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RESUMO

O uso de redes troficas vem sendo aplicado para o entendimento das
relagcBes entre organismos de um ecossistema, no entanto a maneira como o
esforco amostral poderia influenciar os padrdes das redes troficas permanece
pouco compreendida. Até o momento, existe uma falta de dados amostrais de
longa duracdo para muitos grupos de insetos, principalmente relacionado as
interacOes entre os herbivoros e suas plantas hospedeiras. No primeiro capitulo,
eu descrevo uma rede tréfica do tipo source web baseada na planta Senegalia
tenuifolia através da identificacdo dos insetos associados e das interacdes entre
eles e com essa planta hospedeira. Além disso, eu proponho uma metodologia
para checar a robustez dos dados de cada nivel trofico. Os resultados desse
capitulo demonstram que o conjunto de dados coletados e a metodologia de
coleta utilizada séo suficientes para amostrar maior parte da riqueza de uma rede
tréfica tipo source web. No total foram amostradas 27 species pertencentes a
quatro niveis tréficos. No segundo capitulo, eu apresento a variacdo temporal na
riqueza e abundancia de cada nivel trofico, bem como na relagdo entre os
diferentes niveis tréficos. Também investiguei os padrGes de diversidade do
segundo e terceiro niveis troficos através da avaliagdo da contribuicdo dos
componentes alpha e beta da diversidade ao longo dos anos. Esse capitulo
mostra que, em nosso sistema, a abundancia de parasitdides varia conforme a
abundancia de herbivoros, além disso, a riqueza e abundancia dos quatro niveis
troficos variam ao longo do tempo. Os resultados também demonstram que a
diversidade alpha contribuiu mais para a diversidade de herbivoros (2° nivel
tréfico), enquanto que a contribuicdo dos componentes alpha e beta para a
diversidade de parasitoides (3° nivel) variou ao longo dos anos. De maneira
geral, essa dissertacdo descreve uma rede trofica do tipo source e traz
informacGes sobre os desafios relacionados ao esforco amostral suficiente para
amostrar espécies de todos os niveis troficos de uma rede tréfica. Também
discute-se a relagdo entre as comunidades associadas a diferentes niveis tréficos
e a sua variagdo temporal e padrdes de diversidade. No geral, esta dissertacdo
contribui com o banco de dados de pesquisas em redes tréficas, na compreensao
de interagdes entre os niveis troficos e também dos padrbes que cada nivel
trofico apresenta em uma escala temporal e espacial.

Palavras chave: Senegalia tenuifolia, rede trofica, metodologia, variagéo
temporal, diversidade.



ABSTRACT

Food webs have been used in order to understand the trophic
relationship among organisms within an ecosystem, however the extension by
which sampling efficiency could affect food web responses remain poorly
understood. Still, there is a lack of long-term sampling data for many insect
groups, mainly related to the interactions between herbivores and their host
plants. In the first chapter, | describe a source food web based on the Senegalia
tenuifolia plant by identifying the associated insect species and the interactions
among them and with this host plant. Furthermore, | check for the data
robustness from each trophic level and propose a cost-efficiently methodology.
The results from this chapter show that the collected dataset and the
methodology presented are a good tool for sample most insect richness of a
source food web. In total the food web comprises 27 species belonging to four
trophic levels. In the second chapter, | demonstrate the temporal variation in the
species richness and abundance from each trophic level, as well as the
relationship among distinct trophic levels. Moreover, | investigate the diversity
patterns of the second and third trophic level by assessing the contribution of
alfa and beta-diversity components along the years. This chapter shows that in
our system the parasitoid abundance is regulated by the herbivore abundances.
Besides, the species richness and abundances of the trophic levels vary
temporally. It also shows that alfa-diversity was the diversity component that
most contribute to the herbivore species diversity (2" trophic level), while the
contribution of alfa- and beta-diversity changed along the years for parasitoid
diversity (3 level). Overall, this dissertation describes a source food web and
bring insights into some food web challenges related to the sampling effort to
gather enough species from all trophic levels. It also discuss the relation among
communities associated with distinct trophic levels and their temporal variation
and diversity patterns. Finally, this dissertation contributes for the world food
web database and in understanding the interactions among its trophic levels and
each trophic level pattern along time and space

Key-words: Senegalia tenuifolia, food web, methodology, temporal variation,
diversity.
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Chapter 1:

1 GENERAL INTRODUCTION

1.1 Food webs

Knowing how the species interact and how those interactions influence
the community structure and functioning are relevant when building and
applying food web theories. Food webs are a dynamic multitrophic system in
which resource, prey and predators/parasitoids interact leading to temporal and
spatial changes on their abundances and species richness (MAAR et al., 2002;
MOORE & RUITER, 1991). When studying food web aspects, it is very
important to consider the type of food web being examined. According to Cohen
(1978) there are three kinds of food webs: (i) sink, (ii) community and (iii)
source food webs. (i) Sink food webs are those which one or more predators are
selected as model organism and, from them, preys and other interacting
organisms in below trophic levels are observed. Contrastingly, (ii) community
food webs include populations of many plants, herbivores or predators; and
from them all links (predator and prey links) are studied. Lastly, the (iii) source
food webs are considered as the ones which we select one or more plant or
herbivore species and from them we observe its predators and organisms in the

trophic levels above them.

1.2 Temporal and spatial variation in food webs

Despite advances made by previous research, a better understanding of
the relationships among different trophic levels is still necessary, mainly with
focus on the influence of space and time variation on the interaction dynamics
and structure of food webs. Previous research has shown that food webs’

structure can vary temporally and spatially, while there are also evidence that
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insect-plant associations are rarely static within a given region (COHEN et al.,
1993, PILOSOF et al., 2003). As result, plant-herbivore studies at local scale
could be considered as a good opportunity to evaluate whether local-scale food
webs are good to predict different patters at broader scales (PRADO &
LEWINSOHN 2000). Thus, a better understanding of multitrophic temporal and
spatial approaches are well considered.

1.3 Studied system

In this study, I use a source food web comprising four trophic levels: the

resource and its primary, secondary and tertiary consumer levels.

1.4.1 Resource level

The resource level (plant or primary level) was always represented by
Senegalia tenuifolia plant (L.) Britton & Rose, also known as Acacia tenuifolia
(L.) Willd, (Fabaceae: Mimosoideae), popularly called as catclaw. This plant is
capable of fixing large amount of nitrogen since their roots are associated with
nitrogen fixing organisms (MATTSON 1980). The species is also considered as
economically important, being used for charcoal production due to its high
growth rates (CARVALHO et al. 2010).

This plant is worldwide distributed but, mainly occurring in all tropical
regions (ATCHISON 1948). Senegalia tenuifolia is frequently found at South
America and its individuals vary in plant height, behavior (liana, shrub or tree),
and hooklets density (QUEIROZ 2009). Its fruits are considered dehiscence dry
pods (or legume), presenting a brownish color during the ripening period, when
the fruits open. As other Leguminous plants, S. tenuifolia fruit ripe occur during

some months of the year, generally from March to August. By the end of this
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period, fruits have already ripen and just some of them can still be found
attached to the mother plant (KINGSOLVER 2004).

1.4.2 Herbivores: primary consumers and second trophic level

Regarding the associated consumer-levels of the studied plant, the
herbivore level (primary consumers and secondary trophic level) accounted for
eleven insect species. Most species are considered granivorous or seed-
consumers, as the beetles from the subfamily Bruchinae (Coleoptera:
Chrysomelidae) and an herbivore hymenoptera belonging to the Braconidae
family (Hymenoptera: Ichneumonoidea) (HULME & BENKMAN 2002,
TULLER et al. 2015).

Bruchine beetles are likely found in tropical zones, usually feeding on
Fabaceae plants from the Acacia genus (JOHNSON & ROMERO 2004;
JOHNSON & SIEMENS 1997). The most abundant herbivore found in all fours
years of data sample was Merobruchus terani, which has been reported as
consumer of at least five Acacia species, such as Acacia angustissima, A.
berlandieri, A. gaumeri, A. picachensis e A. tenuifolia JOHNSON & SIEMENS
1997). Most of Bruchinae beetles support large parasitoid populations belonging
to the Eulophidae, Eupelmidae and Pteromalidae families in the Hymenoptera
order (SOUTHGATE 1979, TULLER et al. 2015).

1.4.3 Parasitoid and hyperparasitoid levels

The parasitoid level (secondary consumers and third trophic level) was
represented by thirteen species associated with the sampled herbivores, most of
them from the families Braconidae, Eulophidae, Eupelmidae, Pteromalidae e
Bethydae (see also TULLER et al., 2015). The hyperparasitoid level (tertiary

consumers and fourth trophic level) presented two species that were associated
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with the parasitoid species. Due to the difficulty in known parasitoid and
hyperparasitoid at species level we can seldom infer about their origin and
feeding preferences. However, we could set the herbivore-parasites interactions

by data on literature and observation at laboratory (as showed in Chapter 1).

1.5 Dissertation structure and research objectives

This dissertation focuses on applying concepts of ecological
communities in the food web context. In particular, by describing the insect
communities from different trophic levels associated with the S. tenuifolia plant

species occurring in the south of the state of Minas Gerais, Brazil.

The structure of this dissertation is made up of two stand-alone chapters.
In Chapter 1, | used a methodological approach to verify the robustness of the
studied food web. In doing that, I propose a cost-efficiently sampling protocol to
sample insects and to make good inferences related to source food webs at local
and reginal scales. Furthermore, in Chapter 2, | investigated the existence of
temporal (along years) and spatial (across sampling sites and areas) variation in
community diversity patterns (abundance and richness) of the insect

communities associated with distinct trophic levels.
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ABSTRACT

Poor sampling effort can lead to a methodological bias towards a
misunderstood food web patterns. The sampling incompleteness has been shown
as a major problem affecting data quality in terrestrial environments. We aim to
describe a food web based in a four years interaction database and check for the
dataset robustness then proposing an accurate methodology for food web
samplings. We sampled Senegalia tenuifolia fruits in eight sampling sites
distributed in three areas during four years in the Brazilian savanna. We
observed 26 insect species distributed in three trophic levels. Based on the
species accumulation curves we observed that all insect trophic levels, areas and
years reached the asymptote, except by one area. Thus, the sampling effort used
was efficient to access most of the insect species richness and provided a well-
represented food web. We also used the accumulated insect species richness and
abundances along years to proposed an accurately methodology and found that,
in overall, 1,053 fruits are enough to access the species richness from all insect
trophic levels. Although studies based on just one trophic level can use less
fruits that suggested in overall. In conclusion, food web studies should be
viewed with caution in respect to sampling effort in order to achieve the most
complete food web. Also, studies based on multiple areas and years is enough to
represent most of the food web species richness.

Key-words:  sampling-effort, source food web, methodology, Senegalia
tenuifolia, four trophic levels.
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2 First manuscript: Highly Resolved Source Food Web and Its Challenges
2.1 Introduction

The use of food webs to understand the trophic relationships between organisms
within ecosystems have increased significantly during the past decades (Shurin
et al., 2006; Ings et al., 2009). There is much hope that by knowing the
complexity of natural ecosystem it will be possible to predict its response to
anthropogenic activities (de Sassi et al., 2012; Burkle et al., 2013). While food
web responses are inevitably accompanied by changes within the components
from each trophic level (e.g. species richness and resource availability), there is
a long-standing debate about the extension that sampling efficiency could affect
the accuracy in assessing such responses (Guegan & Kennedy, 1996; Novotny,
2009; Tylianakis et al., 2010; Rivera-Hutinel et al., 2012).

Although previous studies have controlled for uneven sampling effort
(Walther et al., 1995; Walther & Martin, 2001; Cao et al., 2002; Clauset et al.,
2008) only limited information is available about how much sampling effort
should be done to fully describe ecological communities (Memmott, 1999;
Willott, 2001; Gibson et al., 2011; Stlrmer et al., 2014). Poor sampling effort
can demonstrate a methodological bias towards a misunderstood food web
patterns (Goldwasser & Roughgarden, 1997; Vizentin-Bugoni et al., 2015). The
sampling incompleteness has been shown as a major problem affecting data
quality in terrestrial (Chacoff et al., 2012; Parmain et al., 2013; Vizentin-Bugoni
et al.,, 2015) and aquatic food web metrics (Winemiller, 1990; Wood et al.,
2015). To date, results about the magnitude of sampling incompleteness as a
major problem to understand food web properties have being investigated
(Goldwasser & Roughgarden, 1997; Martinez et al., 1999; Vizentin-Bugoni et
al., 2015).
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Other important methodological issue in the food web research is the
sampling scale. Different sampling scales have been shown to affect the
observed food web metrics (Levin, 1992; Hewitt et al., 1998; Hill & Hamer,
2004; Chave, 2013). Such scale-effects are suggested to result from the
organism population dynamics changing both temporally and spatially (Teder et
al., 2000; Liebhold et al., 2004), highlighting therefore the importance of
considering multi-scale sampling designs to accurately assess the food web
patterns on natural ecosystems. Indeed, long-term studies have been
fundamentally important to demonstrate the accurateness of sampling methods
in assessing biodiversity patterns (Morris, 1960; Brown et al., 2001; Strayer et
al., 2006)

The examination of insect host-parasitoid source webs has been very
often applied to represent food web interactions and to test theory (e.g.
Memmott et al., 2000; Eveleigh et al., 2007). Source webs are defined as those
which host-parasitoid interactions are dependent on only one food resource
(Cohen 1978). Despite progress made in our understanding of source food webs
(e.g. Hawkins et al., 1997; Memmott et al., 2000; Dunne et al., 2002) no
previous research, to our knowledge, has explored how sampling effort and scale
effects could influence different insect trophic levels within source food webs.
Also, there is still a problem concerning insufficient-sampling for some insect
groups and interactions (Olesen et al., 2010; Falcdo et al., 2016) and long-term

datasets of herbivores and its host plant are still scarce (Lewinsohn et al. 2005).

The overarching aim of this study was to address this knowledge gap by
examining a host-parasitoid source web dependent on the fruits of the plant
species Senegalia tenuifolia (L.) Britton & Rose (Fabaceae). To achieve this, we

took three main steps and its hypothesis when applicable: (i) we described the
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insect identities and their observed and potential interactions among the four
trophic levels; (ii) we examined the robustness of this food web data by
analyzing accumulation curves, thus we hypothesized that studies involving
multiple areas and long-term sampling are a good tool to estimate insect
richness. Lastly (iii) we suggest a cost-efficiently sampling effort to sample the
insects of a food web at local (each area) and reginal scale (all areas combined).

2.2 Methods
2.2.1 Study site

The study was conducted near to the Lavras and Luminérias municipalities in
Minas Gerais state, Brazil. Surveys were done at eight sampling sites distant at
least 400 m from each one. Sampling sites were distributed within three main
areas (fragments) of Brazilian savanna (Ae, La and Lu), which were at least 6
km distant. Tuller et al., (2015) provide more details of the study site.

2.2.2 Model plant

The Senegalia tenuifolia (L.) Britton & Rose (Fabaceae) is a widely distributed
plant across tropical regions (Atchison 1948). In South America, S. tenuifolia
individuals vary in structure (being shrub or liana) and in thorns density
(Queiroz 2009), and it is present in several phytogeographic domains in almost
all Brazilian territory (Barros & Morim, 2014). Their fruits are pod-shaped,
generally occurring between June and August, when they are mature and start to
fall on the ground, but few fruits remain attached to mother-plants (LFM,

personal observation).

2.2.3 Data set
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Insects data presented here were gathered from fruits (i.e. pods) of S. tenuifolia
plants surveyed during four years (2011, 2012, 2013 and 2014). Fruits were
collected during the plant ripening period in three monthly sampling events
(June, July and August) for each year at each sampling site (Ae-1: 21°14'4.57" S
- 44°57'6.38" W, Ae-2: 21°14'5.71" S - 44°57'8.66" W, Ae-3: 21°14'7.87"S -
44°58'0.06" W, La-1: 21°18'3.46"S - 44°58'0.53"W, Lu-1: 21°31'1.36"S -
44°53'1.78" W, Lu-2: 21°31'5.13"S - 44°52'6.32" W, Lu-3: 21°31'65.31" S -
44°52'3.84" W and Lu -4: 21°41'9.88" S - 44°96'7.18").

In this study we considered just the data from the second and third
sampling events (July and August), since the insects from fruits collected in June
were underdeveloped and not possible to identify. In each sampling event, we
collect 25 fruits from all the sampling sites, thus for each year we collected 350
fruits, except for 2013 (349 fruits sampled) totalizing 1399 fruits. Moreover,
there were different numbers of sampling sites for each area (please see Table
2.1 for more details). At each survey, fruits were taken to the laboratory and
individually stored into PVC tubes covered by voile on both sides to enable the
air circulation. Three months after the fruit collections, we made the insect
sorting and identification at the lowest possible taxonomic level. The voucher
specimens were deposited in the Entomological collection of the Laboratory of
Ecology and Complexity at Federal University of Lavras, Minas Gerais, Brazil.

Table 2. 1 Areas and sampling sites along four years and the number of fruits gathered
per area in each year.

Area Sampling sites and number of fruits per area in each year

2011 2012 2013 2014
Ae Ael, Ae2, Ae3 Ae2, Ae3 Ae2, Ae3 Ae2, Ae3
150 fruits 100 fruits 99 fruits 100 fruits
La Lal Lal Lal Lal
50 fruits 50 fruits 50 fruits 50 fruits
Lu Lul, Lu2, Lu3 Lul, Lu2, Lu3, Lu4 Lul, Lu2, Lu3, Lud Lul, Lu2, Lu3, Lu4

150 fruits 200 fruits 200 fruits 200 fruits
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2.2.4 Statistical Analyses

All analyses were made using R program (R Core Team). We described the
examined food web and its interactions (Figure 2.1) by using the cheddar
package (Hudson et al. 2013). Food web interactions included here were based
on laboratory observations and literature review (Table ST1). In the laboratory,
species-specific host-parasitoid relationships were set when a parasitoid was
found at the place where mouthparts of the larval herbivores were (please see
Tuller et al., 2015 for more details). Moreover, to complement our food web

picture we built the Interaction Table ST2 (Supplementary Methodology SM1).

We built species-accumulation curves to assess the sampling efficiency
for each year, trophic level and area. These curves are frequently used to
evaluate sampling effectiveness by relating the sampling effort (here number of
fruits) to the accumulated species richness. Accumulation curves were generated
using the vegan package (Oksanen et al., 2007) with the rarefaction method and
non-parametric bootstrapping based on 1000 randomizations to display the
confidence intervals (£95% CI). Then, to check the sampling efficiency we use
the function specpool to extrapolate the species richness and then to compare
with the observed species richness. We did not use the La area in the proposed
methodology analysis at local scale, as this area did not reach the asymptote in

the accumulation curves.

Finally, we used the Ime4 package to perform linear mixed models
(GLMM) using the accumulated mean insect abundance, accumulated mean
total seeds and accumulated mean insect richness for both regional and local
scales followed by a contrast test. For this, years were treated as fixed
explanatory variables into different GLMMSs, where sampled areas were always

treated as random effects. In the first GLMM, the accumulated mean of total



23

seeds was considered as response variable, here used to assess the responses of
the first trophic level. Secondly, independent GLMMs were run with the
accumulated mean insect abundance and richness as response variables to assess

the patterns in the second, third and fourth trophic levels.

When dealing with accumulated data, results were interpreted as follow:
(i) if the analysis previously proposed (GLMM) was significant (based on Chi-
square test), we assume that more than one year should be sampled and the
number of years would be indicated by the contrast test. On the contrary, (ii) if
the analysis was non-significant, we could assume that only one sampling-year

is enough to access all trophic levels for species richness and abundance.

2.3 Results
2.3.1 Food web description

We found 27 species distributed within four trophic levels of our source food
web (Figure 2.1, Table ST1). Please, see Supplementary Methods SM2 for
details about the used criteria to maintain/exclude species and interaction in this
source food web (Figure 2.1). Consumer-levels and their quantitative and

qualitative interactions are displayed in Table ST2 (Supplementary Material).

The first trophic level of this source food web was represented by the S.
tenuifolia individuals, by which 12,651 seeds were found from 1,399 sampled
fruits (9.04 +2.6 seeds per fruit). The second trophic level was represented by
1,776 herbivore insects from 11 species distributed in six families and four
orders. The herbivore abundance temporally varied (495, 187, 394 and 700
insects from 2011 to 2014, sequentially). From the herbivores, the third trophic
level comprised 595 parasitoid individuals belonging to 13 species and

distributed in six families, which also temporally varied from 2011 to 2014
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(between 93 to 320 individuals, respectively). The fourth, and last trophic level,
(hyperparasitoids) was represented by five individuals from the species Brasema
sp. (Hymenoptera: Eupelmidae) and Aprostocetus sp. (Hymenoptera:
Eulophidae). Please, see Table ST1 in Supplementary Material for all consumer-
level insect species (from second and third trophic levels).

2.3.2 Data robustness and food web sampling accuracy

Overall, species-based accumulation curves demonstrated an adequate sampling
effort for each year, trophic level and sampled areas in the studied source food
web (Figure 2.2). The sampling efficiency was around 75% and 97.0 % for
trophic levels (Figure 2.2A), between 86.36% and 94.73% for years (Figure
2.2B) and between 84% and 95.60% for sampled areas (Figure 2.2C). Except for

the La area, all curves reached the asymptote.
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2.3.3 Scales comparisons

Looking at insect and seed abundances (based on accumulated mean insect
abundance and total seeds), we found that the more fruits we sample the more
insect individuals or seeds we had for the resource (p<0.001; Figure 2.3A),
herbivores (p<0.001; Figure 2.3B) and parasitoids (p<0.001; Figure 2.3C) at
regional scale. Nevertheless, this did not happened for the hyperparasitoid level,
which the number of individuals were independent of the number of collected
fruits (p = 0.98; Figure 2.3D).
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Figure 2.3 Accumulated number of insects or seeds at regional scale for each trophic
level (TL) along a gradient of accumulated years (fruits summed). (A) TL1: the first
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trophic level the abundance is represented by the total accumulated number of seeds
along the years; (B) TL2: the second trophic level the abundance is represented by the
accumulated number of total herbivore individuals along years; (C) TL3: the third
trophic level the abundance is represented by the accumulated number of parasitoids
individuals along years and (D) TL4: the fourth trophic level the abundance is
represented by the accumulated number of hyperparasitoid individuals along years. Error
bars represent the standard error.

When considering the sampling of a significant number of species to
represent the studied food web (based on the accumulated mean insect richness),
we should sample 1050 fruits (collected over three years) to gather all the

parasitoid species (p<0.05; Figure 2.4B) and only 350 fruits for herbivores (p =
0.26; Figure 2.4A) and hyperparasitoids (p = 0.66; Figure 2.4C).
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Figure 2.4 Accumulated number of insect species richness at regional scale along a
gradient of accumulated years (fruits summed). (A) TL2: is the second trophic level
represented by the accumulated herbivore species richness along years; (B) TL3: is the
third trophic level represented by the accumulated parasitoid species richness along
years (C) TL4: is the fourth trophic level represented by the accumulated hyperparasitoid
species richness along years. Error bars represent the standard error.

At local scale, we found that all 1399 collected fruits would be need to
accurately sample the abundance seeds, and herbivore and parasitoid insects.
Thus, all the analyses for the two examined areas (Ae and Lu) were significant
(all p-values <0.001) for the abundance of seeds (Figure 2.5A), herbivores

(Figure 2.5B) and parasitoids (Figure 2.5C).
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Figure 2.5 Accumulated number of insects or seeds at local scale for each trophic level
(TL) in each sampling area (Ae and Lu) along a gradient of accumulated years (fruits
summed). (A) TL1: the first trophic level the abundance is represented by the total
accumulated number of seeds along the years; (B) TL2: the second trophic level the
abundance is represented by the accumulated number of total herbivore individuals
along years; (C) TL3: the third trophic level the abundance is represented by the
accumulated number of parasitoids individuals along years and (D) TL4: the fourth
trophic level the abundance is represented by the accumulated number of
hyperparasitoids individuals along years. Error bars represent the standard error.
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Table 2.2 Sampling effort needed to achieve the true trophic levels species richness and
abundance in both regional and local scale

Studies Insect/Seed abundance Insect Richness
at 1 TL 2MTL 39¢TL 4 TL 2MTL 34TL 40 TL
Regional as many years and fruits sample as 350 fruits in 350 fruits per year 350 fruits
Scale possible one year along 3 years in one year
Local as many years and fruits sample as 150 fruits in 150 fruits in one 150 fruits
Scale possible one year year in one year

Surprisingly, just 150 fruits would be enough when considering the
species richness for each trophic levels in the two examined areas (herbivores
Ae: p = 0.71, Lu: p = 0.56; parasitoids Ae: p = 0.59, Lu: p = 0.10; and
hyperparasitoids Ae: p = 0.14; Lu: p = 0.84; Figure 2.6). Table 2.2 summarizes

the accurate sampling effort at regional and local scale for all trophic levels.
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Figure 2.6 The accumulated number of insect species richness at local scale in each area
(Ae and Lu) along a gradient of accumulated years (fruits summed). (A) TL2: is the
second trophic level represented by the accumulated herbivore species richness along
years; (B) TL3: is the third trophic level represented by the accumulated parasitoid
species richness along years (C) TL4: is the fourth trophic level represented by the
accumulated hyperparasitoid species richness along years. Error bars represent the
standard error.
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2.4 Discussion
We described a multitrophic source food web based on an extensive 4-year

dataset from eight sampling sites. The source food web presented 26 species
distributed in four trophic levels. The outcome of our research clearly
demonstrates the robustness of our datasets, as well as brings insights about the
minimal number of fruits needed to accurately sample insect communities

associated with each trophic level of multitrophic source food webs.

From our knowledge, only one study (Tuller et al. 2015) have
demonstrate the insects associated to Senegalia tenuifolia plant. However, some
of the insect interactions observed in this source food web have also been
reported associated with other leguminous plant in Costa Rica, Uruguay and
Chile (Whitehead, 1975; Rojas-Rousse, 2006). Also, the M. terani, S.
maculatopygus and Allorhogas sp. species feeding behaviors were similar to the
ones previously reported by Southgate (1979). Although source food webs are
considered as having low quality data due to the lack of links with other
resources (Hawkins et al., 1997), they are very applicable to many ecological
fields, such as biological control (Nofemela, 2013; Gomez-Marco et al., 2015),
community ecology (Sigsgaard, 2002) and even to assess the stability of
ecosystems (Rooney et al., 2006). Because our work examined a source food
web based on insects associated with just one plant species, we strongly
encourage that further studies should address others links that are likely to be
missing, such as fruit-pathogens (De Castro & Bolker, 2005; Lafferty et al.,
2006) and the presence of leaf-miners and cannibalistic interactions (e.g.
Johnson, 1977; Wang & Kok, 1986). Additionally, laboratory studies should be
conducted to confirm cannibalism interactions, which may result from the
combination of the insects’ genetic characteristics, population density-dependent

factors or even due to environmental aspects (Richardson et al., 2010).
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We assume our sampling effort was accurate to collect all the species
associated with S. tenuifolia fruits and seeds in each area, year and trophic level.
This was reinforced by previous research, which has shown that long-term
studies conducted at multiple sampling sites are good tools to estimate insect
species richness (Fukami & Wardle, 2005). Therefore, we believe that species-
based accumulation curves should be used by further research on multitrophic
source food webs to check for the accuracy of their sampling effort. The
proposed sampling effort to gather most of the source food web species and the
interactions within its trophic levels is effective because it provides a cost-
effective and standardized sampling effort. Besides, we believe the methodology
and sampling effort (according to the summary outcome in Table 2.2) can be
replicated as many times as sufficient for the potential use as a guideline to

community food webs sampling which is a set of many resource plants.

Our research also reinforce the importance of long-term studies to
accurately assess the diversity within each trophic level of multitrophic food
webs. For example, here we show that the number of parasitoids and,
consequently, the number of interactions within the examined food web
increased with number of sampling years. Therefore, by sampling many years it
may also be possible to assess changes in food web patterns resulting from the
arisen of new species (e.g. Brown et al., 2001; Alarcon et al., 2008; Behl &
Stibor, 2015; Gsell et al., 2015). Although most of the species from the web
were collected, other species would continue to be detected with additional
sampling since opportunistic and rare species could appear in the subsequent
years (Schoenly & Cohen, 1991; Alarcon et al., 2008). Thus, a minimal sample
effort to achieve the closest true food web diversity, minimizes the effects of
rare and opportunistic species. For example, the species Bracon sp. and

Eudecatoma sp. just appeared in the last year. Moreover, the study highlight the
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importance of long-term food web researches because the web presented here
were previously studied during one year sample (Tuller et al., 2015), thus less
abundant species links that were proposed based on sampling observations could
not be identified properly as we reveled in this long term study which allowed us
to achieve the food web completeness.

Another important point is sampling effort (number of fruits) and
temporal gradients (humber of years) varying depending on studies that were
done at regional or local scales. Consequently, distinct outcomes could arise
from different sampling scales (e.g. local and regional scale) as shown in this
and other studies (Hill & Hamer, 2004; Chave, 2013; Wood et al., 2015). For
example, the pattern of increasing accumulated insect abundance along years
within a trophic level is different from local to regional scales (for details
compare accumulated insect abundance in Figure 2.4B and 2.6B). It
demonstrates that if two studies are conducted using different scales, it can bring
different interpretation for the analyzed trophic level over the years. However,
by applying fast, reliable, simple and cheap methods, such studies could provide
important and cost-effective insights into the food web theory in natural

ecosystems.

2.5 Conclusion

Sampling effort issues pose as one of the main problems in defining
biological patterns and understanding ecological interactions (Goldwasser &
Roughgarden, 1997; Falcdo et al., 2016). Our research address this problem by
using a source food web to provide insights into the minimal sampling effort, in
terms of number of fruits, that further studies may need to accurately assess
spatial and temporal changes in food webs. Therefore, by having robust food

web datasets, researchers may be able to better investigate changes in
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quantitative and qualitative food web metrics, with further better understanding

of how such changes may influence the complexity and stability of ecosystems.
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Table ST1 Observed and potential interactions of the S. tenuifolia source food web. Abbreviations: * The observed interaction at
laboratory conditions is not due directly by behavior experimentation but only by isolating each fruit and observing its individuals
knowing their exactly interaction; ** This interaction were based on parasitoid found within the seed with its host mouth parts, then
having its interaction confirmed; f Please see Figure SF1 in Supplementary Material showing the evidence of this interaction.

Resource Consumer Trophl_c Interaction Evidence
Interaction
Seneqalia tenuifolia Allorhogas sp. observed * 4 Observed at laboratory conditions. This genus is found consuming
g (Hymenoptera: Braconidae) seeds, or as galls (Marsh et al. 2000, Penteado-Dias e Carvalho 2008)
M. terani * Observed at laboratory conditions. These herbivores are frequently
Senegalia tenuifolia (Coleo tera: Bruchidae) observed observed feeding inside seeds from the Fabaceae family (Johnson and
ptera: Siemens 1997, Janzen 1969, Tuda et al. 2009 and Rossi et al. 2011)
S. maculatoovaus * Observed at laboratory conditions. This herbivores is frequently
Senegalia tenuifolia (Coleo terapégruchi dae) observed observed feeding inside the seeds from the Fabaceae family (Johnson
plera. and Siemens 1997, Janzen 1969, Tuda et al. 2009 and Rossi et al. 2011)
Laemophloeidae * Observed at laboratory conditions. Also called flat bark beetle, the
Senegalia tenuifolia (Coleoptera) observed Laemophloeidae feed on fungi and are found under bark of many trees
P (Andrew and Hughes 2005).
Senegalia tenuifolia  Lepidoptera observed * Observed at laboratory conditions. Also found associated with
g pidop Senegalia genus (Gupta et al. 2014, Agassiz and Harper 2009)
Cecidomviidae * Observed at laboratory conditions. Cecidomyiidae are known to
Senegalia tenuifolia (Di tera)y observed induce galls forming in may Fabaceae plants (Fernandes et al. 2010,
P Maia 2006), including leaves of Senegalia species (Costa et al. 2014).
Solenopsis; Myrmelachista * Observed at laboratory conditions. Some ant species are exclusively
Senegalia tenuifolia gallicola; M. ruskii; M. observed arboreal, present in plants where resources (e.g. extrafloral nectaries)

catharinae; Crematogaster sp.

(Hymenoptera: Formicidae)

and protection can be found (Lanan et al. 2011, Inouye and Taylor Jr
1979, Perry et al. 2004, Richard et al. 2001, Longino 2003).
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Resource Consumer In-[gggcrllign Interaction Evidence
Sciaridae * Observed at laboratory conditions. Knowing as fungus gnat, the
Senegalia tenuifolia - observed Sciaridae family is associated with many plants including the genus
(Diptera)
P Acacia. (Gagné 1979)
The genus Lyrcus is observed as a possible parasitoid of Allorhogas
Allorhogas sp. LVrcus s (Marsh et al. 2000). Also, this genus can also parasitize Bruchidae
M. terani (|¥| mengl tera: Pteromalidae) potential (Gibson et al. 1997). Since we observe all the fruits in which Lyrcus sp
S. maculatopygus y ptera. emerged or not, we opt to place the Lyrcus sp. in the web as Allorhogas
sp. and Bruchidae (M. terani and S. maculatopygus) parasitoid.
*+ Observed at laboratory conditions, and Eurytoma is observed as
Allorhogas sp. 5}: rﬁgrr?g isrlé'sgﬁr;;]grsirijsae) Allorhogas larvae ectoparasitoids (Macédo and Monteiro 1989, Marsh et
y plera. observed al 2000, Penteado-Dias e Carvalho 2008).
. Paracrias sp. . - . . . .
M. terani (Hymenoptera: Eulophidae) potential Knowing to parasitize Bruchinae species (Pikart et al. 2011)
Horismenus s ** Observed at laboratory conditions, and the M.terani subfamily
M. terani p . observed Bruchinae) is observed as hosts for this parasitoid genus (Bonet 2008),
(Hymenoptera: Eulophidae) . . A >
’ and found as attacking various genera of Bruchidae (Whitehead 1975).
. Heterospilus sp. . Parasitic hymenoptera associated with Bruchid-infested fruit
M. terani otential
' (Hymenoptera: Braconidae) P (Whitehead 1975)
S. maculatopygus (Pli;?géiﬁsr.a' Eulophidae) potential Knowing to parasitize Bruchinae species (Pikart et al. 2011)
Horismenus s The S. maculatopygus subfamily (Bruchinae) is observed as hosts for
S. maculatopygus p . potential this parasitoid genus (Bonet 2008), and found as attacking various
(Hymenoptera: Eulophidae)
y ptera. P genera of Bruchidae (Whitehead 1975).
S maculatoovaus Heterospilus sp. otential Parasitic hymenoptera associated with Bruchid-infested fruit
' Pyg (Hymenoptera: Braconidae) P (Whitehead 1975)
** Observed at laboratory conditions, and Eupelmus is found in
S maculatoovaus Eupelmus sp. observed literature as Coleoptera larvae and pupae ectoparaisotids (Askew and
' Pyg (Hymenoptera: Eupelmidae) Nieves-Aldrey 2000 and Fusu 2009). Also are observed as Bruchinae
parasites (Sari and Ribeiro-Costa 2005).
Lepidoptera Goniozus sp. potential Goniozus is a primary parasitoid of Lepidoptera larvae (Gordh and

(Hymenoptera: Bethydae)

Medved 1986. Gordh 1976)
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Resource Consumer In-[g?z[a)crllign Interaction Evidence
Lepidoptera Eﬂ;:ggrl\lg&%ra: Braconidae) potential Generally found as a Lepidoptera parasite (Wharton et al. 1997).
Eudecatoma genus is commonly found as Cynipidae parasitoid.
_ Eudecatoma sp _ However, as in this study, we did not foupd any of this .inc_iividuals over
Lepidoptera (Hymenoptera: .Eur ytomidae) potential four years. We place Eudecatoma as Lepidoptera parasitoid, as shown in
’ the literature (Force and Thompson 1984, Claridge 1959, Powell 1989).
Little is known about its biology and laboratory experiments are needed.
. . Eudecatoma sp. . Eudecatoma were found parasitizing Cecidomyiidae galls (Claridge
Cecidomyiidae (Hymenoptera: Eurytomidae) potential 1959)
Cecidomyiidae Zﬂ;”}%ﬁfgﬁ ig?séz%,tomi dae) potential Burks 1971
Eurytoma spl,sp2  Brasema sp. potential The Brasema genus can parasite Eurytoma species (Askew and Nieves-
and sp3 (Hymenoptera: Eupelmidae) Aldrey 2004 and 2006)
Bracon sp Brasema sp. potential Brasema can behave as secondary parasitoid on Bracon sp. (Askew
' (Hymenoptera: Eupelmidae) 1998)
Aprostocetus is a genus that can be found behaving as egg parasitoid or
hyperparasitoid of many insects, including Eurytoma hymenoptera
Eurytoma spl, sp2  Aprostocetus sp. otential (Graham 1987). Although a non-identified species from the
and sp3 (Hymenoptera: Eulophidae) P Aprostocetus subfamily, Tetrastichinae were observed as Allorhogas
parasites (Badenes-Perez and Johnson 2007). This interaction was not
included as it was not confirmed and could be spurious in the food web.
S. maculatopygus Bracon sp. potential Parasites various genera of Bruchinae (Whitehead 1975, Gagnepain et
' (Hymenoptera: Braconidae) al. 1989)
. Bracon sp. . Parasites various genera of Bruchinae (Whitehead 1975, Gagnepain et
M. terani potential

(Hymenoptera: Braconidae)

al. 1989)
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Table ST2 Source web and its insect interactions based in the abundance and parasitism data of 2011, 2012, 2013 and 2014 years for

the four trophic levels.
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Figure SF1 Pictures taken from the fruits stored at laboratory. S. tenuifolia seeds and its herbivores (Allorhogas sp.) and parasitoid
(Eurytoma sp.) insects. The insects in this figure did not emerged from the fruits, thus we could infer about their relation with S.
tenuifolia. The Allorhogas sp. were frequently found consuming the seed edges like in this photo and its parasitoid Eurytoma sp were

found in the same place as Allorhogas sp.
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2.8.1 Supplementary Methods SM1

To build Table ST2 we calculate at what proportion parasitoid (P) were
parasitizing the herbivores (H: and H), using the parasitoid abundance as
reference. Thus, the proportion at which one parasitoid species parasites one
herbivore species is the parasitoid’s absolute abundance. However, when a
parasitoid species parasitized two different herbivore species we calculate the
proportion of herbivores parasitism rate (Hpr) based on each herbivore species
total abundance. Thus,

H1*100% / H; + Ho= Z then,
Pabund— Z = Hprt

where, Hi is the first herbivore abundance, H: is the second herbivore
abundance, Z is the percentage found for the first herbivore abundance, Pabund is

the parasitoid abundance and Hpr is the parasitism rate for the first herbivore.

2.8.2 Supplementary Methods SM2

Parasitoids from the subfamily Pteromalinae (5 individuals) and Eulophinae (2
individuals), could not be identified at genus level. We therefore excluded them
from the food web because the literature describes these subfamilies as
generalist (Gibson et al. 1997, Hanson and Gauld, 2006), and we could not
precisely place them within specific trophic levels. We also excluded the insects
with less than five individuals in the four years (assuming that they could be
opportunistic species). Except by the insects that were parasitoids and
hyperparasitoids, or herbivores with strict interactions with parasitoid previously
placed in the web. Excluded species were Solenopsis sp. (Hymenoptera:

Formicidae), Prodecatoma (Hymenoptera: Eurytomidae: Prodecatominae), six
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Diptera species (one individual from each species), Psocoptera, Hemiptera,

Eiphosoma sp. (Hymenoptera: Ichneumonidae: Cremastinae).
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ABSTRACT

The ecological communities can be represented through food webs and
their community species diversity may change temporally and spatially. The
studies on herbivore communities and their hosts are still scarce, and it is less
known in the tropics where we find the highest biodiversity. We aimed explore
the temporal variation of tropical insect communities of different trophic levels
associated with the resource plant species Senegalia tenuifolia. We sampled
1,399 Senegalia tenuifolia fruits across eight sampling sites distributed in three
areas collected along four years. The species richness, abundance and
composition for all trophic levels escribed a temporal variation. Besides,
herbivore abundance showed to influence the increases in parasitoid abundance.
Based on the diversity patterns for the herbivore and parasitoid communities, the
local species richness (alfa) most contribute to the total diversity for herbivores
while the contribution to the total diversity vary between local species richness
(alfa) and among areas species richness (beta) for parasitoids. Also, the Shannon
index was most explained by alfa diversity for herbivores and parasitoids
demonstrating that the most abundant species were widespread across sampling
sites. The difference in species richness along the years for both herbivore and
parasitoid communities are mostly due to the replacement of some species by
others. In conclusion, trophic levels present different species distribution
patterns, abundances and species richness in space and time, reinforcing the idea
of use this dimensions when using food web approaches.

Key-words: diversity, trophic levels, temporal variation, resource, parasitoids.
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3 Second manuscript: Ecological communities report using the food web and
species diversity approaches

3.1 Introduction

The arrangement of ecological communities is not random (Elton, 1933) and can
be represented through food webs, which consist of a number of feeding
relationships within a community (Paine 1980). For example, the distribution of
predator, parasites and herbivorous insects can be determined by the occurrence
of the host plant (Aradjo et al., 2013; Heub et al., 2013; Grandez-Rios et al.,
2015). Similarly, the resource availability can influence the above-levels
diversity (Reich et al., 2012). The use of food webs and species diversity metrics
(i.e. species richness and composition) have been extensively used to
demonstrate the structure of ecological communities in a more comprehensive
way and finer detail (Allouche et al., 2012; Hansson et al., 2012; Mougi &
Kondoh, 2012). Furthermore, the species abundance, richness and composition
have been also extensively applied to understand patterns of ecological
communities (McNaughton, 1977; Boulton et al., 2005; Maclvor & Lundholm,
2011; Bang et al., 2012; Peralta et al., 2014) and are suggested to improve the
traditional food web approach (Cohen et al., 2003).

Despite progress made by applying the food web approach to
demonstrate temporal changes in ecological communities (e.g. Gergs et al.,
2011; Kaartinen & Roslin, 2012; Burkle et al., 2013; Lu et al., 2014), two key
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areas remain underexplored in the literature. First, there is a clear bias towards
examining trophic relationships of aquatic systems (e.g Peacor & Werner, 1997;
Marcarelli et al.,, 2011; Shurin et al., 2012). Nevertheless, terrestrial
environments are extremely diverse (May, 1994; Jenkins et al., 2013) and
present complex species networks to be explored (Price, 2002). Second, most of
the research to date have been carried out within temperate systems (e.g. Paine,
1966; Dunne et al., 2002; Winemiller et al., 2007; but see Layman et al., 2005
for tropical). Yet tropical environments are among the most diverse in the world
(Basset et al., 2012; Brown, 2014) and globally, are experiencing species
extinction rates caused by human activities (Cardinale et al., 2012). Given that
species diversity may temporally change (Tylianakis et al., 2005) and there are
few studies exploring such variation in tropical host-enemy relationships (but
see: Pilosof et al., 2013), the comprehension of how tropical ecological
communities are constituted may not be accurately inferred from studies

conducted in temperate regions.

The Legume family (Fabaceae) has a widespread global distribution
(Raub et al., 2015; Schrire et al., 2005). Among the most diverse tropical
botanic families (Judd et al. 2002), leguminous plants are easily recognized by
their fruit shape (pod) (de Faria et al., 1989). Those plants are commonly
encountered in early successional stages (10 years after the disturbance has
occurred), thus disappearing in very old successional stages (Heinrich et al.,
2004). Leguminous plants also have an ecological importance due to the role
they have in fixing nitrogen (de Faria et al., 1989). Furthermore, those plants
also maintain high-diverse ecological communities, which include many
phytophagous beetle species and associated natural enemies (@degaard, 2000;
Baldock et al., 2011; Tuller et al., 2015). Among the leguminous groups with

their center of diversity in the Neotropics, the Senegalia (Leguminosae:
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Mimosoidea) is a perennial climbing shrub genus (Seigler et al. 2006), mainly
distributed within the Brazilian Atlantic Domain (Barros & Morim, 2014).
Although much previous research has explored the distribution of plant species
from this genus (e.g. Terra et al., 2014) or the associated ecological communities
(e.g. (Baldock et al., 2011) few studies have explored the ecological
communities of different trophic levels associated with Senegalia tenuifolia

plants in Neotropical regions (but see Tuller et al., 2015).

The overarching aim of this study was to fill the above knowledge gaps
by exploring the temporal variation of tropical insect communities of different
trophic levels associated with the resource plant species Senegalia tenuifolia (L.)
Britton & Rose (Fabaceae: Mimosoidea). Insect communities have been
extensively considered in food web examinations due the host-specificity they
present (Ddegaard, 2000; Novotny & Basset, 2005), the ease of sampling
methods and quick alteration responses, such as habitat modification and
temporal seasonality (e.g. Tylianakis et al., 2005, 2007). We collected fruits of
S. tenuifolia during four years, and from their seeds we gathered the associated
insects to calculate the community parameters: species richness, abundance and

species composition of each trophic level for each year.

Here we tested two specific hypotheses. First, in accordance with the
positive relationships reported between resource availability and species
diversity of upper trophic levels (Kruess & Tscharntke, 2002), we predicted that
years in which more seeds were found would have higher species richness and
abundance of insect species within each above-plant trophic level. Secondly, as
we want to explore food web diversity patterns across a spatial (sampling sites
and areas) and temporal (years) scale, we predicted that the contribution of the
diversity components a- diversity (i.e. the local species richness or Shannon

entropy, Chao et al., 2014) and p-diversity (i.e. differences in species
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assemblage composition, Whittaker, 1972; Karp et al., 2012) to the total
diversity would be different and temporally change for the ecological
communities associated with the second (herbivores) and third (parasitoids)
trophic levels. Although previous studies have investigated temporal changes in
species composition of ecological communities (Le Corff et al., 2000; Pearce et
al., 2006; Martinez-Falcén et al., 2011), to our knowledge this is the first
research that assesses temporal changes in species composition at different
trophic levels by using a diversity partition approach (but see Cronin & Reeve,

2005 for changes in host-parasitoid using a spatial approach).
3.2 Methods
3.2.1 Field location

The study was carried out across three areas (Ae, La and Lu) subdivided into
eight sampling sites (see Table ST3.1 — Supplementary Material), located in
fragments of Southern Brazilian savannah (known as ‘cerrado’) around the
municipalities of Lavras and Luminarias, state of Minas Gerais (Figure 1). The
three areas were at least 6 km distant from each other and all sampling sites were
at least 400 m apart (Figure 3.1 and Table ST3.2). Further descriptions of the

sampling sites are described in Tuller et al. (2015).
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Figure 3.1 (a) The Brazilian map showing the sampled areas in red; (b) Minas Gerais
state showing the sampled areas in red; (c) Both cities Lavras and Luminarias where the
fruits we gathered and its eight sampling sites distant at least 400m each.

3.2.2 Fruit collection

The S. tenuifolia species is widely spread in South America (Queiroz, 2009),
behaving as a liana or shrub species (Silva et al., 2007), with a reproductive
period occurring from January to August and ripening period between June to
August when the seeds start to be dispersed (LFM, personal observation). To
collect S. tenuifolia fruits we conducted three sampling events per year, one per
month, between June and August in 2011, 2012, 2013 and 2014. We collected
25 fruits per sampling site in each sampling event during the four years. All
sampled fruits were previously attached to the plant at the time and then
gathered into paper bags for transporting to the laboratory where each fruit was
stored separately within PVC tubes (19 cm diameter, 10 cm depth) properly
labeled and covered by voile to enable air circulation. In each year, we left these
fruits stored for three months after each sampling event to allow the complete

development and emergence of the insects associated with the seeds. All insects
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(emerged from seeds or not) were identified to the lowest possible taxonomic
level. We deposited the voucher specimens in the Entomological collection of
the Laboratory of Ecology and Complexity at Federal University of Lavras,

Minas Gerais, Brazil.
3.2.3 Statistical Analyses

In this work, we considered just the data from the second and third sampling
events (July and August), since in the first sampling event (June) the S.
tenuifolia plants were still beginning the ripening period, therefore presenting
underdeveloped seeds and beetles species at the larval phase (that hindered
species identification). Additionally, one sampling site (Ae-1) was burned in
2011, that impeded the data sampling for the subsequent years (please, see Table
ST3.1 for details of areas sampled in each year).

We checked for temporal data independency by performing correlation
analysis (dplyr package) between the insect abundance and species richness
along the years and between each trophic level (see Figures SF3.1, SF3.2 and
SF3.3 — Supplementary Material). As we observed a temporal independency
along years and among trophic levels, we tested our first prediction by using
generalized linear models (GLMs) (stats package). First, the GLMs were used to
test the differences in the total seed number (first trophic level) and insects’
abundance and species richness (above-plant trophic levels) along years
(explanatory variable). Contrast tests among each year were conducted when
significant differences were found. Furthermore, the GLMs were conducted to
check for the relationship between number of seeds and insects’ abundance and
species richness. For this, the explanatory variables were total number of seeds,

total number of herbivore insects and total number of parasitoid insects, and the
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response variables were total number of herbivore insects, total number of
parasitoids and total number of hyperparasitoids.

We tested the predictions that species composition and the contribution
of the a- and B-diversity of the ecological communities associated with second
and third trophic levels would temporally change using diversity partitioning and
randomizations. The total diversity (y) can be partitioned into the o and
components using either the additive or multiplicative approach (Veech et al.,
2002; Jost, 2007; Larsen et al., 2015). The additive approach (y = mean a + )
has the advantage of expressing each component in the same unit (number of
taxa), but also has stronger dependence of  on both o and y (Baselga, 2010). In
particular, for each above-plant trophic level, diversity was partitioned
separately for each year as follows (see also Zajac et al., 2013):

y = a (within sampling site) + 1 (among sampling sites) + £, (among areas)

Diversity values were calculated by using the species richness (Hill
numbers of order = 0) and the Shannon entropy (Hill numbers of order = 1) (as
done by Solar et al., 2015). The species richness is already a “true diversity”
value, whereas the Shannon entropy weights the partitioning by the combined
effect of richness and relative abundances, which reduces the influence of rare
species (Jost, 2007; Chao et al., 2014). We used 1,000 randomisations as
implemented in the adipart function in the vegan R-package (Oksanen et al.,
2012). Randomisations allow the calculation of the null distribution of scale-
specific o and p components, and to test levels of significance of the actual
values against those simulated and expected by chance (Crist et al., 2003;
Matsuda et al., 2015). Although our analyses and interpretation were based on
the additive partitioning approach, in order to facilitate comparison with other
studies, we also present o and B components based on the multiplicative
approach, which allows an indirect comparison of o and [ values. For this

approach we used the multipart function (vegan R-package Oksanen et al.,
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2012) with 1,000 randomizations (Figure SF3.4 and SF3.5, see Supplementary
material). In general, the hierarchical diversity partition provides insight of scale
effect on diversity patterns. Furthermore, to understand the differences of f
diversity along years we use the R package betapart to perform the beta partition

(Bsor) into Bsiv (turnover) plus Bsne (species gain or 10ss).
3.3 Results
3.3.1 Community description

Across the four years we collected 1,399 fruits of S. tenuifolia, from which we
counted 12,651 seeds. From those, 2,766 seeds were considered consumed by
2,376 emerged and non-emerged insects. Each fruit had on average 9.04+2.67
(mean + SD) seeds. Overall, we found three trophic levels above the Senegalia
tenuifolia leguminous species. Table 3.1 and Figure SF3.6 summarises the
number of seeds and the insect abundance and richness for each trophic level
(TL) per year and Table 3.2 shows the species that were found, followed by their
trophic level and respective abundance for each year. We also found a strong
positive correlation between species richness and abundance within each trophic
level (see Figure SF3.7 for R?). Furthermore, there was no relationship between
herbivores and seed abundances (F126 = 0.21, p>0.05) nor did hyperparasitoids
increase their abundance with increasing parasitoid abundance (p>0.05). In
contrast, there were an increase in parasitoid abundance with increasing
herbivore abundance (F1,26= 11.20, p<0.01).

The number of seeds (first trophic level) found in 2011 was lower than
in the subsequent years (Fs24= 5.99, p< 0.005 - Figure 3.2A). The herbivore
level had abundance peaks in 2011 and 2014 (Fs24= 5.38, p< 0.005 — Figure

3.2B), while the parasitoid abundance in 2014 was higher than in the other years
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(F324= 7.87, p< 0.005 — Figure 3.2C). There were significant differences for
hyperparasitoid abundance across the years (Fs2.= 5.67, p< 0.005 — Figure
3.2D). The herbivore and parasitoid species richness were higher in 2013 and
2014 (herbivore: Fz24= 5.94, p< 0.005; parasitoid: Fz 2= 3.32, p< 0.05 — Figure
3.3A-B). The hyperparasitoid species richness varied across the years (Fsz4=
5.67, p< 0.005 — Figure 3.3C).
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variable) in each year (explanatory variable) and (D) TL4: In the fourth trophic level the
abundance is represented by the total number of hyperparasitoids individuals (response
variable) in each year (explanatory variable). Error bars represent the standard errors.

.10— .1.0—

—
[=
|

g B 2011
b m 2012
- o 2013
& 87 b b &7 b 0.8 7 = 2014
%] a
g 6 . 6 . L 06

85 ; = =

iz d 44 2 s 0.4 .
2
e 2 02 |
T
g o : 0 - 1 00 - _

Years

Figure 3.3 Species richness for each trophic level in each year. The response variables
are (A) TL2: Second trophic level indicates the herbivore species richness; (B) TL3
Third trophic level indicates the parasitoid species richness and (C) TL4: Fourth trophic
level indicates the hyperparasitoids species richness. For all the trophic levels the
explanatory variable is the years sampled. Error bars represent the standard errors.

3.3.2 Diversity Partitioning

The insect diversity components based on the additive partitioning approach
across different temporal scales varied for herbivore (2" TL) and parasitoid (3™
TL) communities (Figure 3.4). The second trophic level o diversity was
consistent, accounting for 41-63 % of total species richness along the years. The
contributions of B1 ¢ites) and Sz @reasy COMponNents to y diversity varied along the
years. 1 contribution ranged between 20 and 29% and it were higher than the
expected from the random values in 2011. Contrastingly, the observed p:
contribution to y diversity in 2012 and 2013 was higher than expected from the
random, while no differences were found between observed and expected values
in 2014. Changes in the observed S, contribution were not significantly different
from the random in 2011 and 2014, but were greater than expected from the
random in 2012 and 2013, accounting for 29 and 33 % of total species richness,

respectively.
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Figure 3.4 Additively portioned diversity of two insect communities (A and C)
herbivores and (B and D) parasitoids along a temporal scale. Species richness estimates
for (A) herbivores and (B) parasitoids, and Shannon Index for (C) herbivores and (D)
parasitoids. Hierarchical components: o= diversity within sampling sites; Bi= diversity
between sampling sites and B,= diversity between areas. Randomization test results are
given to the right of the figure and inside the figure when unequal results are given for
each year. “>” indicates observed values presenting significant larger contributions than
simulated from random, on the contrary, “<” indicates smaller contributions and ‘“NS”
indicate not significantly different from random. Statistical differences are based on the
0.05 level between observed and expected values obtained by 10,000 individual based
randomizations.

The diversity partitioning of the third trophic level resulted in highly
temporal variation in diversity components, with different diversity component
relative contributions to the total species richness (Figure 3.4B). The a-diversity
component accounted for 31 to 50% of total species richness along the years.
Excepted by 2011, all observed a-diversity values were significantly lower than

predicted (at p<0.05). Contributions of g1 diversity ranged from 9 to 20%, and
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were all greater than expected, excepted for 2011 as well. Diversity components
among areas (f2) showed the highest contribution to the total diversity in the
third trophic level, accounting for 47-48% of total diversity, excepted in 2014,
when its contribution was around 33%.

When considering the Shannon diversity index, the a-diversity had the
highest contribution to the total diversity (y) along the years for both second and
third trophic levels, ranging around 60-81% and 40-60% for the second and third
trophic levels, respectively. All a-diversity components were greater than
expected from the random. In the multiplicative partitioning the a and p:
diversity components exhibited similar degrees of variation on comparing the
herbivore and parasitoid communities, considering species richness and Shannon
diversity index (for more details see Supplementary Material SF3.4 and SF3.5).
The beta diversity partition along the years accounted for 71% explained by Bsim
and 29% explained by Bsne for the herbivore level and 84% explained by Bsim
and 16% explained by Bsne for the parasitoid level.

3.4 Discussion

The species richness, abundance and composition (trough g —diversity
estimations) for the resource, herbivore, parasitoid and hyperparasitoid
communities presented a temporal variation. The fruits/seeds are not a limiting
resource for the herbivores while the parasitoids depend on the herbivore
abundance to increase their population. On the other hand, hyperparasitoids,
which are less abundant in nature, revealed to be independent of their host
(parasitoid) abundances. Basing on the major contributions to the herbivore
richness, the local species richness («) most contribute to the total diversity and
herbivores present an intraspecific aggregate distribution (also found by

Wertheim et al., 2000; Veech, 2005). The « diversity values was lower than
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expected, also found in 28 data from different arthropod communities (Veech,
2005). The major contribution to gamma diversity for parasitoid richness was
due to the differences in species identity among areas (f. diversity) as a
consequence of the difficult displacement of species (low turnover). However, in
the last year the parasitoids changed their species richness contribution to an «
diversity with species presenting an aggregate pattern. As the Shannon index
was explained mostly by o diversity within sampling sites, the most abundant
species were widespread, thus the same common (more abundant) species
comprise most of the a diversity within sampling sites. As we can observe, the
most abundant herbivore species (Merobruchus terani) and its parasitoid
(Horismenus sp.) appear in all sites and years at a high abundance. Moreover,
the difference in species richness along the years for the herbivores and

parasitoids are mostly due to the replacement of some species by others (Bsiv).

The prediction that the trophic level are directly influenced by the level
above was confirmed just for herbivore-parasitoid interactions. The herbivore
abundance does not increase with the resource quantity available. Plant
resources are often abundant and underexploited by herbivores and also the
herbivores are frequently regulated by their natural enemies contributing to the
host density control which contributes to plants remaining abundant (Hairston,
1960). Thus, the seeds unconsumed by the primary consumer herbivore and
secondary disperser herbivore will be transformed into organic matter to be part
of the detritus communities (Bardgett & Wardle, 2003) or germinate when in the
soil. Even though host plant population size influences herbivore distribution
(von Zeipel et al., 2006), many explanations arise from the premise that
herbivores are not food limited and here we propose those possible explanations.
The first possible explanations for the high resource availability and low number

of herbivore individuals in some years is that its populations may be reduced by
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the parasitoid populations which controls it (Fretwell, 1987), the second is that
herbivores can exhibit intraspecific competition at high densities keeping its
population dynamic regulated. The third prediction and that more likely to
happen is that herbivores are not limited by food supply but by other resources
such as ovipositional sites which lead to a larval cannibalism (Murdoch, 1966;
Rosenzweig, 1973; Wang & Kok, 1986) since in this system the most abundant
herbivore is a Bruchinae species spending most of its life cycle inside the seed
(Southgate, 1979).

Instead, herbivores and parasitoids show similar abundance patterns
presenting direct relationship on each other’s population dynamics with a
coincident peak of abundance in the last year. The host-parasitoid interaction has
many aspects to be explored, such as through host-parasitoid population
dynamics, shifting sex rations in the parasitoid population and other components
of this interaction. Here, as we cannot distinguish the species interactions and
sex ratios, we explored only the parasitoid and host density dependence. As
reported by many studies, natural enemies can regulate their host dynamic
populations, which is often applied to the biological control (Hassell, 2000; Van
Driesche et al., 2010). As the parasitoids and herbivores are closely related
because parasitoid development depends on its host, the decrease in the
herbivore richness may lead to a reduction in the parasitoid species richness
(Albrecht et al., 2007; Osorio et al., 2015), as supported by our results when the
herbivore richness increased in 2013 and remained in 2014, the parasitoid
richness started to increase in 2013 and reached its peak richness in 2014 (Figure
3A and 3B).

On the contrary, hyperparasitoids are known to be limited by the
availability of their host population (parasitoids) leading to the extinction of

small parasitoid populations sometimes disrupting biological control (Brodeur
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2000; Schooler et al., 2011 — cage experiment, Gémez-Marco et al., 2015).
However, this study does not report parasitoid-hyperparasitoid abundance
dependence since here the hyperparasitoids level is composed of very few
individuals and often they do not increase their abundance in synchrony with the
parasitoid level not presenting control over its population (Nofemela, 2013,
Schooler et al. 2011 — field experiment). Also, the hyperparasitoid species

richness does not increase with higher parasitoid richness.

Although little is known about hyperparasitoids and their real impact on
the four-trophic interaction (Rosenheim, 1998), it may happen because the
hyperparasitoids can be reported as obligated or facultative (Rosenheim et al.,
1995). The obligate hyperparasitoids only reproduce in primary parasitoids, thus
directly affecting their populations (Sullivan & Volkl, 1999), the facultative
hyperparasitoid is not considered detrimental for the parasitoid population
control (Pérez-Lachaud et al., 2004) being, in general, omnivorous and part of
the parasitoid or hyperparasitoid levels depending on the level of competition for
hosts (Brodeur, 2000; Godfray, 1994). Here we address the importance of
laboratorial experiments for a better understand of hyperparasitoid biology and
behavior under different circumstances since they can behave as obligate or
facultative hyperparasitoids in different systems (Nwanze et al., 1998;
Rosenheim, 1998; Morse, 2009; Hoddle et al., 2013). Moreover, all the insect
trophic levels presented variation in the abundance and richness along the years,
being richer, more abundant and even presenting more trophic levels in some
years than others, reinforcing the importance of a temporal approach when

evaluating ecological communities.

The sampling incompleteness of plant-herbivore food webs in tropical
rainforests tends to overestimate beta diversity and affect the importance of beta

diversity components (Novotny, 2009). Thus, to overcome any possible bias, we
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have checked the robustness of this studied food web, finding that we have
sampled all insect richness for all three trophic levels (herbivore —parasitoid-
hyperparasitoid) along four years sample (see Maia et al. 2016 — First Chapter).
As the understanding of beta diversity dynamics (turnover and nestdness) is
important for conservation in many fields, such as protected area selection
(Socolar et al., 2016), here we add a starting point to better understand the
species diversity dynamics across scales through two different levels of one food
web since here the levels display different diversity component (o and f2)

contributions changing along years and even within a year.

The need for conservation of insect diversity is important because
insects provide ecological services such as biological control and pollination
(Kim, 1993). This study showed herbivores displaying an intraspecific
aggregation pattern within sampling sites what could be explained by the
resource distribution which is also uneven (Price, 2002; Babah & Sword, 2004)
and also it supports that herbivores are aggregate because female adults seek
fruits (as ovipositional sites) in adjacent plants considering positive visual cues
such as total number and mature fruits (Cuautle & Parra-Tabla, 2014).
Moreover, the spatial context in which host-parasitoid interactions happen
determine the parasitoid behaviors (such as foraging efficiency) (Bukovinszky et
al., 2012, Waage & Hassell, 1982). The parasitoid species richness is mostly due
to species differences among areas since the parasitoids seem not to disperse
from one area to another while just in 2014 they presented an intraspecific
aggregation pattern within sampling sites (based on the major diversity
components contributions). Conspecifics can be aggregate for many reasons
such as similar habitat requirements, a shared resource base and predator
avoidance. This may be explained by the high number of hosts (herbivore)

displaying an aggregate pattern, decreasing the parasitoid dispersion (French &
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Travis, 2001). However, when host abundance and richness increased even more
in the last year, it seems that the parasitoids not only increased their abundance
and richness, but their richness pattern also changed, thus the difference in
parasitoid richness among areas does not exist anymore, presenting an aggregate
pattern of parasitoid richness. This aggregate pattern might also be a strategy
demonstrated by the predators and hyperparasitoids when host densities are high
because it enables females to reduce the offspring mortality risk by spreading it
over several hosts (Mackauer & Volkl, 1993). It also confirms that the third
trophic level respond more sensitively to other scales than the second trophic
level, as also found by other studies (Thies et al., 2003, but see Heisswolf et al.,
2006; Cuautle & Parra-Tabla, 2014). Moreover, in this present study, parasitoid
and herbivore turnover was not observed and the decrease in abundance does not
increase the turnover at any spatial scale as also found in a landscape context
(Kaartinen & Roslin, 2012). However, more studies should be done in order to
test the different explanations about scale patterns influencing different

communities and their strict relation.

The differences in the species richness component contributions
demonstrate the importance of studying not only the food web changes in a
landscape context (Kaartinen & Roslin, 2011), but also how each trophic level
behaves (Legendre et al., 2005; Gagic et al., 2012). The changes observed in the
community parameters over time reinforce the need for studying a food web
using temporal and spatial scales approaches, since we know that networks are
not static in time (Eveleigh et al., 2007; Gagic et al., 2012). Although we
minimize the seasonal changes by collecting the data in the same months in each
year, we also address the importance of collecting environmental variables (e.g.
temperature, altitudinal gradients, and resource quantity and quality) because

species distributions, abundance and turnover in communities can be related to
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environmental conditions (Shreeve, 1986; Legendre et al., 2005; Novotny et al.,
2007). Finally, we have demonstrated that trophic levels in a food web present
different species distribution patterns in space and time, reinforcing the necessity
to consider a food web approach in future community studies to better

comprehend natural communities and their distribution.

3.5 Conclusion
The herbivore and parasitoid ecological communities present different shifts in

abundance and richness over time and high herbivorous abundance and richness
mediate the changing in diversity distribution pattern for third trophic level.
Furthermore, each trophic level differs in species diversity patterns across scales
highlighting the importance of local to global landscape context in biological
control planning (Tamburini et al., 2015). In this study we reinforce what some
authors have found important, such as ecological communities and food web
studies at multiple scales and the use of temporal approaches to analyze distinct
trophic levels such as hosts and their natural enemy levels (see Maia et al. 2016 -
1%t Chapter, (Cronin & Reeve, 2005; Cuautle & Parra-Tabla, 2014; McMeans et
al., 2015). Finally, as the nature of interactions is known to shape community
components, further work will investigate how this community is structured
using a food web perspective (interaction strength, population dynamics,
secondary extinction rates) and how spatial scales and time affect community
patterns (composition, richness and abundance) through quantitative and

qualitative food web analysis as was found in Kaartinen & Roslin (2011) study.
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Table 3.1 Number of collected seeds of Senegalia tenuifolia (1% TL) and insects abundance and richness (2"-4" TL) in each year
sampled (abundance | richness) or within each sampling site.

Year/Within sampling site 1t TL 2M TL 39 TL 4N TL
2011 2,500 495 |7 93 |7 42
2012 3,528 1878 56 |9 0
2013 3,200 394 |10 126 |7 0
2014 3,423 7008 3209 1)1

Table 3.2 Insects associated with Senegalia tenuifolia seeds sampled from 2011 to 2014. TL = Trophic level; Abund-11 = abundance
in the 2011 sample; Abund-12 = abundance in the 2012 sample; Abund-13 = abundance in the 2013 sample; Abund-14 = abundance
in the 2014 sample.

. Abund-  Abund- Total
Species TL Abund-11 Abund-12 13 14 abundance
Merobruchus terani TL2 315 96 157 306 874
Stator maculatopygus TL2 67 3 24 68 162
Allorhogas sp. TL2 62 55 145 312 574
Crematogaster sp. TL2 7 0 1 4 12
Myrmelachista ruskii TL2 34 2 16 0 52
Myrmelachista gallicola TL2 0 6 4 5 15
Myrmelachista catharinae TL2 0 13 21 0 34
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Species TL  Abund-11 Abund-12 Abfsn 2 Abf 2 e abJ:éche
Laemophoeidae TL2 4 0 4 2 10
Lepidoptera TL2 6 5 15 2 28
Cecidomyiidae TL2 0 0 0 1 1
Sciaridae TL2 0 7 7 0 14
Bracon sp. TL3 0 0 0 30 30
Eurytoma sp. 1 TL3 13 8 44 56 121
Eurytoma sp. 2 TL3 4 3 7 1 15
Eurytoma sp. 3 TL3 2 3 6 7 18
Eudecatoma sp. TL3 0 0 5 22 27
Horismenus sp. TL3 65 29 57 109 260
Chelonus sp. TL3 0 1 1 0 2
Lyrcus sp. TL3 0 0 6 4 10
Eupelmus sp. TL3 1 6 0 2 9
Phylloxeroxenus sp. TL3 6 1 0 0 7
Paracrias sp. TL3 0 2 0 89 91
Goniozus sp. TL3 0 3 0 0 3
Heterospilus sp. TL3 2 0 0 0 2
Aprostocetus sp. TL4 1 0 0 0 1
Brasema sp. TLA 3 0 0 1 4
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3.8 Supplementary Material

Table ST3.1 Areas and sampling sites sampled along four years

Area* Sampling sites sampled in each year

2011 2012 2013 2014
Ae Ae-1, Ae-2, Ae-3 Ae-1, Ae-2 Ae-1, Ae-2 Ae-1, Ae-2
La La-1 La-1 La-1 La-1
Lu Lu-1, Lu-2,Lu-3 Lu-1, Lu-2,Lu-3, Lu-4  Lu-1, Lu-2,Lu-3, Lu-4  Lu-1, Lu-2,Lu-3, Lu -4

* More precisely Ae area was 6.350 km distant from La, which was 24.000 km distant from Lu which was 32.475 km
distant from Ae area

Table ST3.2 Sampling sites GPS (Global Position System) coordinates

Sampling sites GPS point
Ae-1 21°14'4.57" S - 44°57'6.38" W
Ae-2 21°14'5.71" S - 44°57'8.66" W
Ae-3 21°14'7.87" S - 44°58'0.06" W
La-1 21°18'3.46" S - 44°58'0.53" W
Lu-1 21°31'1.36" S - 44°53'1.78" W
Lu-2 21°31'5.13" S - 44°52'6.32" W
Lu-3 21°31'5.31" S - 44°52'3.84" W

Lu-4 21°41'9.88" S - 44°96'7.18" W
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Trophic Level 1 influencing Trophic Level 2
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Figure SF3.1: Correlation analyses among and within each trophic level. Abundance and Richness from trophic level
one influencing trophic level two. Ab x N y: Abundance year x trophic level y; Sr x N y: Species richness in year x on
trophic level y. As an example, Ab11N1: Abundance in year 2011 on trophic level one (resource quantity measure as the
number of total seeds). There is no correlation between the abundance and richness from trophic levels in one year and
the year behind.
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Trophic Level 2 influencing Trophic Level 3
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Figure SF3.2: Correlation analyses among and within each trophic level. Abundance and Richness from trophic level
two influencing trophic level three. Ab x N y: Abundance year x trophic level y; Sr x N y: Species richness in year x on
trophic level y. As an example, Ab11N2: Abundance in year 2011 on trophic level two (herbivores abundance). There is
no correlation between the abundance and richness from trophic levels in one year and the year behind.
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Trophic Level 3 influencing Trophic Level 4

Abundance Species Richness
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Figure SF3.3: Correlation analyses among and within each trophic level. Abundance and Richness from trophic level
three influencing trophic level four. Ab x N y: Abundance year x trophic level y; Sr x N y: Species richness in year x on
trophic level y. As an example, Ab11N3: Abundance in year 2011 on trophic level three (parasitoid abundance). There is
no correlation between the abundance and richness from trophic levels in one year and the year behind.
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Figure SF3.4: Results from null model analyses of multiplicative partitioning diversity across scales in the second and
third trophic levels associated with S. tenuifolia seeds according to Species Richness. Hierarchical components: o=
diversity within sampling sites (n = 8); .= diversity between sampling sites; and B.= diversity between areas (n = 3). The
magnitude of deviation of each diversity component from the null expectation is illustrated by the z-score (=observed
value — mean simulated values /SD simulated values). Black dots above and below the horizontal straight line represent
larger and smaller contributions than expected by chance, respectively. “NS” indicate non-significant values. Statistical
significance is based on the difference at 0.05 level between observed and simulated values obtained by 10,000

randomizations.
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Figure SF3.5: Results from null model analyses of multiplicative partitioning diversity across scales in the second and
third trophic levels associated with S. tenuifolia seeds according to Shannon Index. Hierarchical components: o=
diversity within sampling sites (n = 8); 1= diversity between sampling sites; and B.= diversity between areas (n = 3). The
magnitude of deviation of each diversity component from the null expectation is illustrated by the z-score (=observed
value — mean simulated values/SD simulated values). Black dots above and below the horizontal straight line represent
larger and smaller contributions than expected by chance, respectively. “NS” indicate non-significant values. Statistical
significance is based on the difference at 0.05 level between observed and simulated values obtained by 10,000

randomizations.
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Figure SF3.6: The abundance and species richness of each trophic level in each year. TL1: First trophic level; TL2:
Second trophic level; TL3: Third trophic level and TL4: Fourth trophic level. TL4 did not appear in the figure B because

it accounts for less than 2% of the total abundance in the web.
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Figure SF3.7: Correlation analyses demonstrating a strong positive relationship (light grey squares) between species
richness and abundance for each trophic level. Sr.Ny: Species richness on trophic level y and Ab.Ny: Abundance on
trophic level y. N2: second trophic level, N3: third trophic level and N4: fourth trophic level.
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4. GENERAL CONCLUSION

In Chapter 1 we identified the species associated with Senegalia tenuifolia plant
and the interactions among them. After describe the source food web we check
for the data robustness, and we found that the sampled species richness was
sufficient to represent the source food web. Besides, we accurately proposed a
cost-efficiently methodology to sample each trophic level of a source food web,
and we believe this methodology can also be extended to community food web
sampling. Then, in Chapter 2 we demonstrated based on this source food web
that only the herbivore trophic level influence its trophic level above
(parasitoids) while herbivores abundances are not influenced by resource
quantity and hyperparasitoids seemed not to control the parasitoid community.
After, we found that herbivore and parasitoid communities presented different
shifts in abundance and richness over the time. Moreover, the diversity
distribution patterns vary along years for parasitoid trophic levels what
suggested that high herbivore abundance and richness mediate the changing in

diversity distribution pattern for parasitoids.

In general, the parasitoid level seemed to present different outcomes
compared to the other trophic levels. For example, the parasitoid level needed a
higher sample effort to gather most of its species richness and also it presented a
different diversity pattern along years. It is interesting to note that this difference
could be due to differences in the feeding specialization. Although we cannot
infer about feeding specialization and insect origin in parasitoids and herbivores
because the parasitoid species are identified only at genus level and the
herbivore biology is not well-known, herbivores are more specialized in a
determined plant family or species while parasitoids tend to be more generalist.
Thus, herbivores tend to be frequently linked to the resource being easier to

sample most of its species richness and to determine its diversity pattern.
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Finally, the dataset provided here can also be incorporated to the food web

database to help to improve food web research.



