methods and surrounding forest cover 

Fig. 1   Map of 15 paddy fields 
under conventional farming 
(CF) and 18 paddy fields under 
environmentally friendly farm-
ing (EFF). The map is created 
by Arc geographic information 
system 10.1
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affected the abundance of Tetragnatha spiders and associ-
ated prey.

Data sampling

We selected 15 paddy fields under CF and 18 paddy fields 
under EFF with a varying degree of forest cover. Tetragna-
tha spiders were surveyed three times, i.e., mid-June, late 
July, and late October (28 October to 8 November) 2013. 
Tetragnatha spiders were expected to migrate from ditches 
to paddy fields in June, when rice plants started to grow, 
providing physical support for spider webs, and dipter-
ans were abundant. From early September to early Octo-
ber when rice was harvested, Tetragnatha spiders were 
expected to migrate from paddy fields back to ditches.

In each paddy field, Tetragnatha spiders were captured 
from the head of rice plants by 30–70 sweeps, using an 
insect net with a 50-cm rod and a 36-cm diameter. Sweep-
ing was conducted both at the center (5 m away from the 
levee) and the edge (from the levee up to 1  m) of each 
paddy field in July and October. Note that, in October, 
sweeping was conducted on tillers grown from rice stock. 
In June, sweeping was conducted only at the paddy edges 
to avoid damage to young rice plants. This did not seem 
to affect the main results, as Tetragnatha spiders were 
scarce in this season. Samples captured by sweeping were 
preserved in 80 % ethanol, and the number of Tetragnatha 
spiders was counted in the laboratory using a stereomi-
croscope (sweep count). In both irrigation and drainage 
ditches, the number of Tetragnatha spiders was determined 
visually (visual count) in a 5 to 10-m-long transect, 
depending on the size of the adjacent paddy field. Although 
sweeping was also conducted on grasses in levees, spiders 

were rarely captured here, so we focused only on paddy 
fields and ditches in our study.

Flying insects were collected with sticky transparent 
card traps (5  cm ×  10  cm) coated with adhesive chemi-
cals on both sides. Three to four sticky traps were placed 
in each paddy field (just above the rice plants) and in each 
ditch (at ground level), and left for 5 days in June and for 
8 days in July. The number of flying insects was counted on 
both sides of a 5-cm × 5-cm area at the center of each plate 
using a stereomicroscope.

Conversion of sweep counts into visual counts

To allow direct comparison of spider densities between 
paddy fields and ditches it is necessary to convert sweep 
counts into visual counts by estimating the sampling 
efficiency of sweeping. A total of 26 and 29 quadrats 
(1  m ×  2  m) were established in paddy fields when the 
average height of rice plants was low (June; 42  cm) and 
high (July; 87  cm), respectively. For each quadrat, visual 
counting of spiders followed by sweeping was conducted. 
The ratio of sweep count to visual count (pi) was calcu-
lated, and its log odds ratio (β1) was estimated by the fol-
lowing generalized liner model with a binomial error term:

where i is the trial and β1 is then intercept to be estimated.
Sampling efficiency of sweep to visual counting (S) was 

estimated by the following formula:

As a result, β1 was estimated to be −1.222 and S to be 
0.231 in June, while β1 was estimated to be 0.016 and S to 

log[pi/(1− pi)] = β1,

S = exp(β1/[1+ exp(β1)])

Table 1   Major types of agrochemical products and their components applied to paddy fields under conventional farming (CF) and environmen-
tally friendly farming (EFF) practices

a  Applied to nursery boxes immediately before rice planting for protection of rice plants from pests and disease

Season Type Chemical component

CF EFF Formulation

Early to mid-Maya  Insecticide Clotianidin, fipronil or imidacloprid – Granular

 Fungicide Probenazole or tiadinil Isotianil

Mid- to late April Fertilizer Phosphoric acid, nitrogen and potassium 
or ammonium sulfate, urea, ammonium 
phosphate, potassium chloride and potas-
sium sulfate

Magnesium sulfide and urea –

Mid- to late May Initial herbicide Pyraclonil and propyrisulfuron or butachlor 
and pentoxazone

Pyraclonil and propyrisulfuron Granular

Mid- to late June Middle herbicide Bentazone Bentazone Liquid

Late August  Insecticide Ethofenprox or kasugamycin – Dust or wettable powder

 Fungicide Ferimzone and phthalide –
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be 0.504 in July. There was no strong relation between pi 
and visual count.

Finally, sweep counts were converted to visual counts by 
dividing the sweep counts by sampling efficiency of sweep-
ing (S).

Next, the number of spiders in paddy fields and ditches 
on a visual-count basis was also estimated. The average 
area of paddy fields and the average length of ditches in all 
study sites were calculated, and these values were multi-
plied by the spider density (average per squared meter) in 
each paddy field or ditch adjacent to the paddy field, which 
is termed hereafter “spider abundance.” Note that spider 
abundance in ditches was the sum of irrigation and drain-
age ditches, by this way, it was possible to evaluate the 
relative importance of paddy fields and ditches as habitats 
for spiders.

Landscape variable

Surrounding forest cover was used as a landscape vari-
able, as it influenced the abundance of spider in paddy-
dominated landscapes (Amano et al. 2011; Miyashita et al. 
2012). Forest cover within a 200-m-radius buffer around 
a study paddy field was calculated by using a geographic 
information system (GIS; Arc GIS10.1, ESRI). This spa-
tial scale was so determined because overlaps of buff-
ers of different paddy fields were minimal at this scale, 
and changing the buffer size to 200 or 400 m did not have 
large effects on the results of subsequent statistical analy-
sis (results not shown). Land-use data were provided by the 
Japan Integrated Biodiversity Information System (J-IBIS; 
http://www.biodic.go.jp/J-IBIS.html; Ministry of the Envi-
ronment, Japan).

Statistical analysis

A two-way ANOVA was used to analyze seasonal and 
habitat-type differences in the spider abundance. Here, 
the square-root-transformed spider abundance was the 
response variable, while season (June, July, or October) and 
habitat type (paddy fields or ditches) were the independ-
ent variables. The interaction of two independent variables 
was tested to identify complementary utilization of paddy 
fields and ditches by spiders. Abundance of dipterans was 
also analyzed in the same way as for spiders, except that 
the season included only June and July. If the interaction 
term of the two-way ANOVA was significant (p < 0.05), the 
abundance between paddy fields and adjacent ditches was 
compared for each season by a paired data t-test.

The effect of farming type and surrounding forest 
cover on the density of Tetragnatha spiders and the abun-
dance of flying insects were analyzed using a general-
ized linear model. A negative binomial distribution was 

basically used for error terms, but a zero-inflated Poisson 
model was used when zero values were included in more 
than half of all the data. Note that sweep count was used 
for paddy fields while visual count was used for ditches 
because conversion should increase the uncertainty of the 
estimates and a direct comparison of densities between 
paddy fields and ditches was not the focus of this analy-
sis. The density of Tetragnatha spiders or the abundance 
of flying insects was the response variable, while farm-
ing type (CF or EFF), surrounding forest cover, and their 
interaction were the independent variables. If the interac-
tion term was not significant (p < 0.05), it was excluded 
from the model.

The effects of the abundance of flying insects on the 
population increase of Tetragnatha in paddy fields was 
examined using a general linear model. The response varia-
ble was log[(N in July)/(N in June)], where N is the density 
of spiders in a paddy fields. The independent variable was 
the density of flying insect in June or July.

All statistical analyses were performed with R-3.0.1 (R 
Development Core Team 2013).

Results

Seasonal population dynamics of Tetragnatha spiders 
and flying insects

A total of five Tetragnatha species were collected from 
paddy fields and ditches through three seasons. Among 
these, three species, Tetragnatha extensa Linnaeus, Tetrag-
natha maxillosa Thorell and Tetragnatha caudicula Karsch, 
comprised more than 90 % of the total.

For all Tetragnatha species, there is a clear difference in 
seasonal fluctuations of abundance between paddy fields 
and ditches (Fig.  2). Two-way ANOVA revealed that the 
seasons-habitat type interaction had significant effects 
on the abundance of all Tetragnatha species (Table 2). In 
July, the abundance of all Tetragnatha species was signif-
icantly higher in paddy fields than in ditches [T. extensa, 
t(31)  =  2.056, p  =  0.049; T. maxillosa, t(31)  =  2.501, 
p = 0.018; T. caudicula, t(31) = 8.122, p < 0.001; Fig. 2]. 
In October, however, the abundance of T. extensa and 
T. maxillosa was higher in ditches than in paddy fields 
[p  <  0.001, t(17) = −5.909; p  <  0.001, t(17) = −5.740, 
respectively], while the abundance of T. caudicula was 
significantly higher in paddy fields than that in ditches 
throughout the study period [p  <  0.001, t(17)  =  5.740; 
Fig. 2].

For flying insects, the interaction between season and 
habitat type was not significant, while the effect of habi-
tat type was significant (Table 3), with flying insects more 
abundant in paddy fields.

http://www.biodic.go.jp/J-IBIS.html
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Effects of surrounding forest cover and farming type 
on Tetragnatha spiders and flying insects

Farming type and surrounding forest cover generally 
affected the density of three Tetragnatha species in paddy 
fields, but not as much those in ditches. In July, there was 
a significant interaction effect of farming type and forest 
cover on the density of three spider species (Figs. 3, 4, 5). 
Spider density in paddy fields under EEF increased with 
increasing surrounding forest cover, whereas the density in 
paddy fields under CF remained at a relatively low level. In 
other seasons, EFF had a positive effect only on T. maxil-
losa in June (Fig. 4). In ditches, forest cover and farming 
type had no effect on the density of Tetragnatha spiders, 
except for the effect of surrounding forest cover on the 
density of T. maxillosa in October and T. caudicula in June 
(Figs. 4, 5).

Flying insects captured from paddy fields and ditches 
combined in June were mainly Nematocera (90.5 %), fol-
lowed by Hemiptera (3.4 %), Brachycera (2.8 %); percent-
ages of these insects were quite similar in July (89.6  % 
Nematocera, 4.1 % Brachycera, and 3.5 % Hemiptera). The 
compositions of flying insects were similar between paddy 
fields and ditches (results not shown).

In paddy fields, the interaction effect of the surrounding 
forest cover and farming type on the abundance of flying 
insects was significant in June and July, (Fig. 6). In ditches, 
forest cover and farming type had no effect on the density 
of flying insects.

Fig. 2   Seasonal changes in 
the abundance of Tetragnatha 
spiders (Tetragnatha extensa, 
Tetragnatha maxillosa, and 
Tetragnatha caudicula) in 
paddy fields (grey bars) and 
ditches (open bars). Error bars 
indicate SE. For abbreviations, 
see Fig. 1
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Table 2   Two-way ANOVA table of seasonal and habitat-type differ-
ences in the abundance of Tetragnatha spiders (Tetragnatha extensa, 
Tetragnatha maxillosa, and Tetragnatha caudicula)

df, mean square (MS), F-value and p-value for each independent vari-
able

Independent variables df MS F-value p-value

T. extensa

 Season 2 2667.300 25.849 <0.001

 Habitat type 1 481.400 4.666 0.032

 Season × habitat type 2 1528.700 14.815 <0.001

T. maxillosa

 Season 2 1557.600 14.224 <0.001

 Habitat type 1 256.200 2.339 0.128

 Season × habitat type 2 2220.300 20.275 <0.001

T. caudicula

 Season 2 5411.000 54.130 <0.001

 Habitat type 1 9956.000 99.590 <0.001

 Season × habitat type 2 1678.000 16.790 <0.001

Table 3   Two-way ANOVA table of seasonal and habitat-type differ-
ences in the abundance of flying insects

df, MS, F-value and p-value for each independent variable

Independent variables df MS F-value p-value

Season 1 1.440 0.322 0.572

Habitat type 1 23.583 5.273 0.024

Season × habitat type 1 6.287 1.406 0.239
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Correlation between the density of flying insects 
and the population growth rate of Tetragnatha spiders

As shown in Fig.  7, a significant positive correlation was 
identified between the population growth rate of two 

Tetragnatha species (T. extensa and T. maxillosa) and the 
density of flying insects in paddy fields in June. No signifi-
cant correlation was identified in paddy fields in July, nor 
in ditches in any season.

Fig. 3   Relationship between 
the density of Tetragnatha 
extensa and surrounding forest 
cover. Regression lines for pad-
dies under EFF (solid line) and 
CF (broken line), respectively. 
Gray line is statistically not sig-
nificant. Density of T. extensa 
in paddy fields under EFF 
(filled circles) and CF (open 
circles), respectively. Differ-
ences are considered significant 
at p < 0.05. For abbreviations, 
see Fig. 1
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ences are considered significant 
at p < 0.05. For abbreviations, 
see Fig. 1
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Discussion

Our study revealed that the abundance of two Tetragnatha 
species (T. extensa and T. maxillosa) was higher in paddy 
fields than in ditches in the growing season, but was higher 
in ditches than in paddy fields in the non-crop season. 
Thus, the complementary utilization of ditches and paddy 

Fig. 5   Relationship between 
the density of Tetragnatha 
caudicula and surrounding for-
est cover. Regression lines for 
paddies under EFF (solid lines) 
and CF (broken lines), respec-
tively. Density of T. caudicula 
in paddy fields under EFF 
(filled circles) and CF (open 
circles), respectively. Differ-
ences are considered significant 
at p < 0.05. For abbreviations, 
see Fig. 1
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fields through the seasons was indicated as an important 
mechanism for the maintenance of Tetragnatha populations 
in paddy fields.

Since the abundance of dipteran in paddy fields in the 
growing season was relatively high, especially when the 
surrounding forest cover was high, the population increase 
of Tetragnatha spiders was probably due to the bottom-up 
effect of such prey insects. However, in the non-crop sea-
son, paddy fields were dry with little vegetation to support 
spider webs, which might have forced spiders to move to 
adjacent ditches for the non-crop season (fall–spring), 
either by walking or ballooning. The seasonal population 
trends of T. caudicula in paddy fields were different from 
those of the other two species. The abundance of T. caudic-
ula in paddy fields was high even in the non-crop season, 
while in ditches it was very low in all seasons. T. caudicula 
appeared to prefer grasslands to water habitats.

Our study also revealed that the density of Tetragnatha 
spiders and the abundance of flying insects were increased 
by EFF, when the surrounding forest cover was high. 
Moreover, a significant positive correlation was identified 
between the abundance of dipterans and the population 
growth rate of two Tetragnatha spider species (T. extensa 
and T. maxillosa). Although a positive correlation between 
dipterans and Tetragnatha spiders has been already shown 
by snapshot data (Takada et  al. 2014), we provided more 
direct evidence that dipterans exerted a bottom-up effect on 
Tetragnatha spiders in paddy fields.

The other reason for the increase in Tetragnatha spiders 
was that the forest might function as a refuge from distur-
bance or provide prey subsidy to paddy-dwelling spiders. 
However, Tetragnatha spiders were hardly observed at 
forest edges (M.  H.  Tsutsui, personal observation), so it 
is unlikely that the forest functioned as a refuge or source 
habitat for these spider species. It is also unlikely that dip-
terans which emerged from paddy fields originated from 
forests because forest-dwelling species may not be able to 
live in wet paddy fields. Although the reason for the high 
abundance of flying insects in paddy fields with a high sur-
rounding forest cover was unclear, two mechanisms were 
considered. First, the presence of surrounding forests may 
ameliorate harsh microclimatic conditions in paddy fields 
in mid-summer, resulting in an increased abundance or 
temporal stability of emerging dipterans. Second, forest 
edges per se may function as overwintering or swarming 
sites for dipterans.

In conventional paddy fields, however, both the den-
sity of Tetragnatha spiders and the abundance of dipter-
ans remained at low levels, irrespective of the surrounding 
forest cover. This was probably due to the strong effect of 
insecticides on dipterans living in paddy water during their 
larval stage, which indirectly decreased the density of spi-
ders via the reduced bottom-up effect. As insecticides were 

applied to nursery boxes immediately before rice planting, 
their residue in paddy soil might have decreased the num-
ber of aquatic dipteran larvae, not Tetragnatha spiders liv-
ing on paddy vegetation. It is unlikely that insecticides had 
a direct effect in June and July because insecticide appli-
cation after rice planting was in August (Table 1). Earlier 
studies indicated that the effects of insecticides are differ-
ent among invertebrate taxa and types of insecticides used 
(Hayasaka et  al. 2012a, b; Takamura and Yasuno 1986). 
However, as these results were based on short-term experi-
ments, they may not have captured cumulative effects of 
insecticide application at the natural community level. Fur-
ther research is required to uncover the general effects of 
insecticide application on dipterans in the future.

Our study finally revealed that the density of Tetrag-
natha spiders in ditches in the non-crop season was little 
affected by the surrounding forest cover, despite their high 
density in the nearby paddy fields in the growing season. 
We consider that density-dependent population regulation 
might play a role in this because the area of ditches was 
much smaller than that of paddy fields, resulting in severe 
space limitation for spiders. Nevertheless, even when local 
density regulation occurred, EFF might have enhanced 
the density of Tetragnatha spiders at a larger spatial scale 
through their dispersal into local low-density areas. To test 
this possibility, it is necessary to use bigger study areas, 
comprising multiple landscape units, which will enable us 
to adopt the true “landscape approach” (McGarigal and 
Cushman 2002).

Our results indicated that Tetragnatha spider popula-
tions were maintained by complementary utilization of 
paddy fields and ditches through the seasons, as well as the 
bottom-up effect of dipterans emerging from paddy fields. 
This is in contrast with earlier studies in European agricul-
tural croplands, where the spillover effect from surround-
ing source habitats was the main process that enhanced 
the abundance and/or species diversity in dry croplands 
(Blitzer et al. 2012; Schmidt et al. 2008; Tscharntke et al. 
2012), although the importance of spillover from croplands 
to surrounding habitats is hypothetical (Rand et al. 2006). 
This difference may be attributed to the higher productiv-
ity in still, shallow-water environments (paddy fields) com-
pared to dry terrestrial environments (cereal croplands) 
(Cebrian 1999; Kikuchi et al. 2012). Thus, in paddy-dom-
inated ecosystems, croplands per se are high-quality habi-
tats, whereas surrounding components, such as ditches, 
levees, and forest edges, provide alternative habitats in the 
non-crop season, or they ameliorate environmental condi-
tions inside the paddy fields. It is possible that agronomic 
management practices in paddy fields, such as the utili-
zation of agrochemicals, may have a stronger impact on 
organisms than that in dry arable lands. Furthermore, we 
suggest that the combined existence of paddy fields and 
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ditches may be important for the maintenance of preda-
tor abundance in paddy fields. These results provide novel 
insights into the management of paddy-dominated ecosys-
tems. Recent agricultural intensification has led to changes 
in water-management systems. Although such water man-
agement has contributed to an increased rice yield, the con-
struction of pipelines and underground drains has resulted 
in the loss of open ditches that has disrupted the comple-
mentary utilization of alternative water habitats by marsh 
predators, including Tetragnatha spiders, and consequently 
might have reduced pest-control services. It is therefore 
important to pay more attention to these indirect effects in 
the near future.
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