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Abstract

Volcanic soils are unique fertile resources, with unusual andic properties that
place them as highly suited, as well as vulnerable to agricultural practices. This thesis
emerges as a bottom-up study, integrating soil physicochemical properties, biomarkers
from belowground biota and small mammals, to assess soil health in volcanic
agricultural areas. For this purpose, agricultural and livestock soils from Picos Fissural
Volcanic System (Sdo Miguel Island, Azores archipelago, Portugal), subjected to
different management practices, were used as study models. The research hypothesis
for this study were (1) agricultural volcanic soils exposed to anthropogenic and natural
sources of soil contamination and subjected to different management practices, place
distinctive pressures on resident organisms, compromising the soil health; (2) resident
biota, exposed in situ/ ex situ to real agricultural volcanic soils, are sensitive to changes
in land use type and management practices, thus can be proposed as biological
indicators for soil health assessment in volcanic areas; (3) more intensive agricultural

management practices place higher stress conditions to the soil ecosystem.

Overall the results clearly reveal that agricultural management practices in
volcanic soils, leads to stressful conditions to the resident biota, compromising the
local soil health status and provision of soil-based ecosystem services. All the biological
endpoints measured in the selected biological indicators were sensitive to
anthropogenic activities (land use type and soil management) and/or stressors
(agrochemicals) present in soils, validating their applicability as tools to assess soil

health status in volcanic areas.

Results from this study, demonstrate that present-day agricultural volcanic soils
have a unique chemical heritage, set by the nature of the parent material (geogenic
origin) and modulated by agricultural land use history (anthropogenic origin). Through
a multivariate approach, the observed V, Ba and Hg soil loads were associated to the
volcanic nature of the parent material; while, Li, P, K, Cr, Mn, Ni, Cu, Zn, As, Mo, Cd and
Pb were associated to the agrochemicals use. Globally, different soil management
practices triggered negative effects in the local soil microbial communities, by
decreasing soil microbial biomass, microbial respiration (decreased soil basal
respiration) and their catabolic activities (i.e. decrease of acid phosphatase and
dehydrogenase activities). Meanwhile, the most severe effects were observed in soil

microbial communities under conventional management practices, suggesting that



local soil-based ecosystem services can be compromised in these agroecosystems.
Moreover, the use of the Integrated Biomarker Response index (IBR), as a
measurement of the combined effect of soil management practices and trace metal
soil contamination on soil microbial functionality, allowed the discrimination of soil
health status in agricultural volcanic soils as follow: organic > traditional >
conventional. Results from the analysis of the testicular damage biomarkers in wild
mice populations (Mus musculus) indicate that chronic exposure to conventional
farming environments entails higher risks to male fertility. Mice chronically exposed to
conventional management practices displayed higher Pb hepatic accumulation, further
associated with disruption in seminiferous tubules, increased interstitial tissue, lack of
sperm cells in luminal space and higher amount of germinal cells undergoing
apoptosis. Applying the IBR, the pool of testicular damage biomarkers was summarized
into a single stress value, ranked as: conventional > organic. Furthermore, the pattern
of biological responses, observed in earthworms (Amynthas gracilis) exposed to soils
from livestock production systems, reveal that relevant doses of livestock pollutants
trigger sub-lethal toxicity to soil organisms encompassing key processes, such as
neurotransmission, oxidative stress, cytotoxicity and DNA damage. Thus, soil health

and ecosystem services delivery can be also compromised in these agroecosystems.

At the regional level, the implications of this thesis outcomes go far beyond the
warning about the impact of agricultural practices in soil biology, by setting the
scientific foundations upon on which should be erected management risk actions, as
well as defined agricultural and land use policies adjusted to volcanic soils
particularities. This thesis is the first scientific attempt to open the soil black box in
agricultural volcanic areas, highlighting the soil functionality and its wider concept of
health, critical for agricultural productivity and environmental sustainability. Although
with a regional focus, the integrative approach of the research results represent a
major advance in the international arena and a great contribute to soil science, in

general.

Keywords: Soil health; Biological indicators; Biomarkers; Soil organisms; Integrated

Biomarker Response.



Resumo

Os solos vulcanicos sdao recursos naturais de reconhecida fertilidade com
propriedades andicas incomuns que os torna adequados a exploragao agricola, bem
como suscetiveis as praticas agricolas. Esta tese surge como um estudo holistico,
integrando propriedades fisico-quimicas dos solos, biomarcadores de organismos dos
solos e pequenos mamiferos, para a determinacdo do estado de saude dos solos
agricolas em 4dreas vulcanicas. Para este objetivo, solos de sistemas agricolas e de
producdo animal localizados no Sistema Vulcanico Fissural dos Picos (Sdo Miguel,
Acores, Portugal), sujeitos a diferentes praticas agricolas, foram utilizados como
modelos de estudo. As hipéteses cientificas deste estudo foram (1) solos agricolas
vulcanicos expostos a fontes antropogénicas e naturais de contaminacdo do solo e
sujeitos a diferentes praticas agricolas, exercem diferentes pressdes nos organismos
residentes, comprometendo o estado de saude do solo; (2) organismos residentes,
expostos in situ/ex situ a solos agricolas vulcanicos, sdo sensiveis a mudancas de tipo
do uso dos solos e praticas agricolas, logo podem ser propostos como indicadores
biolégicos do estado de saude dos mesmos; (3) praticas agricolas mais intensivas

colocam maiores condigdes de stress ao ecossistema do solo.

Globalmente, os resultados revelam que praticas agricolas em solos vulcanicos,
conduzem a condigdes de stress para os organismos residentes, comprometendo o
estado de salde do solo e provisdo dos servicos ecossistémicos por eles gerados.
Todos os biomarcadores analisados nos indicadores biolégicos selecionados,
demonstraram-se sensiveis as atividades antropogénicas (tipo do uso dos solos e
praticas agricolas), bem como a presenca de stressores (agroquimicos) no solo,
validando a sua aplicabilidade como ferramentas para a biomonitorizacdo do estado

de salde dos solos agricolas em regides vulcanicas.

Os resultados deste estudo demonstram que os solos agricolas vulcanicos
possuem uma herang¢a quimica singular, definida pela natureza do material parental
(origem geogénica) e modelada pelo historial agricola (origem antropogénica). Através
de uma abordagem multivariada, as concentracdes de V, Ba e Hg observadas nos solos
foram associadas a natureza vulcanica do material parental; enquanto que as
concentragdes de Li, P, K, Cr, Mn, Ni, Cu, Zn, As, Mo, Cd e Pb foram associadas ao uso
de agroquimicos. Em geral, diferentes prdticas agricolas desencadearam efeitos

negativos sobre as comunidades microbianas do solo locais, diminuindo a biomassa

Xi



microbiana, respiracdao (diminuicdo da respiracao basal do solo) e suas atividades
catabdlicas (i.e. diminuicdo da atividades das enzimas fosfatase acida e
desidrogenase). No entanto, os efeitos mais severos foram observados nas
comunidades microbianas de solos sob praticas agricolas convencionais, sugerindo que
0s servigcos ecossistémicos por elas gerados, poderdao estar comprometidos nestes
agroecossistemas. Ademais, o uso do index Integrated Biomarker Response (IBR),
como medida do efeito combinado das praticas agricolas e contaminacdo dos solos
com metais-traco na funcionalidade dos microrganismos do solo, permitiu a
discriminacdo do estado de saude dos solos como: organico > tradicional >
convencional. Os resultados da andlise dos biomarcadores de dano testicular em
populacdes de ratinhos selvagens (Mus musculus), indicam que a exposicdo crénica a
ambientes agricolas convencionais, desencadeia maior risco para a fertilidade
masculina. Ratinhos cronicamente expostos a praticas agricolas convencionais
apresentaram maior acumulacdo hepdtica de Pb, posteriormente associada a
disrupcdo dos tubulos seminiferos, aumento do espaco intersticial, auséncia de células
espermaticas no espago luminal e maior niumero de células germinativas em apoptose.
Através da aplicacdo do IBR, o conjunto inicial de biomarcadores de dano testicular foi
integrado e sumarizado num unico valor de stress, classificado como: convencional >
organico. O padrdao de respostas biolégicas observado em minhocas (Amynthas
gracilis) expostas a solos provenientes de sistemas de produg¢dao animal, revelam a
presenca de doses relevantes de poluentes nestes agroecossistemas, associada a
toxicidade subletal para os organismos do solo, englobando processos biolégicos como
neurotransmissao, stress oxidativo, citotoxicidade e dano genético. Assim, o estado de
saude do solo e aprovisionamento de servicos ecossistémicos podera estar

comprometido neste tipo de agroecossistemas.

A nivel regional, as implicagOes dos resultados desta tese vdo para além do alerta
do impacto das praticas agricolas sobre a biologia dos solos. Nela sdo definidos os
fundamentos cientificos a partir dos quais deverdo erguidos medidas de gestdo de
risco, assim como, definidas medidas de uso do solo e politicas agricolas ajustadas as
particularidades dos solos vulcanicos. Esta tese é a primeira tentativa de abertura da
“caixa negra” dos solos agricolas em regides vulcanicas, na qual é atribuido um
especial realce a funcionalidade do solo como um conceito mais abrangente do seu
estado de saude, elementar para a produtividade agricola e sustentabilidade

ambiental. Apesar do foco regional, a abordagem integradora aplicada aos resultados

xii



da investigacdo, constituem um grande avango na arena internacional e um grande

contributo para a ciéncia do solo, em geral.

Palavras-chave: Saude do solo; Indicadores biolégicos; Biomarcadores; Organismos do

solo; Integrated Biomarker Response.
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Preface

Volcanic soils are unique naturally fertile resources, mainly due to their particular
andic properties. However, some unusual properties of these soils place them as
vulnerable to anthropogenic activities. The particular physicochemical properties of
volcanic soils (i.e. high organic matter content, low bulk density, high phosphorus
retention and great water retention capacity), coupled with a natural enrichment with
a high range of trace metals (volcanic heritage), places them as highly suited for
agricultural purposes. Nevertheless, these soils also enclose a more unknown aspect,
the presence of nanominerals derived from the weathering of the tephra material,
providing distinctive features to these resources, namely greater binding properties to
metal cations. Therefore, the long-term use of agrochemicals (anthropogenic input) in
agricultural volcanic soils can led to the silent increase of the natural trace metals
background up to critical loads, triggering undesirable effects to the resident biota,
compromising the soil associated ecosystem goods and services, and thus the well-
being. Herein lays a deeper and undisclosed aspect of volcanic soils, simultaneously
acting as ecosystem sink and source of toxic substances, an unusual soil feature that
can assume particular relevance in areas were agriculture is the primary sector of

economic activity and income, such as in islands systems.

This thesis is the first regional effort in Azores archipelago towards bringing
together agroecosystem bottom-up soil health data, an integrative approach to
provide advanced knowledge about the health of volcanic soils, a necessary tool to
design and implement strategies to the sustainable use of volcanic soils, for

agricultural purposes.

Carolina Parelho
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“The nation that destroys its soil, destroys itself.”
— Franklin D. Roosevelt, Letter to all State Governors on a Uniform Soil

Conservation Law, 1937.

XVi



Contents

Page

Agradecimentos Vii

Abstract iX

Resumo Xi

Preface XV

List of figures Xix

List of tables XX

List of appendix figures XXi

List of appendix tables XXi

Chapter 1 General introduction 1

Hypotheses, main objective and thesis outline 22

References 25

Chapter 2 Linking trace metals and agricultural land use in volcanic soils
— A multivariate approach

Abstract 35

Introduction 37

Material and methods 38

Results and discussion 43

Conclusion 53

Acknowledgments 54

References 55

Chapter 3 Assessing microbial activities in metal contaminated agricultural

volcanic soils — An integrative approach

Abstract 61
Introduction 63
Material and methods 64
Results 71
Discussion 74

XVii



Chapter 4

Chapter 5

Chapter 6

Appendix

XViii

Conclusion 79

Acknowledgments 80

References 81

Testicular damage and farming environments — An integrative

ecotoxicological link

Abstract 89
Introduction 91
Material and methods 93
Results 99
Discussion 104
Conclusion 107
Acknowledgments 108
References 109

Earthworms (Amynthas gracilis) as biological tools for soil

ecotoxicity assessment in livestock production systems

Abstract 115
Introduction 117
Material and methods 119
Results 126
Discussion 131
Conclusion 136
Acknowledgments 136
References 137

Conclusion and final considerations

Conclusion 143
Final considerations 149
References 152

153




List of figures

11

1.2

13

2.1

2.2

3.1

3.2

4.1

4.2

5.1

Relationships between the activities of the soil biota and a range of
ecosystem goods and services that society might expect from

agricultural soils

Draft framework for ecosystem services provision from soils natural

capital

Diagram of the organization of the thesis and the workflows

between chapters

Sao Miguel island location in the Azores archipelago and sample

locations

Factorial Discriminant Analysis plot (with 2 discriminant functions)

for the studied agricultural farming systems

Location of the Azores archipelago in the North-Atlantic Ocean.
Inset: Sdo Miguel Island with farms location (conventional,

traditional and organic farming systems) and reference site

Biological response score star plot and Integrated Biomarker
Response in conventional, traditional and organic farming systems

and reference site

Location of the Azores archipelago in the North-Atlantic Ocean. Inset:
Sdo Miguel Island with farms location (conventional and organic

farming systems) and reference site

Histology of the seminiferous tubules, TUNEL assay for apoptotic DNA
fragmentation and Integrative biomarker response for testicular

damage biomarkers

Location of the Azores archipelago in the North-Atlantic Ocean. Inset:

Sao Miguel Island with study sites location

Page

24

40

53

65

74

94

101

120

XiX



List of tables

Page
2.1 Mean (= SD) values of soil physicochemical properties from
conventional, traditional and organic farming systems and reference
site 45
2.2 Mean (£ SD) concentration of trace metals (mg kg™, d.w.) in topsoil
samples (0-20 cm) from conventional, traditional and organic
farming systems 46
2.3  Enrichment factor of trace metals in soils from different farming
systems 50
2.4 Principal component matrix with loadings, eigenvalues, variability
and cumulative spatial variations of variables and factors 51
3.1 Mean (+ SD) concentration of trace metals (mg kg'l, d.w.) and soil
physicochemical properties in topsoil samples (0-20 cm) from
conventional, traditional and organic farming systems and reference
site 67
3.2 Mean values (+ SD) of soil microbial activities in topsoil samples (0-
20 cm) from conventional, traditional and organic farming systems
and reference site 72
4.1 Mean (£ SD) concentration of trace metals (mg kg™, d.w.) in mice
liver 99
4.2 Mean values (+ SD) for the biomarkers of testicular damage 102
4.3 Principal component matrix with loadings, eigenvalues, variability
and cumulative spatial variations of variables and factors 103
5.1 Mean values (£ SD) of soil physicochemical properties and
concentration of trace metals in topsoil samples (0-20 cm) from the
livestock production system and reference site 127
5.2 Biochemical responses of earthworm Amynthas gracilis exposed (TO,
T1, T7 and T14 days) to the experimental soils 129
5.3 Mean frequency (%) (xSD), of each DNA damage class measured by
the comet assay, in coelomocytes of Amynthas gracilis exposed to
the experimental soils 130

XX



List of appendix figures

A.l

A.2

Page

Description of the soil sampling and design schemes to assess the
microbial activities in the studied farming systems and reference site 155
Mesocosm experimental setup using Amynthas gracilis as tools for the

ecotoxicity assessment of soils from livestock production systems 156

List of appendix tables

A.l

A.2

A3

A.4

Page
Characterization of each studied farm system and reference soil,
regarding the years of exploitation under the corresponding farming
system and use of agrochemicals 157

Factorial Discriminant Analysis Wilks" Lambda for testing discriminant function

validity 158

Structure matrix of the discriminant functions in Factorial Discriminant Analysis
with loadings, eigenvalues, variability, cumulative spatial variations and canonical

correlation of variables 159

Age normalized bioaccumulation factor for each trace metal in mice group from

the reference site, organic and conventional farming sites 160

XXi



