Universita
degli Studi
di Ferrara

PhD in
"Evolutionary Biology and Ecology"

XXXII CYCLE

PhD Program Coordinator: Prof. Barbujani, Guido

MICROARTHROPOD ECOLOGY AND ECOSYSTEM TYPES: LINKING
ADAPTATION TO SOIL AND DIVERSITY OF COMMUNITIES TO
ENVIRONMENTAL CONDITIONS IN DIFFERENT GEOGRAPHICAL LOCATIONS

Scientific Disciplinary Sector: BIO/05 ZOOLOGIA

PhD Candidate Adyvisor Co-advisor
Lozano Fondon, Carlos Prof. Menta, Cristina Prof. Lozano Parra, Javier
(sign) (sign) (sign)

Years 2017/2021



Everything is everywhere, but,
the environment selects

Baas Becking, 1934



TABLE OF CONTENTS

General introduction

Thesis framMEWOTK ......cc.oiiiiiiiiiiiee et ettt et 10
Belowground biodiversity in the context of... .......cccceevieiiiiiiiniiieecee e 11
Ecosystem properties structuring soil COMMUNILIES ........ccveevvierieeriierieeiienieeieenineans 11
Spatiotemporal characteristics of s0il COMMUNILIES ........c.eevvvererierieeiiienieeiieeie e 11

The importance Of the SCALE.........ccuiiiiiiiiiiiee e 12
ATMS ANA SECLIOMS ...ttt et ettt ettt e bt et st e st ebeeseesbeenteentesaeenaeennes 13
RETETEICES ...eiiiviiieiieecteeee ettt ettt e et e et e e et e e s tbeesasaeeessaeesssaeesssaeessseeensnes 14

Section I: Soil microarthropod diversity and ecosystem functioning in semi-natural
systems: An ecological network perspective on trophic groups, keystone groups and
carbon dynamics in beech forests

I-1. INErOAUCHION .ttt ettt sttt e e e seeens 19
Io2. AAIIMNIS ettt ettt et as 20
[-3.  Materials and Methods..........ccceiiiiiiiiiiiii e 21
[-3010 SHUAY AIEa....iiiiiiiiiiieee et et 21
[-3.20 DA oottt ettt eas 23
[-3.3. Network CONSIIUCTION ...c...eiiuiiiiieiiiieiieeieeee ettt 24
[-3.4.  Standing stock calculations ...........ccccvieriiieiiieeiiie e 27
[-3.5.  Estimation of metabolic parameters..........cccueeerieeeiieeeiieeeiee e 29
Microarthropod COMPATTMENLS .........cccvvieriiireriieeriieerieeerteeete e ee e e e e eaeeesreeeeereeees 29

A DT (0] o - B (0103 o RSP RURSPRRN 31
[-3.6.  Quantifying dietary preferences .........coooierierieeiiieniiieiiesie et 35
[-3.7.  Ecological networks analysis (ENA) .......ccccoviiiriiiiiieiiiiieeieeeeee e 35
[-3.8.  Model validation ..........ccocueiiiiiiiiiniiieeceeeeee e 37
[-3.9.  Uncertainty analysis and model compariSOn...........ccceeeerveeriienieeneenieesieeneeans 38

Lo RESUILS ettt e e e e e e e et e e e e e e e e e e aae e e e e e e 39



[-4.1.  BiodiVersity analySis ......ccceeeeiieriuireiiieeriieesieeesieeesteeesieeesseeesseeesseeessseeesaseens 39

[-4.2.  Reference NetWOTKS ........cccooviieiiiiiiieiiecieee ettt 40
[-4.3.  Carbon DUAZEL .....cccueeiiieiieeie ettt et e ens 46
[-4.4.  Ecological network analysis.........ccccovveriieriiiiieeiieeieeiiesie et 47
Whole-SYStem INAICES......cccvreriiieiieeiieeiieeie ettt ettt ete et e ebeesseeebeessaeenbeensaeensees 47
TTOPhIC EfTICIENCY ... viiuiiieiiieiie ettt ettt et sae e e sbeesseeebeennaeens 49
Mixed trophic impact ANALYSIS......cccvieriieriieriieeieeiie ettt ettt eaeeseaeebeeseneeneees 50

[-5.  DHSCUSSION. ..cutiiietieiie sttt ettt ettt ettt ettt et e e e s te bt et e saeebeenaesaeesseensesanens 50
[-6.  REIETEICES ...oeiiuviiieiiiecee ettt e e e et e e et e e e abeeesseeessseeenns 57

Section II: Effects of livestock pressure on soil microarthropod community in
sylvopastoral systems in the SW of Iberian Peninsula

II-T. INEFOAUCTION ..ttt ettt st et e ettt e et e e sbeeenbeesneeenseas 69
II-2. ATIMNIS ottt st et et ettt et e et e bt e et e e bt e enbeenaeeeatean 70
II-3.  Materials and methods..........cccooiiiiiiiiiiiiiic e 71
L T B 111 | 2§ < F R PPR 71
II-3.2. Determination of the intensity of livestock pressure............ccccvveeveriininnennns 72
I1-3.3. SAMPINEZ. ettt ettt 74
II-3.4.  Analysis of the microarthropod cCOMMUNIIES .......cccueeeirieriiriiniiiinicnecienene 75
I1-3.5.  Statistical ANalySes.......cceecuerieriirienieeeiere ettt 76
TI-4. RESUILS .ottt sttt 78
IT-4.1.  SO1l PATAMELETS ....ccuiiiiiiiiiiiie ettt ettt 78
[1-4.2.  Environment and diVErSity .......cccceeriiieeriiieeiiieeiiie e e eieeeereeesreeeeveeeeenee s 78
I1-4.3.  Spatiotemporal patterns of abundances and QBS-ar..........ccccoeceeiiiniiniicnnen, 83
II-5. DISCUSSION. ..c.utiiuiiitieiiiniteieeteett ettt sttt ettt ettt et eat bt st b e s e sreenesanens 85
II-5.1.  The response of the community abundances.............ccceeeevirieneinenicnennennns 86
II-5.2.  The response of the biological fOrms ..........ccccecvereriiiiiniiiinieneeeeee 87

I1-5.3. Object-Based Image Analysis and SHC classification ...........cccceeeeuveerveeennenn. 89



TI-6.  RETETEICES oooeeieiiiieieieeeee 89

Section III: Livestock management and trees shape soil arthropod communities in
meadows and sylvopastoral areas under semi-arid climatic regime in the central region of
Chile

HI-1. INtrOAUCHION .c..citiiiiieiecc ettt st eeesanens 99
0 N 31 1RSSR 101
II-3.  Materials and MEthOdS ..........cooiiiiiiiiiiiii e 102
ITI-3.1. SHUAY QIEaA ...ceciieiiieiieciieeieeete ettt ettt st e ebe e seeenbeesaeeenseenene 102
II-3.2.  S0il SAMPIING ...eooviiiiiiiiieiiecie ettt ebe e e esse e 104
I1-3.3.  Laboratory analyses and data organization ..............ccceeceeevveenieenieeneeenneene. 104
II-3.4.  Soil arthropods.......cceeeiieiiiiiiieiiecieee e e 107
I1-3.5.  Statistical analySeS.......ccccvieriieriieiieiie ettt ere e e ee 107
IIT-4.  RESUILS ettt ettt ettt e et e et e e e e eeee 108
I1-4.1.  The response of community desSCIiPtoOrs........cccveerieeriiierieeiieerie e 109
I1I-4.2.  The response of community StrUCLUIE .........ccereerievuerienieiienieneeieeeenieenee 112
IIT-5. DISCUSSION ..cutiiiiiiiieiite ettt ettt ettt ettt e bt e st e b e sabe e bt e enbeenaee 113
IIT-6.  RETETENCES......eiiiiiiiiiieeie et 115
IV-1. Main 1@MArKS ..o..eeeiieiiieiie ettt ettt e 119
IV-2.  Specific CONSIAETAtIONS .....ccceevuiiriiriiriiiiieieeii et 121

IV-2.1.  Feedbacks between microarthropods’ diversity and ecosystem functioning

121

IV-2.2.  Environmental filtering and stochastic distribution of microarthropods

AbUNAANCE AN TFAILS .ooeeeiiiiiiiiiie e 122

IV-2.3.  The response of arthropod community to severe drought and soil rewetting

depending on environmental CONAIIONS..........c.eevuieriierieeiiieiie et 123
IV-3. FULUIE PIOJECHIONS ..eeeiiieiiiieiiieiie et eite et e site et et e et eseteseteesaeeenseeseaesnseesneeenseenens 123

IvV-4. RETEIEIICES ...t e e e e e e e aaeens 125



ABSTRACT

The soil community exhibit high variability in diversity, abundance and structure depending
on ecosystems and climate. It is subjected to the integrity of the soil matrix, which constitute
their habitat. It is directly involved in the ecosystem functions that constitute the basis for
the services that soil provide. Land management often lead to soil degradation, which
compromise soil community and ecosystem stability. Soil arthropods are key groups
involved in ecosystem processes as decomposition but their role has been neglected in soil
organic matter models until recently. Several research questions have been addressed: what
are the effects of seasonal microarthropod diversity on ecosystem functions and soil food
web stability? Section I focuses on how seasonal changes of arthropods induce changes on
carbon cycling and soil food web stability in two beech forests. A modeling process based
on the biomass of trophic groups (which includes bacteria, fungi and microarthropods), and
environmental characteristics of each study area was implemented by using flow networks.
Differences between forests were identified: the soil food web in the area with continental
environmental characteristics responded to seasonality by increasing stability, while the soil
food web in the area with Mediterranean environmental features increased the resistance and
flowing material. Top-predators contributed to enhance the stability of the food webs,

whereas fungi and bacteria represented the main groups controlling the cycling of carbon.

Sections II and III focus on the effects of local environmental characteristics on soil
arthropods in semi-arid ecosystems. The ecological functioning of semi-arid areas is closely
related to the distribution of vegetation, and water cycle. The diversity and functions of soil
communities depend on resources and protection provided by vegetation. Pressure exerted
by livestock often reduce the capacity of soils to provide their ecosystem functions due to
degradation. The main research question was: what are the spatiotemporal patterns of soil

arthropods depending on microsites characteristics, livestock pressure, and limiting factors?

Two similar sylvopastoral areas were studied. The first one (section II) is a farmland located
in SW Spain. A photo interpretation analysis of an experimental catchment was developed
to classify the intensity of livestock pressure. A total of 150 soil samples were collected, half
in spring and the other half in autumn. Moreover, half of points were located beneath tree
canopies and the other half in open spaces. Soil biological and physicochemical parameters
were considered as drivers of arthropod richness, abundance, and adaptation to soil. Results
showed higher abundance of arthropods and higher adaptation outside the influence of trees

than beneath the tree canopies. Moreover, the classification of livestock pressure revealed
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by the photo interpretation analysis showed low correlations with community structure, and

with the occurrence of well-adapted arthropod groups.

The section III involved the study of arthropods under drought conditions, and how the
community changed during a simulated soil rewetting process. Firstly, 9 points were located
in a pasture meadow. A total of 24 sampling points were located in sylvopastoral areas (12
grazed and 12 ungrazed). Then, 40 L of water were added to each sampling point 3 days
before the sampling to simulate the soil rewetting process. A spatial transposition of samples
to one-dimension scale in reference to the nearest trees was used to track changes in
abundance and richness of arthropods. Results elucidated that the response of edaphic
arthropods to the rewetting of soils was different depending on the closeness to trees: higher
abundance and richness were found away from the trees during the rewetting of soil.

Conversely, such values were higher as the closeness to trees increased when soil was dry.



RIASSUNTO

La comunita del suolo ¢ altamente variabile in diversita e abbondanza a seconda del tipo di
ecosistema e clima. E coinvolta nella provvisione di funzioni ecosistemiche che
costituiscono la base dei servizi forniti dal suolo. Le pratiche di gestione del suolo portano
alla degradazione di esso compromettendo la comunita biotica e la stabilita dell’ecosistema.
Gli artropodi del suolo sono coinvolti in processi ecosistemici come la decomposizione della
materia organica, nonostante il suo ruolo ¢ stato trascurato fino a tempi recenti. La domanda
di ricerca ¢: quali sono gli effetti dei cambiamenti stagionali nella diversita degli artropodi
sulle funzioni ecosistemiche e la stabilita delle reti trofiche del suolo? La sezione I si
focalizza su come la variabilita in diversita degli artropodi provoca cambiamenti nei flussi
di carbonio in due foreste degli Appennini Italiani (nord e sud). A questo scopo, sono state
modellate delle reti trofiche quantitative bassate sulle biomasse dei diversi gruppi di
organismi (batteri, funghi e microartropodi). Le differenze climatiche di entrambi posti
(continentale nel nord, e mediterraneo nel sud) hanno indotto dei comportamenti antagonisti
in base ai cambiamenti stagionali: a nord, la risposta della rete trofica ¢ stata indirizzata
sull’incremento della stabilita, mentre a sud si € verificato un incremento della resistenza
della rete dovuta all’aumento dell’attivita metabolica. Addizionalmente, i predatori
contribuirono al miglioramento della stabilita in entrambe le foreste, mentre funghi e batteri

costituirono 1 gruppi principali controllando il flusso di carbonio.

Le sezioni II e III si focalizzano sugli effetti delle caratteristiche ambientali locali sugli
artropodi del suolo in sistemi semiaridi. Il funzionamento ecologico di queste aree ¢
fortemente relato alla distribuzione della vegetazione e al ciclo idrologico. La diversita e
funzioni ecosistemiche del suolo dipendono dalle risorse che la vegetazione provvede. La
pressione esercitata dal bestiame riduce la capacita dei suoli di fornire servizi. La domanda
di ricerca ¢: qual ¢ la distribuzione spaziotemporale degli artropodi a seconda delle

caratteristiche di ciascun sito, pressione del bestiame e fattori limitanti?

Due aree di studio con caratteristiche ambientali simili sono state studiate. La prima (sezione
IT) ¢ stata individuata nel sudovest della Spagna. Un’analisi di fotointerpretazione in un
bacino sperimentale ¢ stata fatta per determinare la pressione del bestiame. In totale, sono
stati individuati di 150 punti di campionamento suddivisi in primavera e autunno, € in base
alla vicinanza agli alberi (sotto chioma e fuori chioma). Parametri biologici e chimico-fisici
del suolo sono stati considerati come fattori incentivanti delle abbondanze, ricchezza e

occorrenza di tratti morfologici sugli artropodi. I risultati mostrarono che maggiori
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abbondanze e adattamento sono correlate con aree fuori chioma. La classificazione delle
categorie di pressione del bestiame rilevata dall’analisi delle immagini di satellite mostrd

una bassa relazione con 1 descrittori della comunita.

Lo studio degli artropodi sottoposti a siccita estrema e alla simulazione di un processo di
umidificazione del terreno si presenta nella sezione III. L’area di studio ¢ localizzata
nell’area centrale del Cile. In totale, 33 campioni di suolo sono stati rilevati, e suddivisi in
base alla pressione del bestiame fuori chioma e sotto chioma dell’albero. Per lo studio del
processo di umidificazione, 40 L di acqua sono stati aggiunti a ciascun punto 3 giorni prima
del campionamento. Per tracciare le variazioni di abbondanza e ricchezza della comunita si
¢ sviluppata una trasposizione delle coordinate dei campioni a una dimensione basata sulla
distanza dei campioni agli alberi. Valori piu alti sono stati trovati lontani dagli alberi durante
il processo di umidificazione. Invece, le abbondanze e ricchezze furono piu alte vicino agli

alberi quando il terreno era secco.



GENERAL INTRODUCTION

Thesis framework

Soils are essential sources of a wide diversity of ecosystem services defined as the goods
and ecosystems functions that provide benefit to human populations (Millenium Ecosystem
Assessment 2005; Lavelle et al. 2006). They support most agro-sylvo-pastoral production
systems through the beneficial services that they mediate: soil formation, nutrient cycling
and primary production (Lavelle et al. 2006). Soils are also involved in the regulation of
climate by controlling the balance of carbon between the ground (i.e., carbon sequestration)
and the atmosphere (i.e., greenhouse gasses exchange), water filtration, mineralization of
nutrients, toxins elimination, and protection of plants against pests (Adhikari and Hartemink
2016). Such ecosystem services are the results of feedbacks between the aforementioned
components and organic matter dynamics, as well as the soil physical properties (Lal 2004).
In addition, those feedbacks are in general regulated by a wide range of organisms whose
effects are still relatively poorly explored, especially for the smaller body-sized taxonomic

groups (Lavelle et al. 2006).

One of the key component of such organisms are soil invertebrates, which are very diverse
(Lavelle et al. 2006) and they are present at almost every ecosystem on Earth (Wu et al.
2011). Recent estimations indicate that soil animals represent the 23% of the total diversity
of living organisms described (Decaéns et al. 2006; Lavelle et al. 2006). These facts, together
with their dimensions make soil invertebrates the connection between the microscopic
organisms such as bacteria, fungi and protozoa, and the macroscopic ones (i.e.,
macroarthropods, worms, snails and small mammals) through trophic interactions into the
context of the soil food web, which at the same time, connects the below- and aboveground

worlds (Bradford 2016).

Since soils are one of the most important reservoirs of biodiversity in the world (Lal 2004;
Bardgett 2006; Jeffery et al. 2010; Wagg et al. 2014; Coleman and Wall 2015; Adhikari and
Hartemink 2016), the soil living community is subjected to the integrity of the soil matrix,
which constitute their habitat. Anthropogenic activities often lead to soil degradation and
subsequently, to the depletion of the capacity of soils to provide ecosystem services. Such
fact 1s due to the dependency of the soil living community to the physicochemical properties
of soils, as well as the biotic interactions resulted from the coexistence of such large range
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of organisms. Therefore, the loss of soil biodiversity is related to changes in ecosystem
functions (Hooper et al. 2005; Cardinale et al. 2012). Most experiments have manipulated
diversity or have assembled different diversities as a treatment variable and documented the
response of ecosystem properties and processes, including modifying effects of
environmental factors on such relationships (Naeem et al. 1994; Balvanera et al. 2006). In
fact, the evidence suggest that initial losses of biodiversity have relatively small impacts on
ecosystem functions, but increasing losses lead to accelerating rates of change in ecosystems
(Cardinale et al. 2006, 2012). Together with this, the exposition to gradual changes in
climate, habitat fragmentation, and unwise land management prompts to catastrophic shifts
in ecosystems (i.e., contrasting stable state) that are often difficult restore (Scheffer et al.

2001).

Belowground biodiversity in the context of...

Ecosystem properties structuring soil communities

It is well-known that soil biodiversity is threatened by global anthropogenic changes, such
as land-use intensification, deforestation, and nutrient eutrophication, which is cause for
concern since biodiversity loss is a major driver of changes in ecosystem function (Yang et
al. 2018). In addition, the soil community assembly is shaped by environmental factors,
intrinsic population processes, and disturbance and recolonization events operating at
different spatial and temporal scales (Chase and Leibold 2003; Soong and Nielsen 2016). In
the meta community framework, dispersal, environmental filtering, and biotic interactions
are in fact, all known to play a key role, although their relative importance is expected to
vary depending on the system analyzed (Caruso et al. 2013). Nonetheless, soil is a
continuous matrix formed by pedogenesis, which means that it follows spatial patterns in
relation to the parent material, climate, relief, time, living organisms, and the influence of
human factor. Into the context of soil formation process, the role of organisms is dependent
on the physicochemical architecture of the soil, which offer a vast array of ecological niches
to soil organisms (Wardle et al. 2003), and which imply highly fragmented distribution of
populations (Bardgett and Van Der Putten 2014). Here it is where spatial autocorrelation
becomes important in structuring soil communities (Legrende 1993; Caruso et al. 2012,

2013).

Spatiotemporal characteristics of soil communities

The global biogeography of soil biota is uncertain due to a lack of data on patterns of

occurrence across the world (Bardgett and Van Der Putten 2014). Clear relationships
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between latitude and species richness do not exist belowground as they do for many taxa
aboveground (Bardgett and Van Der Putten 2014). However, for soil animals, the only clear
pattern is that diversity is high along most of the latitudinal gradient, and that it drops towards
the poles (Bardgett and Van Der Putten 2014). The spatial distribution of soil organisms
depends widely on the scale at which they are investigated. At ecosystem, regional or
continental scale, soil biota vary in relation to climate, topography and continental isolation

(Bardgett and Van Der Putten 2014).

Terrestrial ecosystems are characterized by an irregular input of resources (i.e., seasonality),
which are depleted with time, and to which consumer communities respond (Berg and
Bengtsson 2007). Soil moisture and pH often show strong spatial patterns related to soil type
and topography, but also as a result of the spatial distribution of precipitation and the
extraction of water from the soil, that is affected by variation in the architecture of vegetation
canopy. As a consequence, the distribution of many soil organisms exhibits temporal

patterning (Berg and Bengtsson 2007).

The importance of the scale

Theoretical ecology, and theoretical science more generally, relate processes that occur on
different scales of space, time, and organizational complexity. Understanding patterns in
terms of the processes that produce them is the essence of science, and is the key to the
development of principles for management. To scale from the species to the landscape to the
ecosystem and beyond, it must be first understood how information is transferred from the
fine scales to broad scales and vice versa. All ecological systems exhibit heterogeneity and
patchiness on a broad range of scales, and this patchiness is fundamental to population
dynamics, community organization and stability, and nutrient cycling, that are in fact
transcendent at every scale. The diversity of organisms represents a balance between
regional processes (e.g., dispersal), and local processes, such as biotic interactions and
stochasticity. As it was aforementioned, species can subdivide the environment spatially,
concentrating on different parts of the same plant, different layers of vegetation, or different
microenvironments into the soil; or temporally, partitioning for example, a seasonal gradient.
Because the variability and patchiness of the environment affects persistence and
coexistence of species, it also affects species’ evolutionary responses (extracted from Levin
1992). This suggests that there is no single correct scale or level at which to describe
ecosystems, but the scale must be considered in order to determine what ecosystem process

is dependent on one another and at what scale their effects become remarkable.
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Studying the soil biota is challenging given the enormous differences in the size of different
soil organisms, which range from 2 micrometers for bacteria to more than 10 cm for
earthworms, and up to a hectare for some soil fungi (Bardgett and Van Der Putten 2014).
Also, while microorganisms and some smaller fauna may be dispersed by wind, dispersal of
larger-sized soil biota is limited by active movement, which is generally slow, ranging from
10-100 cm per year for nematodes to tens of meters per year for earthworms. On the basis
of this scale-dependent perspective, several aims have been proposed on this thesis to study
the local environmental characteristics that shape the soil microarthropod communities and

their role on ecosystems.

Aims and sections

In this thesis I focus in soil arthropods that have no the capacity to create pores themselves,
and thereby depend on existing pore space forming their microhabitat. The overall aim of
this dissertation is to investigate the impact of anthropogenic management in different
ecosystem types and climate regime on richness, abundance and functions of soil arthropods.
The following research questions are addressed: (1) what are the effects of seasonal
microarthropod diversity on ecosystem functions and soil food web stability? (2) what are
the effects of local environmental characteristics filtering the spatiotemporal patterns of soil
microarthropod community depending on livestock pressure, and limiting factors? (3) do
spatiotemporal patterns of the soil microarthropod community change depending on the

ecosystem type?

Based on the scientific consensus about the positive effects of biodiversity on ecosystem
functioning (Hooper et al. 2005), the expectation presented in section I relies in the following
factors: the effect of latitude, changes on seasonal diversity of microarthropods, and
environmental characteristics of the two beech forests. These aspects are expected to shape
the carbon flow and stability of the soil food web, and the relative importance of
microarthropod groups. Furthermore, it is expected that the analysis on the dependency of
metabolic rates of organisms and environmental factors will show different rates of
ecosystem functions such as decomposition, which rates will be quantified by using flow
networks. Finally, this section will be able to provide a holistic framework of the two forests
ecosystems, and the feedbacks between the biodiversity of the soil food web and ecosystem

functioning.

In section 11, practices such as livestock management and landscape heterogeneity in semi-
arid ecosystems under wet climatic conditions are considered to evaluate the dependency of
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microarthropod community assembly on such factors. The structure of the soil habitat (i.e.,
physicochemical parameters) and biotic interactions are structuring forces of soil biota that
depends on the scale (Bardgett 2006; Caruso et al. 2012a; Delgado-Baquerizo et al. 2019).
Remote sensing techniques combined with field work, together with statistical modelling are
used to disentangle the spatiotemporal patterns of abundance, richness and adaptation of
microarthropod communities to the soil environment. The expectation relies in the fact that
landscape heterogeneity will shape the adaptation and richness of soil microarthropod

communities but the pressure of the livestock will have a stronger effect on taxa abundance.

In section III, a focus on the community variability under drought conditions, and then on
the community structure after a simulated soil rewetting process depending on landscape
heterogeneity, land use, and livestock pressure in semi-arid areas are considered. Grazing
reduces organic inputs into the soil by decreasing litter cover, the soil surface’s capacity to
capture and store rainfall via surface disturbance and vegetation cover (Maestre et al. 2016),
which negatively affect the soil arthropods since they depend on resources and protection
provided by plants (Coleman et al. 2005; Meloni et al. 2020). Field work experiments, and
statistical modelling combined with spatial analysis are the techniques that have been used
in this section. A strong effect of soil water as limiting factor on the arthropod community
development was expected. Grazed, ungrazed, and low-intense grazed areas were considered
to study the effect of the livestock component and the closeness to vascular plants. The
expectation was that the closeness to trees may have a positive effect on organisms’

populations both in grazed and ungrazed areas.
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Abstract

The quantification of energy fluxes in food webs represents a universal tool for the
understanding of relationships between biodiversity and functioning of multitrophic
ecosystems. Since the soil food web shows high complexity, the study of single processes or
groups of organisms often depicts a partial illustration about the functioning of ecosystems.
In such terms, ecological network models are helpful to study how changes in diversity of
soil communities and stocks of critical nutrients influence ecosystem processes that depends
on abiotic factors through different ecological scales. Soil arthropods are known to be key
groups in ecosystem processes as decomposition. Their communities show high
spatiotemporal variation, which is leaded by the availability of resources present in the soil
habitat. The present section focuses on how seasonal changes of soil arthropod diversity are
reflected on the carbon cycling and soil food web stability in two beech forests of the Italian
Apennines at different latitude. In addition, the role of arthropod trophic groups was
described in relation to carbon cycle in order to identify key groups on the ecosystems under
investigation. A modeling process based on the biomass of trophic groups (which includes
bacteria, fungi and microarthropods), and environmental characteristics of each study area
was implemented by the use of the Ecological Network Analysis routine. Differences
between forests and seasons were identified: the soil food web in the area with continental
environmental characteristics responded to seasonality by increasing stability, while the soil
food web in the area with Mediterranean environmental features increased the resistance by
losing biodiversity but also increasing the flowing material. In addition, top-predators
contributed to enhance the stability of the food webs, whereas fungi and bacteria represented
the main groups controlling the cycling of carbon. On the light of these results, it was inferred
that both ecosystems showed antagonistic responses to seasonality. Moreover, it was verified
that both bottom-up and top-down trophic forces act in soil food web at the same time due

to the high redundancy of these systems.

Keywords: Soil biodiversity; carbon cycling; Ecological Network Analysis; ecosystem

functioning; microarthropods.
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I-1. Introduction

Forests cover about 30% of Earth’s surface and play key ecosystem functions including the
regulation of the global carbon cycle (Lal 2004; Fioretto et al. 2018). Given that forest carbon
is stored in living plant biomass and necromass, the balance between net primary
productivity and detrital decomposition affects the accumulation of soil organic matter,
which is mostly composed by carbon (Innangi et al. 2015b; De Marco et al. 2016a). Soil
organic matter is highly influenced by the biodiversity of the soil community as well as
abiotic factors such as substrate characteristics, litter quality, and climate (Garcia-Palacios
et al. 2013; Innangi et al. 2015b; De Marco et al. 2016a; Fioretto et al. 2018). However, the
influence of the biodiversity of soil mesofauna communities on such ecosystem processes

have been neglected until recently (Soong and Nielsen 2016).

There is unequivocal evidence that biodiversity influences the efficiency by which soil
communities capture biologically essential resources, convert those resources into biomass,
and decompose and recycle biologically essential nutrients (Hooper et al. 2005; Cardinale et
al. 2012; Barnes et al. 2018). Indeed, research on soil biodiversity has highlighted the
dependency between trophic interactions among the soil community and the availability and
quality of plant-derived soil organic matter resources (De Ruiter et al. 1998; Andrés et al.
2016). For instance, total resource capture and biomass production are generally more stable
in more diverse communities (Cardinale et al. 2012), while litter quality can be a driving
factor for the different phases of the decomposition process in field (Garcia-Palacios et al.
2013; Innangi et al. 2015b). However, quantitative estimates of the level of biodiversity at
which change in ecosystem functions such as decomposition become significant are still

lacking (Cardinale et al. 2012).

For the study of such aspects of ecosystem functioning, soil food web models are helpful to
understand the effect of environmental conditions on soil communities as they influence
assimilation efficiency and respiratory rates of the organisms involved (Lang et al. 2017), as
well as the effects of seasonal changes in biodiversity on the distribution of carbon fluxes
and ecosystem functions such as decomposition, carbon sequestration, and nutrient
translocation (Barnes et al. 2018). In addition, soil food web models are capable to respond
how changes in the availability of different nutrients influences the structure of ecosystems
(Hillebrand et al. 2014; Trap et al. 2016), the distribution of biomass across populations (Ott
et al. 2014), and the rate of energy flux to consumers (Jochum et al. 2017; Barnes et al.

2018). In such terms, Ecological Network Analysis (ENA) allows modelling matter
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circulation in ecosystems by keeping track of trophic groups interactions (Ulanowicz 1986,
2004). It depicts ecosystems as composed of compartments (i.e., species, aggregates of
species, nutrient pools, etc.), which exchange energy/matter, display losses (i.e.,
respiration/dissipations) and may be linked to systems outside the boundaries of the area
under investigation (e.g., through gross primary production and migrations). ENA includes
routines to define the trophic status of the food web, determine the number and magnitude
of cycles, and characterize the status of the entire ecosystem (Tobor-Kapton et al. 2007;
Ulanowicz 1986, 2004). In addition, it quantifies some dimensions of functioning and

represents a promising tool to investigate their dependence on biodiversity.

This study has been developed in two beech forests from the Italian Apennines. Beech forests
are among the most important ones in Europe, growing in a wide range of site conditions
extending from humid to semiarid climates and from alkaline to acidic soils (Baldrian et al.
2013; Fioretto et al. 2018). Their soils contain an extensive carbon stock that is predicted to
decrease sharply under climate change scenarios (Innangi et al. 2015a; Fioretto et al. 2018).
In Italy, beech forests are found at 900-1900 m altitude and are distributed from the Alps to
Sicily across two biogeographical regions, the Central-European and the Mediterranean,
separated by a boundary running along the Apennines from Northern Liguria to Southern

Emilia-Romagna (Pignatti 1979; De Marco et al. 2016).

I-2. Aims

In this section, previously published data (Innangi et al. 2015b; De Marco et al. 2016;
Fioretto et al. 2018) have been used along with new data to model a portion of the detrital
food web (soil bacteria, fungi and microarthropods) and to investigate whether changes in
seasonal microarthropod diversity have effects on carbon cycling and soil food web stability
in two beech forest in the Italian Apennines with slightly different environmental
characteristics. A holistic ecological framework of both forests was drawn by means of
ecological network models, with a focus on the capacity of both systems to develop their
ecosystem functions and their dependency on biodiversity of soil mesofauna. For each site,
two seasons (spring and fall) were considered. First, the influence of changes in abundance,
diversity and composition of microarthropod community on the soil food web stability was
investigated. Second, the study on whether carbon circulation at different latitudes changes
with seasons depending on trophic group diversity and biomass was determined. Finally, the

role of each trophic group with respect to carbon circulation was described.
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I-3. Materials and methods
I-3.1. Study area

The study was carried out in two beech forests in the Italian Apennines (Figure I-3-1). The
two beech forests from this study have already been used as study areas in three publications.
The first one investigated litter decomposition dynamics under field and laboratory
conditions (Innangi et al. 2015b). Carbon stock in forest floor and mineral soil was studied
by De Marco et al. (2016). The last study dealt with the effects of substrate chemical
composition and season on extracellular enzyme activities (Fioretto et al. 2018). This
manuscript will partly use the same data base that was published in the aforementioned
publications along with new data. All data was collected in a unique sampling survey. An
exhaustive description of sites can be found in Innangi et al. 2015, De Marco et al. 2016, and
Fioretto et al. 2018. Sites are covered by 75-year-old coppiced beech trees (Fagus sylvatica
L.) and had been never affected by fire, grazing or clear-cutting (De Marco et al. 2016a).
The first site is the Biogenetic Natural Reserve “Guadine Pradaccio” near Parma (Emilia-
Romagna region), located within the limits of the National Park “Appennino Tosco-
Emiliano” (northern forest, NF). Second site is in the surroundings of lake Laceno near
Bagnoli Irpino (Campania region), within the limits of Monti Picentini Regional Park

(southern forest, SF). The main characteristics of the study sites are reported in Table I-3-1.
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Table I-3-1: Main characteristics of beech forests in a northern (NF) and a southern (SF) site
of Italian Apennines. Values for soil and litter parameters, as well as forest features are means
+ SE (n = 36). Meteorological parameters have been gathered for the observation period
2008-2013 from the Meteorological Station of Lagdei (NF) and Meteorological Station of
Piano Laceno (SF) located at 1256 m and 1110 m.a.s.L, respectively (modified from De

Marco et al. 2016).

Parameter Units NF SF
Latitude/Longitude 43°23'N; 10°01'E 40°48'N; 15°07'E
Elevation m.a.s.l. 1350 1150
Mean annual temperature (MAT) °C 6.0 8.7
Mean temperature of the warmest month (TM) °C 15.4 17.4
Mean temperature of the coldest month (Tm) °C -2.7 0.3
Annual precipitation (P) mm 2900 2300
Maximum monthly precipitation (PM) mm 415 430
Minimum monthly precipitation (Pm) mm 42 31
Soil type Lithic Haploborolls =~ Humic Haplustands
Arenaceous, Calcareous covered
Soil Parental Substrate Lithological by pyroclastic
formation: Macigno material
Slope degrees 13.98 12.13
Tree density treesha'! 1100455 800140
Diameter at breast height™* cm 25.4+£1.3 344422
Basal area m?ha’! 55.7 74.3
Litter input Kg ha'! 2,497+175 4,313+430
Litter stock Kgha' 23,887+212 21,188+269
Litter pH (H,0) 5.82+0.10 6.18+0.03
Litter organic matter mg g'! dw 515.2+4.6 639.9+6.8
Soil water content (0-15 cm depth) % 72.4+10.7 78.242.6
Soil bulk density (0-5 cm depth) gcm’ 1.06+0.06 0.99+0.05
Soil organic matter content (0-15 cm depth) % 20.2£1.0 22.8+1.2
Soil pH (H20) 3.940.1 5.6+0.1

* In each forest, tree diameter at breast height and basal area were measured on the trees standing in 10 plots

of 100 m? each.
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Figure I-3-1: Study areas in the Italian Apennines. (4) The Biogenetic Natural Reserve
“Guadine-Pradaccio” (northern forest, NF) in the National Park “Appennino Tosco-
Emiliano” (Parma Province, Emilia-Romagna Region). (B) Surroundings of lake Laceno
(southern forest, SF) in the Regional Natural Reserve “Monti Picentini” (Avellino Province,
Campania Region,).

I-3.2. Data

I I 1 I
41°15'0"N 44730°0°N 44°45'0"N 45°0'0°N

41°0°0"N

1
40°450°N

Both sites were sampled simultaneously. The first sampling was carried out in October 2010

(NFA and SFA indicate northern and southern forest in autumn 2010, respectively) and the

second in June 2011 (NFS and SFS stand for northern and southern forest in spring 2011,

respectively). The data used in this work were gathered from Innangi et al. 2015, De Marco

et al. 2016, and Fioretto et al. 2018, and included microbial and fungal biomass, as well as

soil and litter parameters. Details about sampling and laboratory analyses can be consulted

in the aforementioned works.

New data include soil microarthropod community that was determined in both sites at the

same periods. For the characterization of this community, six soil cores (20 x 20 x 20 cm)
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at each site and season were sampled following the experimental design of the previously
cited works. Then, they were taken to the laboratory for the extraction of organisms. The
extraction time lasted 10 days. It was carried out using Berlese-Tullgren funnels (2 mm mesh
size) and the organisms were conserved into a solution of 70% ethanol. The extracted
microarthropods were identified and counted using a binocular stereomicroscope (40%)

Leica M3C. Table I-3-2 shows seasonal abundance of microarthropods per m?,

Table I-3-2: Means + SE (n = 24) of microarthropods per square meter collected in each

beech forest.

Group NFA NFS SFA SES
Acari 5605 + 1412 6200 + 1532 3107 + 261 1932 + 370
Araneae 21 = 7 32 + 11 35 £ 22 -+ -
Pseudoscorpionida 21 = 7 42 + 13 64 = 16 51 = 20
Isopoda - - -+ - 21 + 7 32 £ 9
Diplopoda 42 + 10 21 £ 7 28 + 4 34 £ 7
Chilopoda 177 + 44 42 + 24 81 + 24 42 + 19
Pauropoda 117 £ 28 178 + 31 - £ - - £ -
Symphyla 945 + 303 2067 + 306 535 £ 66 331 + 64
Collembola 2484 + 854 1451 + 841 1207 + 374 1787 + 332
Protura 115 = 27 21 + 7 297 + 74 42 + 10
Diplura 340 + 126 42 + 209 85 £ 43 - -
Psocoptera 421 + 292 42 + 293 81 + 300 35 £ 20
Hemiptera 42 + 10
Thysanoptera 21 £ 7 42 = 10 26 = 7 43 + 12
Coleoptera

Adults 152 + 23 283 + 31 47 + 30 89 + 12

Larvae 446 + 50 432 + 68 177 + 61 92 + 31
Formicidae - - 38 = 11 42 + 13 26 £ 8
Diptera

Larvae 350 £ 66 1499 + 73 163 + 54 117 + 31

I-3.3. Network construction

A flow network answers two major questions: (1) who eats whom? and (2) at what rate?
Ecosystems are depicted as graphs, with compartments connected by directional arrows that
portray energy/matter flows (e.g., prey-predator interactions). The standing stock biomasses
of compartments are expressed here as g C m™. Square matrices describe the graphs by
summarizing all flows from compartments in the rows to those in the columns. Three vectors
report exchanges that transgress the boundaries of the system (i.e., gross primary production
and immigration are imports, exports record emigration, and respiration/dissipations
represent the losses). In this case, all fluxes are measured as g C m™? y!. This section
describes interaction matrices and network construction, decisions about the grouping of

taxa, and the calculations made to estimate the metabolic parameters.

Fungal and microbial biomasses were lumped together to form a single group (microbial
loop) and then simplify the construction of the networks and to reduce eventual errors linked

to the estimation of physiological parameters. The other trophic groups were defined starting
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from the taxonomic classification used for microarthropods (Table 1-3-2) since there was not
a better subdivision in functional groups (i.e., myco-heterotrophs collembolans,
saprophagous mites, etc.). Such bias was solved considering all feeding preferences of each
taxon in proportion to the availability of prey (i.e., biomass). Organic matter pools were split
in two compartments: litter (i.e., fresh organic matter from the forest floor) and detritus (i.e.,
the entire organic matter pool in the mineral soil). They represent the non-living
compartments, whereas all microarthropods and the microbial loop are living compartments.
The biomass of the trophic groups was calculated from the number of individuals for
microarthropods, from the biomass per gram of soil and litter in the case of the microbial
loop, and from the organic matter concentration in soil and litter for the non-living
compartments. Since the standard units in network analysis are grams of carbon per square
meter, the data were transformed for dimensional consistency (see section I-3.4 for details).
Predator-prey relationships and feeding preferences were identified using the literature
(Burges et al. 1967; Wallwork 1970; Curry 1994; Killham 1994; Coleman, Crossleu, and
Hendrix 2005; Menta 2008; Menta and Remelli 2020). Litter and detritus provide carbon to
the various living compartments and receive carbon either from trophic groups in the system
(e.g., dead organic material and feces) or in the form of inputs from outside