
Reforestations of Tropical Forests
Alter Interactions Between Web-
Building Spiders and Their Prey
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ABSTRACT

Immense effort has been devoted to mitigating the

negative effect of deforestation, one of the main

factors causing global change. However, the effect of

reforestation management on food-webs has been

rarely studied and no study so far has investigated

the effect on predator–prey interactions in forest

understories. We studied predator–prey interactions

in forest understories using web-building spiders in

four forest types: dry evergreen forest representing a

natural control and three 20–30-year-old reforesta-

tion types, namely secondary naturally regenerating

dry evergreen forest, monoculture reforestation

dominated by Eucalyptus camaldulensis, and mixture

reforestation dominated by Acacia mangium and E.

camaldulensis. We collected spiders with their prey

and measured the availability of potential prey. We

also measured different spider traits (web type, body

size) that can be selected by various forest types and

consequently affect the predator–prey interactions.

The forest type influenced the predator–prey inter-

action in a complex way, interactively affecting spi-

der density and prey-specific capture efficacy of

spider community. The forest type also influenced

the web-type and body-size distributions of spiders.

Surprisingly, the prey composition caught by spider

webs was related only to the web-type but not to the

spider mean body size. None of the studied refor-

estations have yet restored the natural predator–

prey interactions, which indicates that conservation

management in the tropics should focus on estab-

lishing protected areas in pristine regions instead of

relying on reforestation. Moreover, the food-web

models need to incorporate not only body sizes but

also hunting strategies of predators to improve their

predictive abilities.
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web; predator; restoration; trait.

HIGHLIGHTS

� Spider density and prey-specific capture efficacy

differed among forest types.
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� Prey composition of spiders differed among forest

types.

� None of the reforestation types have yet restored

natural predator-prey interaction.

INTRODUCTION

Predator–prey interactions significantly affect

ecosystem functioning but they are rarely used as a

tool for evaluating the restoration success of

ecosystems even though they provide a more pre-

cise measure of restored function than the often

used patterns in diversity (Thompson and others

2012; Edwards and others 2013; Vander Zanden

and others 2016). The elemental composition of

prey can, for example, affect the paths of nutrient

flows through ecosystems (Ludwig and others

2018; Perkins and others 2018) or influence the

predator ecosystem services, such as pest control

(Birkhofer and others 2016).

Deforestation and other forms of habitat loss are

among the major factors causing global change

(Tilman and others 2004; Brook and others 2008;

Rosa and others 2016; Segan and others 2016).

Awareness of the negative impacts of deforestation

has led to immense global reforestation efforts to

restore forest ecosystem functions but the restora-

tion success of various reforestation types is mixed

(Chazdon 2008; Hall and others 2011; Evans and

others 2013; Menz and others 2013). The vari-

ability in restoration success partially arises due to

our poor knowledge about how reforestations af-

fect ecosystem processes such as predator–prey

interactions (Hall and others 2011). In animals, the

restoration success of reforestation practices has

been mostly evaluated based on the changes in

biodiversity of a certain model group(s) of organ-

isms including birds, mammals, herpetofauna, and

invertebrates (reviewed in Crouzeilles and others

2017).

A limited number of studies have addressed the

effect of reforestation and the shift in forest type on

food-webs (Barnes and others 2014; Derhé and

others 2016; Hu and others 2016; Klarner and

others 2017; Potapov and others 2019). These

studies indicate that the changes in forest stand

characteristics lead to changes in the positions and

widths of animal trophic niches and that the sim-

plification and conversion of forests into mono-

cultures steeply reduces ecosystem

multifunctionality (Barnes and others 2014). What

has not been considered is the change in multi-

variate diet composition in relation to prey avail-

ability. Moreover, the aforementioned studies focus

on energy and matter fluxes in litter and soil but

we are not aware of any study that investigates the

effect of different reforestation practices on preda-

tor–prey interactions in the above-ground food-

chain.

There are several types of reforestation manage-

ment which can be divided into (a) spontaneous

natural regeneration; (b) assisted natural regener-

ation; (c) agroforestry; and (d) commercial tree

plantations (Chazdon 2013). The commercial forest

plantations can be monocultures or polycultures of

native and non-native tree species (Zhang and

Stanturf 2008; Chazdon 2013). Different refor-

estation types are used for different purposes such

as timber harvesting, water retention, carbon

sequestration, or conservation restoration (Chaz-

don, 2008; Zhang and Stanturf 2008; Hall and

others 2011). The reforestation types differ in var-

ious biotic, structural, and climatic conditions

(Zhang and Stanturf 2008), which can alter

predator–prey interactions in a plethora of complex

ways by affecting the prey and predator densities

and the per capita functional responses to prey

densities (Denno and others 2005; Diehl and others

2013; Michalko and others 2019). The simplest and

straightforward potential effect of different refor-

estation types on predator–prey interaction is the

differential response of predator and prey densities

to the different environmental conditions (Scheu

and others 2003; Elek and others 2018).

Specific reforestation types may change the

community-wide functional response of predators

to prey density by altering the inter-specific com-

position of predator traits such as hunting strategy

and body size that affect the utilization of various

prey types (Michalko and Pekár 2016; Schmitz

2017; Perkins and others 2018). The reforestation

type may also alter the community-wide functional

response through the intraspecific changes in, for

example, passive and active prey choice as a re-

sponse to altered biotic (for example, intraguild

predation, apparent competition) and abiotic con-

ditions (Kruse and others 2008; Araújo and others

2011; Baudrot and others 2016; Schmitz 2017).

Web-building spiders represent an excellent

model system to investigate the effect of manage-

ment practices on predator–prey interactions (Diehl

and others 2013; Birkhofer and others 2016; Ar-

vidsson and others 2020). Spiders build various

types of webs such as Orb webs, Space webs, and

Sheet webs (Cardoso and others 2011), and cover a

large gradient of body sizes (World Spider Cata-

logue 2019). The differences among forest types in

bark texture of dominant trees, dry twig density,

seedling density, and other features can affect the
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distribution of web-types and body sizes (Petcharad

and others 2016; Vasconcellos-Neto and others

2017). The different web-types intercept similar

prey types but in different proportions (Michalko

and Pekár 2016), and differently sized spiders uti-

lize differently sized prey (Nentwig and Wissel

1986). Variation in the composition of web-types

and body sizes between communities of web-

building spiders may therefore influence the food

webs via web-type and body size specific predator–

prey interactions (Nentwig and Wissel 1986; San-

ders and others 2015; Michalko and Pekár 2016;

Ludwig and others 2018).

Web-building spiders can also flexibly adapt their

web architecture, mechanical properties, and prey

handling behavior as a response to the changes in

habitat structure and prey composition (Sandoval

1994; Tso and others 2007). The intraspecific vari-

ation in web-properties and handling behavior may

be an additional (or a sole) source of variation in

intercepted prey among communities of web-

building spiders from different forest types (Stau-

daucher and others 2018).

Here we investigated the variation in prey com-

position intercepted by web-building spiders in a

primary dry evergreen forest and three reforesta-

tion types: naturally regenerating secondary dry

evergreen forest; monoculture active reforestation

dominated by Eucalyptus camaldulensis Dehnh

(Myrtaceae), and mixture reforestation dominated

by Acacia mangium Wild. (Fabaceae) and E. camal-

dulensis. We hypothesized that the reforestation

type will affect (i) the prey composition captured by

web-building spiders. This will be caused by (ii) the

altered density of prey and (iii) web-building spi-

ders, and (iv) by altered trait composition of the

web-building spider community (web type, body

size). Finally, (v) The altered trait composition of

the web-building spider community will then affect

the prey-specific capture efficacy because web

types differ in their effectiveness in capturing dif-

ferent prey types.

MATERIALS AND METHODS

Study Area and Sampling Design

The twenty-four sampling sites were located

around the Sakaerat Environmental Research Sta-

tion (SERS) and Sakaerat Silvicultural Research

Station in north-eastern Thailand (14.51 N, 101.93

E, Nakhon Ratchasima Province; Figure S1). The

study area covered approximately 30 km2 and

formed one large forest complex without any dis-

jointed forest patches (Figure S1). The forest area

was dominated by dry evergreen forest, small

clearings, dry dipterocarp forest, mixed deciduous

forest, secondary growth, agroforestry, and forest

plantations (Trisurat 2010). The mean annual

temperature in the area is 26.8 �C and the mean

annual precipitation is 1022 mm. The altitude of

the sampling sites ranged between 309–565 m a.s.l.

We collected the spiders from four forest types that

represented a natural control and three 20–30-

year-old reforestation types (Figure S2): a natural

dry evergreen forest representing the control

(herein evergreen; Figure S2A); naturally regen-

erating secondary dry evergreen forest (herein

‘secondary’; Figure S2B); monoculture reforesta-

tion dominated by Eucalyptus camaldulensis Dehnh

(Myrtaceae) (herein ‘monoculture’; Figure S2C);

and mixed reforestation dominated by Acacia man-

gium Wild. (Fabaceae) and E. camaldulensis (herein

‘mixture’; Figure S2D).

The natural dry evergreen forest was dominated

by native trees from the Dipterocarpaceae family

such as Shorea henryana Pierre, Hopea ferrea Laness

and Hopea odorata Roxb. The shrub layer was

dominated by of Streblus asper Lour, Streblus ilici-

folius (Vidal) Corner and Cleistanthus helferi Hook.f.

Secondary forests (25–30 years old) were devel-

oped under spontaneous natural regeneration from

previously logged primary dry evergreen forests.

There was no silviculture treatment during its

development. Secondary forest habitats were very

dense and fully developed from dominant shrub

species such as Atalantia monophylla (DC.) Correa,

Bauhinia saccocalyx Pierr and Memecylon scutellatum

Naudin.

Reforested habitats were artificially established

20–30 years ago from clear cut primary dry ever-

green forest. After establishing, reforestation was

maintained by spontaneous natural succession

without any silviculture treatment. Except for the

dominant representation of exotic trees (Acacia,

Eucalyptus), native tree and shrub vegetation is

mostly represented by Cratoxylum formosum (Jack)

Dyer and Croton poilanei Gagnep.

We established six sites / plots per each forest

type (Figure S1). We used all reforestations of the

given age that occurred in the study area. To obtain

a natural control with a minimum impact of hu-

man activity on the one hand and to minimize the

impact of spatial distance on the other, the sam-

pling plots in the dry evergreen forest were located

closest as possible to the studied reforestations

while still in the protected area. The monocultures

and mixtures formed a mosaic of relatively small

forest stands (5000 m2) in comparison to the

evergreen and secondary stands that covered large
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areas. This is a common limitation of studies that

use natural forest stands as a control to a forest

management (for example, Leidinger and others

2019). We therefore selected the sampling plots in

the evergreen and secondary forest stands at such

distance that approximately corresponded to the

distance between a pair of monoculture and mix-

ture (Figure S1). This was to prevent that some

forest types would be more similar to each other

due closer spatial proximity.

Data Collection

Due to space limitation, we provide only a basic

description of the vegetation structure measure-

ments, arthropod sampling, and statistical analyses.

Detailed information is given in the Supplementary

material. In each plot we quantified vegetation

structure and collected potential and actual prey of

web-building spiders. The vegetation structure was

measured as canopy openness, shrub coverage, and

herb coverage.

In each plot we collected the potential and actual

prey according to the standardized protocols (Diehl

and others 2013; Arvidsson and others 2020). To

account for species’ phenology and varying habitat

(Diehl and others 2013), we collected arthropods in

each plot twice: dry season and wet season. Both

sampling periods were then pooled to represent

one sample. Two sticky traps (20 9 15 cm; one

white and one yellow), were hung next to one

other at a height of approximately 1.6 m above the

ground for five days to collect potential prey (Wallis

and Shaw 2008; Diehl and others 2013). We sam-

pled the actual prey of web-building spiders in

forest understories using a time-standardized pro-

tocol (Gotelli and Ellison 2012). The sampling of

actual prey consisted of a 20 min straight time of

visual search by four researchers in the near

proximity to the sticky traps. We collected all the

active spider webs (that is, spider was using the

web) with the prey remnants and web-owners. We

surveyed the actual prey between 10 a.m. and 5

p.m.

We identified the actual and potential prey to the

order or sub-order level, and Formicidae were

separated from other Hymenoptera. The spiders

were identified to the lowest possible level

according to Deeleman-Reinhold (2001), Murphy

and Murphy (2000), and Jäger and Praxaysombath

(2011). We then expressed the body size of each

spider individual as a product of cephalothorax

length and width. Each spider individual was also

assigned to one of the three web-types as classified

by Cardoso and others (2011), namely: Orb-web,

Space-web, and Sheet-web. The voucher speci-

mens are stored at the Forestry Faculty, Kasetsart

University, Bangkok, Thailand.

Statistical Analyses

Here we describe only the ecological meaning of

the analyses because of the space limitation. The

detailed description and the statistical reasoning of

the analyses are in the supplementary material. We

ran four sets of analyses. We analyzed (1) the dif-

ferences in vegetation structure among the forest

types, (2) the factors that can affect the predator–

prey interactions (for example, prey density, func-

tional structure of spider community; see the fol-

lowing paragraph for details), (3) which part of the

consumptive effect of predators on prey (density,

capture efficacy [Solomon 1949]) is affected by

forest type, and (4) whether the factors investigated

in the first set can explain the pattern observed in

the second set.

In the first set of analyses, we compared the

environmental characteristics (canopy openness,

shrub coverage, and herb coverage). In the second

set, we compared the densities of potential prey

and spiders, and the functional composition of

spider communities (web-type, body size) among

the forest types. In the third set, we first assessed

whether the actual prey composition differs among

the forest types. Then we investigated whether the

differences in actual prey composition are caused

not only by spider density but also by altered prey-

specific capture efficacy. We investigated the prey-

specific capture efficacy in two ways. First, we

compared the per capita capture rate of all prey

types without accounting for their availability.

Second, for those groups for which we had mea-

sured prey availability (that is, Hemiptera, Co-

leoptera, Diptera, and Hymenoptera) we compared

per capita capture rates with accounting for prey

availability. This is because the per capita capture

rate can be blurred by differences in prey density.

In the fourth set, we examined the relationship

between the trait composition of the web-building

spider community and the actual prey composition.

We also investigated whether the forest type ex-

plains residual variability if the effect of trait com-

position is filtered out, that is, whether it has some

additional forest-type specific effect on predator–

prey interactions besides affecting trait composition

of web-building spiders.

All analyses were performed within the R envi-

ronment (R Development Core Team 2019). Here

we state only the names of models and the detailed

descriptions are given in supplementary material.
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We used a combination of multivariate and uni-

variate linear models (LM), generalized linear

models (GLM), and generalized additive models

(GAM), and permutational GLMs (perm-GLMs). In

GLMs, and GAMs, we used Gaussian, Poisson

(GLM-p, GAM-p), negative binomial (GLM-nb,

GAM-nb), gamma (GLM-g), and beta (GLM-beta)

depending on which model fitted the data better

(Zuur and others 2015). We used the R packages

‘mvabund’ (Wang and others 2012; Warton and

others 2012) and ‘mgcv’ (Wood, 2011). We used

such models that best fitted the data (Table 1;

Statistical analyses in the Supplementary material).

RESULTS

Vegetation Structure

Vegetation structure differed among forest types in

all measured characteristics (P < 0.001, Table S1).

The forest canopy was most open in mixture and

monoculture reforestations (Figure S3), the shrub

layer was densest in the secondary forest (Fig-

ure S3), and the herb layer was densest in the

mixture (Figure S3).

Table 1. Influence of Forest Type (Dry Evergreen Forest, Secondary Forest, Monoculture of Eucalyptus
camaldulensis, and Mixture of Acacia mangium and E. camaldulensis) on the Abundance of Web-building
Spiders, Trait Composition of Spider Community, Potential Prey (Hemiptera, Coleoptera, Diptera, and
Hymenoptera) and Actual Prey Composition, and Prey-specific Per Capita Capture Rate

Context Group / Trait Method Test statistic P value

Abundance Spiders GLM-nb v2
3 = 18.0 < 0.001

Web-type composition Overall multiGLM-nb 999 permutations,

v2
3 = 34.1

0.003

Orb-web GLM-nb v2
3 = 18.2 < 0.001

Sheet-web GLM-nb v2
3 = 5.0 0.171

Space-web GLM-nb v2
3 = 26.2 < 0.001

Body size Spiders LM F3,20 = 6.0 0.004

Potential prey composition Overall multiGLM-nb 999 permutations,

v2
3 = 24.4

0.161

Actual prey composition Overall multiGLM-nb 999 permutations,

v2
3 = 146.2

0.001

Isoptera GLM-nb v2 = 20.0 < 0.001

Orthoptera GLM-p v2
3 = 4.5 0.209

Sternorrhyncha GLM-p v2
3 = 7.6 0.054

Auchenorrhyncha GLM-nb v2
3 = 11.8 0.008

Heteroptera GLM-p v2
3 = 4.5 0.210

Coleoptera GLM-p v2
3 = 8.2 0.041

Lepidoptera GLM-p v2
3 = 13.9 0.003

Diptera GLM-nb v2
3 = 12.4 0.006

Other Hymenoptera GLM-nb v2
3 = 29.8 < 0.001

Formicidae GLM-nb v2
3 = 19.2 < 0.001

Per capita capture rate Overall multiLM 999 permutations,

F3,20 = 23.6

0.005

Isoptera LM F3,20 = 3.6 0.033

Orthoptera LM F3,20 = 0.5 0.686

Sternorrhyncha LM F3,20 = 0.5 0.669

Auchenorrhyncha LM F3,20 = 3.6 0.032

Heteroptera LM F3,20 = 0.6 0.622

Coleoptera LM F3,20 = 0.8 0.517

Lepidoptera LM F3,20 = 3.8 0.027

Diptera LM F3,20 = 3.1 < 0.050

Other Hymenoptera LM F3,20 = 2.5 0.091

Formicidae LM F3,20 = 5.2 0.008

LM—Linear models; GLM—Generalized linear models; GLM-p—GLM with Poisson error structure and log link function; GLM-nb—negative binomial GLM with log link;
manyGLM—extension of GLMs for multivariate data.
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Overview of Collected Arthropods

Overall, we collected 878 spider individuals, 1341

actual (including all prey types) and 4387 potential

(including only Hemiptera, Coleoptera, Diptera,

Hymenoptera orders) prey individuals. Spiders be-

longed to 52 species or morphospecies in 41 genera

and 10 families (Table S2). The actual prey be-

longed to 14 arthropod orders (Table S3).

The Effect of Forest Type on Spider
Communities

The forest type influenced the overall density of

spiders, web-type composition, and body size of

spiders (P < 0.004; Table 1, Figure 1). The lowest

overall spider abundance was in the secondary

forests (Table 1; Figure 1A). Orb-web spiders had

similar densities in the evergreen forest and the two

active reforestations and lowest densities in the

secondary forest (Table 1; Figure 1B) and the

abundances of orb-web spiders significantly de-

creased with increasing coverage of shrubs (GAM-

nb, v2 = 33.4, edf = 5.3, P < 0.001, Figure 2A).

There was no significant relationship between orb-

web spiders and herb coverage (GAM-nb,

v2 < 0.1, edf = 1, P = 0.864). Space-web spiders

had the highest densities in the evergreen forest

and the lowest in the secondary forest (Table 1;

Figure 1C) and there was a hump-shaped rela-

tionship between shrub coverage and their abun-

dances (GAM-p, v2 = 33.4, edf = 5.3, P < 0.001,

Figure 2B). Herb coverage did not influence the

distribution of space-web spiders significantly

(GAM-p, v2 = 2.0, edf = 1.0, P = 0.156). The

abundance of sheet-web spiders was similar in all

forest types (Table 1). The largest spiders were in

Figure 1. The effect of forest type on the community composition of web-building spiders: overall abundances (A),

abundances of Orb-web spiders (B), abundances of Space-web spiders (C), and body size distribution (product of carapace

width and length; D). The thick lines are medians, boxes are quartiles, whiskers are 1.5 times interquartile range, points

are outliers. Different letters show difference at P < 0.05.
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the mixture reforestation (Table 1, Figure 1D) and

the distribution of spider body size was interac-

tively influenced by shrub and herb coverage

(GAM, F = 5.3, edf = 4.5, P < 0.001; Figure 2C).

The Effect of Forest Type on Potential
and Actual Prey Composition

The availability of Hemiptera, Coleoptera, Diptera,

and Hymenoptera was similar across the forest

types (P = 0.161; Table 1) but the forest type

influenced the composition of spider actual prey

(P = 0.001, Figure 3). Spiders caught similar num-

bers of Orthoptera and Heteroptera across the four

forest types (Table 1). Spiders caught the highest

number of Isoptera, Sternorrhyncha, Diptera, and

other Hymenoptera in the mixture reforestation

(Table 1, Figure 3A,B,F,G). Spiders caught Formi-

cidae mostly in evergreen forest (Table 1, Fig-

ure 3H). Spiders caught the lowest number of

Auchenorrhyncha, Coleoptera, other Hyme-

noptera, and Formicidae in the secondary forest

(P < 0.042; Table 1, Figure 3C,D,G). Spiders did

not catch any Lepidoptera in the monoculture

(Figure 3E).

The Effect of Forest Type on Capture
Efficacy

The prey-specific capture rate differed among the

managements (P = 0.005, Table 1, Figure 4). Per

capita captured Orthoptera, Heteroptera, Sternor-

rhyncha, Coleoptera, and other Hymenoptera was

similar across managements (Table 1). The highest

per capita captured Isoptera and Diptera were in

the mixture reforestation (Table 1, Figure 4A,D).

The highest number of captured Formicidae per

capita was in the evergreen forest (Figure 4E). The

number of captured Auchenorrhyncha per capita

was lowest in the secondary forest (Figure 4B). The

lowest number of captured Lepidoptera per capita

was in the monoculture reforestation (Figure 4C).

The number of captured Hemiptera per capita

(pooled Heteroptera, Auchenorrhyncha, and Ster-

norrhyncha) was not influenced by forest type

(GLM-g, F3,20 = 1.4, P = 0.272) or the prey’s

bFigure 2. The effect of vegetation structure on the

community composition of web-building spiders: the

relationship between abundances of Orb-web spiders and

shrub coverage (A), abundances of Space-web spiders

and shrub coverage (B), and the relationship between

body size distribution and shrub coverage and herb

coverage (C). The estimated models are displayed.
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availability (GLM-g, F1,19 = 0.2, P = 0.668). In the

case of Coleoptera, the forest type interacted with

the availability of Coleoptera to determine the per

capita capture rate (LM, F3,16 = 3.3, P = 0.048;

Figure 5A). Only in the monoculture reforestation

the per capita captured Coleoptera decreased with

their availability (contrasts, P = 0.025). There was

no trend in other forest types (contrasts,

P > 0.165). The forest type (LM, F3,19 = 4.7,

P = 0.013; Figure 5B) additively influenced how

the per capita caught Diptera increased with their

availability (LM, F1,19 = 11.0, P = 0.004; Fig-

ure 5B). The forest additively influenced (GLM-g,

F3,19 = 3.3, P = 0.042; Figure 5C) how the per

capita captured Hymenoptera decreased with their

availability (GLM-g, F1,19 = 9.7, P = 0.006; Fig-

ure 5C).

The Relationship Between Trait
and Actual Prey Composition

The trait composition of web spiders influenced the

actual prey composition but it was driven only by

the web-type composition (P < 0.001; Table 2).

The body size distribution did not affect the actual

prey composition (P = 0.309; Table 2). When the

effect of forest type was filtered out, the trait

composition still influenced the actual prey com-

position (P = 0.001; Table 2). The forest type

influenced the actual prey composition if the trait

composition of spider community was not filtered

out as well when the trait composition was filtered

out (P < 0.045, Table 2).

DISCUSSION

We investigated how various reforestation types,

namely naturally regenerating secondary dry

evergreen forest, monoculture of Eucalyptus camal-

dulensis, and a mixture of Acacia mangium and E.

camaldulensis, affect the interactions between web-

building spiders and their prey in comparison to

natural dry evergreen forest. The actual prey

composition did not mirror the prey availability.

The actual prey composition of the web-building

spiders differed among all forest types because

forest type influenced interactively the density of

spiders and their prey-specific capture efficacy.

Through the differences in vegetation structure the

forest type also influenced distributions of web-

types and body sizes of spiders. However, the prey

Figure 3. The effect of forest type on the number of caught Isoptera (A), Sternorrhyncha (B), Auchenorrhyncha (C),

Coleoptera (D), Lepidoptera (E), Diptera (F), other Hymenoptera (G), and Formicidae (H). The thick lines are medians,

boxes are quartiles, whiskers are 1.5 times interquartile range, points are outliers. Different letters show difference at

P < 0.05.
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composition was only related to the web type but

not to the spider mean body size. In addition, the

forest type influenced the prey composition also

through some additional effects that might be var-

ious biotic and abiotic factors. Our study is there-

fore in concordance with the few previous studies

on soil food-webs that show that various refor-

estations or forest types affect food-web character-

istics (Barnes and others 2014; Derhé and others

2016; Klarner and others 2017; Potapov and others

2019).

Effect of Forest Type on Interaction
Between Spider Community and Their
Prey

The forest type influenced the prey composition of

the web-building spiders but it did not simply

mirror the differences among forest types in prey

availabilities. The availability of Hemiptera, Co-

leoptera, Diptera, and Hymenoptera was similar

among the forest types while their representation

(overall and per capita) in spider webs differed

substantially among the forest types. Therefore, the

forest type affected the community-wide prey

selection of web-building spiders, similarly as crop

management practices affect prey selection in web-

building spiders (Diehl and others 2013; Birkhofer

and others 2016) and other generalist predators

(Roubinet and others 2017; Staudaucher and oth-

ers 2018).

The forest type influenced both components that

determine the consumptive effect of predators on

their prey, that is, predator density and prey-

specific capture efficacy (Solomon 1949). The prey-

specific capture efficacy and spider densities then

interacted in a complex way to determine the dif-

ferences in prey composition among forest types.

For example, despite the densities of web-building

spiders being lowest in the secondary forest the

overall number of caught dipterans was similar to

the dry evergreen forest because the capture effi-

cacy of spiders was much higher in the secondary

forest. However, spiders caught the most dipterans

in the mixture reforestation because both the

densities and the capture efficacy were high in this

habitat. Such a complex pattern arose because the

forest type influenced the composition of web types

Figure 4. The effect of forest type on the per capita captured Isoptera (A), Auchenorrhyncha (B), Lepidoptera (C), Diptera

(D), and Formicidae (E). The thick lines are medians, boxes are quartiles, whiskers are 1.5 times interquartile range, points

are outliers. Different letters show difference at P < 0.05.
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which differ in their capture efficacy for some prey

types but for other prey types their capture efficacy

is similar (Michalko and Pekár 2016).

The community-wide capture rate along prey

densities changed in a prey specific way. The forest

type influenced the pattern as discussed above. The

capture rate of Diptera increased with prey density

while capture rate for Hymenoptera and Co-

leoptera decreased. In fact, the capture rate of

Diptera and Hymenoptera showed almost the

opposite pattern. The availability of Diptera and

Hymenoptera positively correlated with each other

(results not shown) and Diptera are more prefer-

able prey for web-building spiders than Hyme-

noptera (Michalko and Pekár 2016). Web-building

spiders might alter their web-properties to maxi-

mize the interception of the preferable Diptera,

which might consequently decrease the web-effi-

ciency to intercept and retain Hymenoptera (San-

doval 1994; Tso and others 2007). Hymenoptera

might also be, theoretically, able to better spot and

avoid the webs when it contained more Diptera.

The contrasting patterns (positive, negative, none)

in the relationship between prey availability and

capture rate show that predation by the commu-

nity of web-building spiders was far from density-

dependent. However, it remains unclear to what

degree is the density-independent prey selection

caused by active prey selection (for example,

alteration of web properties) and passive prey

selection (for example, difference in phenology of a

species among forest types or in apparent compe-

tition among prey).

The Connection Between Trait
Composition of Spider Community,
Forest Type, and Prey Composition

The forest type influenced the prey composition

caught by a spider community mostly by altering

the composition of spider web-types which differ in

their efficacy to capture particular prey types but

also often in the microhabitat distribution (Mi-

chalko and Pekár 2016; Ludwig and others 2018).

The differences in the composition of spider web-

bFigure 5. The effect of forest type that represents a

natural control (dry evergreen forest) and three

reforestations (mixture, monoculture, and secondary)

on per capita captured Coleoptera in monoculture

reforestation (A), Diptera in four forest types (B), and

Hymenoptera in four forest types (C). The estimated

relationships are displayed. Different letters show

difference at P < 0.05.
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types were caused by differences in the structure of

shrub layers among the forest types. The results

agree with Rypstra (1983) who experimentally

showed that the Orb-web and Space-web spiders

respond more intensively to changes in habitat

complexity than the Sheet-web spiders. Number of

attachment points and vegetation spacing are both

important for web-building spiders as they need to

not only anchor but also expand their webs (Vas-

concellos-Neto and others 2017). Orb-web spiders,

for example, need relatively large open vegetation

architecture to build their webs (Vasconcellos-Neto

and others 2017), which explains why their

abundances decreased in dense shrub layers in our

study.

Surprisingly, the spider mean body size did not

affect the prey composition although it generally

determines the trophic niche of web-building spi-

ders (Nentwig and Wissel 1986; Sanders and others

2015; Turney and Buddle 2019). One possible

explanation is that the prey body size was strongly

variable within the distinguished prey categories.

The spider body size differences might then deter-

mine the trophic niche partitioning at a finer scale,

that is, partitioning within the prey types. The re-

sults therefore do not mean that body size did not

affect the food-web dynamics. Instead, they indi-

cate that spider body size was of lower importance

than the hunting strategy. This points out that the

food-web models need to incorporate hunting

strategies of generalist predators, such as web-

building spiders, to improve their predictive abili-

ties, especially in highly complex ecosystems like

tropical forests (Jonsson and others 2018).

Besides the composition of spider web-type, the

forest type influenced the prey composition by

some other additional factors. These factors might

be various direct (for example, interference among

spiders) and indirect (for example, apparent com-

petition and interference among prey) biotic

interactions, environmental conditions (for exam-

ple, temperature, humidity, and vegetation height

and complexity) that might affect the prey selection

at inter- and intra-specific levels (Schmitz 2017;

Michalko and others 2019).

Implication for Reforestation
Management

As the prey composition of web-building spiders

differed between the natural forest and all refor-

estations, no reforestation was able to restore the

natural predator–prey interactions between the

web-building spiders and their prey in understory

vegetation. However, this might be because the 20–

30-year-old reforestations are not mature in com-

parison to the natural forest and the diversity and

ecological dynamics changes with succession

(Grimbacher and others 2007; Magura and others

2015; Derhé and others 2016).

The monocultures were the most similar to the

dry evergreen forest in the observed topology of

predator–prey interactions as they differed in the

lowest number of observed characteristics while

the secondary naturally regenerating forest differed

the most from the evergreen forest. This contrasts

with our expectations based on the diversity pat-

terns that show better restoration success of natu-

rally regenerating forests than the active

reforestations in tropical forests (Grimbacher and

others 2007; Crouzilles and others 2017). Our re-

sults are also in contrasts with Barnes and others

(2014) who showed that the soil food-webs are

mostly altered in monocultures where the energy

fluxes are very low. The discrepancy may be be-

cause the studied forest stands could easily act as a

meta-ecosystem (Loreau and others 2003) as they

Table 2. The Results of Permutational (Beta Generalized) Linear Models Investigating the Composed and
Sole (Residual) Effects of Trait Composition of Web-building Spider Community and Forest Type (Dry
Evergreen Forest, Secondary Forest, Monoculture of Eucalyptus camaldulensis, and Mixture of Acacia mangium
and E. camaldulensis) on Prey Composition of Web-building Spiders

Context Trait Method P value r2

Trait composition Overall permGLM-beta 0.001 0.33

Web type permGLM-beta 0.001 0.34

Body size permGLM-beta 0.309 0.06

Trait composition without forest type Overall permLM 0.001 0.28

Forest type – permGLM-beta 0.001 0.21

Forest type without trait composition – permLM 0.044 0.11

permLM—permutational linear models; permGLM-beta permutational generalized linear models with beta-distribution and logit link function.
The P values are based on 999 permutations. r2—Pearson correlation coefficient.
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did not cover large areas and all of them formed a

mosaic of habitats with each other and other

ecosystems in the studied area. The highly mobile

flying insects, the main prey of web-building spi-

ders, do not have a problem moving among such

patches. Therefore, the allochthonous subsidy of

prey might theoretically prevent the negative im-

pact on above-ground food-webs as, for example,

in the large monocultures of oil-palms (Loreau and

others 2003; Barnes and others 2014). Moreover,

Eucalyptus is a fast-growing woody plant (Gabrielle

and others 2013). The faster growth of Eucalyptus

than Accacia and other trees in secondary forests

might provide more similar structural conditions to

the evergreen forest. Therefore, the structural

similarity due to faster growth than other trees and

the allochthonous subsidy might near the mono-

culture to the evergreen forest but the pattern may

switch with age.

Limitation of the Study

It can be argued that the evergreen and secondary

forests formed mostly one block and the active refor-

estations formed the second block of forests in the

studied landscape. However, the results do not cor-

respond with the pattern that is expected from a

pseudoreplication, that is, the treatments within a

block would be more similar than the treatments be-

tween blocks. Moreover, it would be nearly impossi-

ble to find enough sample sites and their distribution

for the three reforestation managements and natural

control that would enable to reliably filter out several

confoundingeffects (Crouzeillesand others 2017)and

that would be still reasonably labour-manageable.

The forest types differed in area size but the area

size alone cannot explain the observed differences

in predator–prey interactions. The studied forest

stands formed a large compact forest complex

without any disjointed forest patches (see Fig-

ureS1). Therefore, if the habitat structure was not

the main driver, we would not observe any chan-

ges in the predator–prey interactions. However, we

admit that the habitat structure, relatively small

area size of reforestations, and surrounding land-

scape composition interactively influenced the

spider-prey interactions by means of meta-ecosys-

tem dynamics (see chap. 4.3. Implication for refor-

estation management for discussion).

CONCLUSIONS

We show that studying interactions between the

community of web-building spiders and prey col-

lected from spider webs is an effective tool to

evaluate the success of a restoration management.

As we used predator guilds and relatively broad

taxonomic resolution of prey this approach is

especially useful in mega-diverse ecosystems where

many species have not been described yet.

Each forest type hosted unique interactions be-

tween web-building spiders and their prey. Thus no

studied reforestation has restored yet the natural

predator–prey interactions between the web-

building spiders and their prey in the understories.

The forest type altered the predator–prey interac-

tions by influencing spider density and prey-

specific capture efficacy of spider community,

which consequently interacted in a complex way.

As it seems that the 20–30 years reforestations in

the tropics cannot fully restore ecosystem function

in particular predator–prey interactions, the con-

servation management in the tropics should aim to

establish the protected areas in pristine areas in-

stead of relying on reforestations.

The prey composition of the web-building spiders

was related to the web-type but not to the spider

mean body size. This indicates that the food-web

models need to incorporate hunting strategies of

generalist predators to improve their predictive

power.
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