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Franz J. Weissing has been nominated to the chair Theoretical Biology, Joost M.
Tinbergen to the chair Ecology of Life Histories and Charlotte K. Hemelrijk to the
chair Self organization of Social Systems.

Prizes, awards

Christiaan Both received a VIDI grant from NWO/ALW for his project “Do move-
ments of locally maladapted individuals speed up adaptation to climate change?”, and
Mike Anderson received a VENI grant for the project proposal “Phylogenetic commu-
nity assembly across the Serengeti ecosystem”.

On the occasion of the meeting of the Koninklijk Natuurkundig Genootschap te
Groningen of 21st February 2006, the “Van Swinderenprijs 2005” has been awarded to
Karen M. Bouwman for the summary of her thesis “The illusion of monogamy.
Patterns of extra-pair paternity in the reed bunting”.

The Teylers Foundation awarded Han Olff the golden medal of honour for his project
proposal A study of the importance of ecological theories for understanding biodiversity.
Christiaan Both and his University of Groningen team made it to finals of the Battle
of the Universities, a tournament organized by the Netherlands Organization for
Scientific Research (NWO) and the national newspaper NRC-Handelsblad for the most
exciting public representation of a field of scientific investigation, together with teams
from Leiden University and Wageningen Universities. The event took place on 1 June
2006 in a theatre in Amsterdam.
The proposed project, making a movie on flycatcher-enthusiasts throughout Europe and
their contribution to understand ecological effects of climate change, did not win. Both
and co-workers have continued working on the film and are currently looking for spon-
sors.
Karin Troost (PhD student, MarBEE) won the first prize for her presentation, “Can
bivalve veliger larvae escape filtration by adult bivalve filter-feeders?” at the Benthic
Ecology Meetings in Quebec City, Canada (March 2006)

Books

In the BIMhuis - part of the new Music Centre at the IJ, the presentation of a popular
book on Wadden Sea ecology Waarom nonnetjes samen klaarkomen en andere wonde-
ren van het Wad (authored by Theunis Piersma and illustrated with cartoons by Gerrie
Hondius, KNNV Uitgeverij Utrecht) was held on 1st June 2006. First copies of the book
were presented to tv- and radio-presenter Mieke van der Weij and Wadden Sea-politi-
cian Roel Cazemier, after an introductory speech by Jan Jaap de Graeff, Director of
Natuurmonumenten and a performance by the Frisian fado-singer Nynke Laverman and
her band.
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For the exciting new scientific developments of 2006 in CEES I would like you to have
a look at sections of the individual research groups.

June 2007,
Theo Elzenga, Director Center for Ecological and Evolutionary Studies
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always held at the Edward Grey Institute at Oxford University. The University of
Groningen had the honour to be the first host outside Oxford, and the conference was
attended by more than 100 people from 15 European countries. Many PhD students pre-
sented their most exciting new results, and there was a great academic atmosphere with
lots of discussion.
This past year was a banner year for the European Union Framework Programma 6
(FP6) Network of Excellence MarBEF (Marine Biodiversity and Ecosystem Function)
coordinated by Carlo Heip. Bringing together >75 labs and >1000 researchers within
Europe, the network finished its second year in style. Two high profile commentaries in
Nature (Loreau et al. 2006) - Diversity without representation; and Science (Hendriks et
al. 2007) - Biodiversity research still grounded have had an important impact on funding
discussions and will hopefully translate into future support.

Education

The Topmaster programme graduated it’s second class in October. All have accepted
PhD positions, five of them in Groningen.

TopMaster Class 2004-2006. Sanne de Visser, Saleta Perez, Ana Duarte, Silvia Rodriquez,
Laura Ross, Elske Schut, Aniek Ivens, Pepijn Luyckx.
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Dissertations granted by the institution in 2006

A.C. Alderkamp Carbohydrate production by phytoplankton and degradation in
the marine microbial foodweb. Promotores Prof.dr. W.J. Wolff,
Prof.dr. G.J. Herndl and Prof.dr. W.W.C. Gieskes, co-promotor
Dr. H. Bolhuis

A.H. Ambrosio de Castro
Atmospheric NH3 deposition, S. and N meetabolism in curly
kale. Promotor Prof.dr. J.T.M. Elzenga, co-promotores Dr. G.
Stulen and Dr. L.J. de Kok

E.R. Chang The role of dispersal constraints in the assembly of salt-marsh
communities. Promotores Prof.dr. J.P. Bakker and Prof.dr. R.L.
Jefferies (University of Toronto)

M.S.C.O.M. Chevolot
Assessing genetic structure of thornback ray, Raja clavata: a
thorny situation? Promotores Prof.dr. J.L. Olsen, Prof.dr. W.T.
Stam and Prof.dr. A.D. Rijnsdorp

J.P.G.M. Cromsigt Large herbivores in space: resource partitioning among savanna
grazers in a heterogeneous environment. Promotores Prof.dr.
H. Olff and Prof.dr. H.H.T. Prins (Wageningen Universiteit)

M.K. de Boer Maze of toxicity. Fibrocapsa japoinica (Raphidophyceae) in
Dutch coastal waters. Promotores Prof.dr. W.J. Wolff and Prof.dr.
W.W.C. Gieskes

M.E. de Heij Costs of avian incubation: how fitness, energetics and behaviour
impinge on the evolution of clutch size. Promotores Prof.dr. J.M.
Tinbergen and Prof.dr. R.H. Drent

F. de Jong Marine eurtrophication in perspective.: on the relevance of ecolo-
gy for environmental policy. Promotores Prof.dr. W.J. Wolff and
Prof.dr. F. Colijn (FTZ University Kiel), co-promotor Dr. H.J.
van der Windt

S. Hazelaar Nanoscale architecture: the role of proteins in diatom silicon bio-
mineralization. Promotores Prof.dr. W.W.C. Gieskes and Prof.dr.
H.J.W. de Baar

CEES 2006 Highlights + algemeen:1.qxd  12-8-2007  18:50  Pagina 11



12

CEES Progress Report 2006

R.H.G. Klaassen Foraging in a spatially patterned world: migratory swans
(Cygnus columbianus) seeking buried pondweed (Potamogeton
pectinatus) tubers. Promotor Prof.dr. R.H. Drent, co-promotor
Dr. B.A. Nolet (Netherlands Institute of Ecology, Centre for
Limnology)

P. Korsten Avian sex allocation and ornamental coloration – a study in blue
tits. Promotor Prof.dr.ir. J. Komdeur, Prof.dr. R.H. Drent and
Prof.dr. S. Daan

M.P. McDonnell-Alexander
Spatial nutrient heterogeneity and plant species coexistence.
Promotores Prof.dr. J. van Andel and Prof.dr. J.P. Grime
(University of Sheffield)

T. Reinthaler Prokaryotic respiration and production in the Open Ocean.
Promotores Prof.dr. G.J. Herndl, Prof.dr. J.J. Middelburg and
Prof.dr. K. Soetaert

E.W.M. Stienen Living with gulls: trading off food and predation in the Sandwich
Tern Sterna sandvicensis. Promotor Prof.dr. R.H. Drent

W.K. Vahl Interference competition among foraging waders. Promotores
Prof.dr. F.J. Weissing and Prof.dr. T. Piersma

M. van de Pol State-dependent life-history strategies: a long-term study on
oystercatchers. Promotores Prof.dr. R.H. Drent, Prof.dr. J.M.
Tinbergen and Prof.dr. F.J. Weissing, copromotor Dr. S.Verhulst
(cum laude)

A.J. van der Graaf Geese on a green wave: flexible migrants in a changing world.
Promotores Prof.dr. R.H. Drent and Prof.dr. J.P. Bakker, co-
promotor Dr. J. Stahl (University of Oldenburg)

J. van Oevelen The structure of marine benthic foodwebs: combining stable iso-
tope techniques and inverse modeling. Promotor Prof.dr. C.H.R.
Heip

H.E. Wolters Restoration of salt marshes. Promotores Prof.dr. J.P. Bakker and
Prof.dr. W.J. Wolff
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CEES PhD Students in 2006

Y. Afeworki WOTRO - Ocean Ecosystems
Seasonal dynamics in the trophic ecology and energetics of an
important grazer (the parrot fish Scarus ferrugineus) on the coral
reefs of Eritrea in the Southern Red Sea

A. Ayrinhac IOP Genomics - Evolutionary Genetics
Evolution of ageing

M. te Beest NWO-/Pionier-Community and Conservation Ecology
The invasion of Chromolaena odorata in South African savannas

T.W. Berngruber Ubbo Emmius bursary - Theoretical Biology
Constraints on viral evolution

F.G.H. Boersma Microbial Ecology
The role of plasmid with high mobilizing and retromobilizing
capacity on the ecological behaviour of plant-associated bacteria

B.M. Bontes Ocean Ecosystems
Southern Ocean primary productivity in a high CO2 world

E. Boon RUG Bursary-Marine Benthic Ecology and Evolution
Colonization history of the genus Fucus in the North Atlantic

V.S. Brauer RUG bursary - Theoretical Biology/Ocean Ecosystems
The effect of temperature on diversity, abundance and dynamics
of phytoplankton: towards a synthesis of matter and energy-
based approaches

L. Brouwer NWO-WOTRO-Animal Ecology
Population regulation and persistence of small isolated populations

D.M. Buehler Ubbo Emmius bursary - Animal Ecology
The effect of genetic and environmental variation in immuno-
competence on long distance migrations in Red Knots

T.J. Compton Ubbo Emmius bursary - Marine Benthic Ecology and
Evolution/Animal Ecology/NIOZ
Biodiversity of tellinid bivalves on a tropical mudflat: bird and
fish predation as a driving force
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V. Cordlandwehr NWO-ALW/Community and Conservation Ecology
Plant functional traits and assembly of plant metacommunities in
fragmented landscapes

J. van de Crommenacker
NWO-WOTRO-Animal Ecology
Stress and fitness in small bottlenecked populations of the tropi-
cal Seychelles warbler (Acrocephalus sechellensis)

A.L.F. Duarte RUG bursary -Theoretical Biology
Division of labor in insect societies - integrating self-organiza-
tion and evolutionary theory

G. Eichhorn Ubbo Emmius bursary - Animal Ecology/Community and
Conservation Ecology
Nutritional ecology and migratory strategy of a herbivore
migrant bird- the barnacle goose Branta leucopsis

C. Eikenaar ALW VICI/Animal Ecology
Long-term inclusive fitness consequences of sex allocation in the
Seychelles Warbler

B.V. Feldmeyer Robert Bosch Stiftung bursary-Theoretical Biology/Evolutionary
Genetics
Temperature-dependent sex determination

S. Ferber Marine Benthic Ecology and Evolution
Mechanisms underlying the genetic structure of seagrass
meadows: historical stochastic events versus adaptation

H. Flores NWO - ALW (NAAP)- Marine Benthic Ecology and
Evolution/Alterra
Seabird foodchains in the Antarctic seasonal sea-ice zone; chal-
lenging the dominant role of krill

E.O. Folmer Animal Ecology/Community and Conservation Ecology
Patchiness of food and the structure of shorebird communities

B.P. Freymann Robert Bosch Stiftung/Community and Conservation Ecology
Interactions between invertebrates and vertebrates in savanna
ecosystems: consequences of elevated temperature
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C.X. Garzon López Ubbo Emmius bursary/Community and Conservation Ecology
Determinants and consequences of the spatial arrangement of
trees in the tropical rainforest of Barro Colorado, Panama

M. van der Geest WOTRO-NIOZ/Animal Ecology
NIOZ Fragile biodiversity linkages: production and consumption in a

nutrient-poor seagrass-dominated intertidal ecosystem

C.G. Gosling NWO-ALW Pionier bursary
Biotic determinants of functional heterogeneity in a tropical
savanna

B. Grillenberger Evolutionary Genetics
Population genetics and biogeography of Nasonia

P.R. Hardoim Microbial Ecology
Metagenomics of food crop endophytes

D. Haydar NWO-ALW (PRIORITEIT) – Marine Benthic Ecology and
Evolution
Introduction of exotic species: a process contributing to coastal
marine biodiversity

A. Hegemann Animal Ecology
Adaptations to a changing environment: in search of bottlenecks
in the annual cycle of Skylarks

S.M.A.C. van Heuven
EU Carbo Ocean – Ocean Ecosystems
Meridional carbon transport in the North Atlantic Ocean

P.P. Hill Microbial Ecology
Microbial diversity and community structure for metagenomics
and suppressiveness studies

M. Hinsch ALW VICI/Theoretical Biology/Animal Ecology
Evolution of sex-specific reproductive tactics under density-
dependent selection

G. Hopcraft NWO Pionier bursary/Community and Conservation Ecology
Animal movement, resource protection and the maintenance of
biodiversity: ideas for further research
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N.P.C. Horrocks ALW VENI/FWN-Animal Ecology
The role of seasonal dynamics in risk of disease and resource
availability in life history evolution of larks in different environ-
ments

P.J. van den Hout NIOZ-Animal Ecology
NIOZ Adaptive responses of non-breeding shorebirds to avian preda-

tors

H.J.T. Hoving Ocean Ecosystems
Life strategies of oceanic squid

A.B.F. Ivens RUG bursary - Theoretical Biology
Evolutionary ecology of the mutualism between yellow meadow
ants and root aphids

P.J. Janknegt Ocean Ecosystems
Oxidative stress in marine Antarctic phytoplankton resulting
from exposure to solar ultraviolet radiation

J. Jansen NIOO-CEME – Marine Benthic Ecology and Evolution
Exploring ecotypic variation in European shellfish populations

E.M. Kanga UE-bursary/Community and Conservation Ecology
The consequences of land use change for biodiversity in Africa

R.K.H. Kats NWO-Alterra Texel/Animal Ecology
ALTERRA Rise and fall of the Common Eider population in the Dutch

Wadden Sea in relation to shellfish stocks

E.J. Kleynhans FWN - Animal Ecology
Physiological plasticity and spatial distribution patterns of larks
in Southern Africa

A. Klimkowska IMUZ/OECD/PIN-MATRA (Min. Agr.)/Prins Bernhard Cultuur
Fonds/Community and Conservation Ecology
The ecological feasibility of fen restoration - Opportunities and
constrains of top-soil removal?

N.S. Klomp NIOO-CEME – Marine Benthic Ecology and Evolution
Food quality in the Wadden Sea
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T. Koevoets Evolutionary Genetics
The genetics of postzygotic isolation in the haplodiploid sister
species complex of Nasonia

A. Koralewska Ecophysiology of Plants
Significance of expression level versus activity of sulfate trans-
porters in Brassica – on a whole plant level – in the regulation
of uptake, transport and subcellular distribution of sulfate in rela-
tion to sulfur requirement for growth.

M.A. Kozielska Evolutionary Genetics/Theoretical Biology
Evolution of sex determining mechanisms in the housefly

C. Kraan NIOZ-Animal Ecology
NIOZ Spatial dynamics of macrobenthos in the western Wadden Sea

A.L.W. Kuijper RUG bursary - Theoretical Biology
Genetic conflict and the evolutionary causes and consequences
of sex determination systems

S. v.d. Laan Ocean Ecosystems/Centrum Isotopenonderzoek
Greenhouse gas and trace gas measurements at Lutjewad, Gro-
ningen. Measuring CO2, CH4, CO, N2O, SF6 and 222Radon to deter-
mine their atmospheric concentrations and source/sink functions

J. Leyrer Animal Ecology/NIOZ/MAVA Foundation
Survival repercussions of individual differences in the timing of
a migration from West Africa to Central Siberia

T. Lok Animal Ecology
Comparative demography of migratory and resident spoonbill
(Platalea leucorodia) populations with overlapping ranges

P.M.G. Lourenço Animal Ecology
Cross-seasonal interactions in the annual cycle of Black-tailed
Godwits (Limosa limosa limosa)

I. Luykx Ocean Ecosystems/Centrum Isotopenonderzoek
The role of the oceans in the global carbon cycle. Measurements
on a platform in the North Sea and at the Dyfamed site in the
Mediterranean
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I. Mateo Leach Ubbo Emmius bursary - Evolutionary Genetics
Genetics of sexual and parthenogenetic reproduction

S.P.M. Michler ALW VICI/Animal Ecology
Offspring fitness and sex-specific dispersal in great tits

J. Mieog WOTRO – Marine Benthic Ecology and Evolution/Australian
Institute of Marine Science
Understanding the flexibility of the coral-algal symbiosis on the
Great Barrier Reef (Australia) as a mechanism to respond to
environmental change

H. Moradi Republic Iran - Ecophysiology of Plants
Physical and molecular characterization of chloride channel
mutants in Arabidopsis thaliana. Implications for salt stress
adaptation.

H. Najafi Zarrini Republic Iran - Ecophysiology of Plants
The role of receptor-like kinases in salt, drought and osmotic
stress.

I.A. Neven Plant Physiology
Southern Ocean primary productivity in a high-CO2 world

M. Nicolaus Ubbo Emmius bursary/Animal Ecology
Offspring fitness and density dependent dispersal: an experimen-
tal study in the great tit

U. Nunes da Rocha Microbial Ecology
Metagenomic analysis of Pseudomonas syringae suppressive
soils

V.S. Parada Koninklijk NIOZ/ALW
Virioplankton dynamics and diversity in relation to bacterio-
plankton diversity in open ocean systems

W. Patberg Ecophysiology of Plants
De rol van 'buoyancy cells' in de nutriëntenvoorziening van
veenmos

A. Peire Morais Evolutionary Genetics
Genetics of reproductive isolation in Nasonia

CEES 2006 Highlights + algemeen:1.qxd  12-8-2007  18:50  Pagina 18



19

Highlights

H.P. Perez de Vladar
RUG bursary/Theoretical Biology
Molecular evolution under population constraints

A.M.T. Piquet Ocean Ecosystems
Adaptations of marine bacteria to (increased) solar ultraviolet –
B radiation and consequences for the decay of diatom blooms

A. Purwoko Asian Development Bank/Marine Benthic Ecology and Evolution
Factors determining the benthic fauna of Sembilang Peninsula,
Sumatera, Indonesia

D.A.P. Reid Rosalind Franklin bursary - Theoretical Biology
Self-organisation of fish schools

J. Reszka Ubbo Emmius bursary - Evolutionary Genetics
Genetic basis of inbreeding depression in two insect species

T.A. Revilla Rimbach
NWO Computational Life Sciences/Theoretical Biology
Emergence of biocomplexity

M. Roodbergen NWO-ALW-ALTERRA/Animal Ecology
ALTERRA Pollutant induced changes in life support functions of soils and

its impact on meadowbird populations

L. Ross RUG bursary - Theoretical Biology
Conflict and cooperation over sex allocation in the mealybug
Planococcus citri

M. van Rijswijk Evolutionary Genetics
Dispersal and local adaptation in experimental metapopulations
of Drosophila melanogaster

C. Schmitz Robert Bosch Stiftung - Ecophysiology of Plants
Universal temperature dependence of plant growth: physiological
and biochemical principles.

M. Schotten Marine Benthic Ecology and Evolution/University of Hawaii
Use of echo location and communication signals of wild dol-
phins.
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J. Schröder Animal Ecology
Individual fitness correlates in Black-tailed Godwits (Limosa l.
limosa)

E. Schut FWN-Animal Ecology
MHC based sperm competition in the Seychelles warbler and the
blue tit

M.W. Smith-Kleefsman
Evolutionary Genetics
Determinants of metapopulation dynamics: stochastic processes
versus adaptation

J. Steinhauser RUG bursary - Theoretical Biology
Self-organisation of social behaviour in primate societies

P. Stevens Microbial Ecology
Adaptation of Ralstonia solanacearum to temperate climates

C. Trierweiler Animal Ecology/Stichting Werkgroep Grauwe Kiekendief
Demography and conservation of Montagu's Harrier in an agri-
cultural area

R. Trifonova Microbial Ecology
Microbial maturation of novel substrates

K. Troost NWO-ALW – Marine Benthic Ecology and Evolution
Will an introduced species, the Japanese cupped oyster
Crassostrea gigas, force Dutch estuarine ecosystems in a new
stable state?

O.H. Vedder EC-Animal Ecology
Conflict and cooperation over parental care in blue tits

G.F. Veen Van der Leeuw/NWO Pionier/Community and Conseravtion
Ecology
Interactions between above- and belowground organisms in gra-
zed ecosystems: consequences for spatial patterns and diversity

T. Veen NWO-ALW - Theoretical Biology
Evolution of mating decisions in hybrid zones
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E.C. Verhulst Evolutionary Genetics
Genetics of sex determination in the haplodiploid wasp Nasonia

Y. Verkuil Animal Ecology
Population structure in ruffs

M.A. Versteegh ALW VENI/FWN-Animal Ecology
Solutions to seasonal challenges: the interplay between energe-
tics, corticosteroid response and immune function in avian life
history

S.N. de Visser Ubbo Emmius bursary - Community and Conservation Ecology
Biodiversity consequences of human induced alteration of the
trophic structure in tropical savannas

J.A. Warmink Microbial Ecology
Bacterial interactions with soil fungi

M. Wolf RUG Breedtestrategie - Theoretical Biology
The evolution of animal personalities

A.M. Zipperle Ubbo Emmius bursary – Marine Benthic Ecology and Evolution
Inter-relationships between reproductive ecology, genetic structu-
re and fitness in populations of the seagrass Zostera noltii in the
Wadden Sea – North Sea

PhD Projects - theses in preparation

J. Bakker NWO-WOTRO - Theoretical Biology/Evolutionary Genetics
Dynamics and significance of genetic variation in a metapopula-
tion context: an integrated theoretical and experimental approach

M.L. Berg Ubbo Emmius bursary-Animal Ecology
Mutual sexual selection in the European wren

H. Beukema WOTRO/Community and Conservation Ecology/ICRAF-
Indonesia
Pteridophyta in rubber agroforests at a range of management
intensities and the choice between segregation and integration of
biodiversity conservation and agricultural productivity
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J.C.A. Creuwels GOA-Marine Benthic Ecology and Evolution/Animal
ALTERRA Ecology/Alterra

Individual quality of Antarctic petrels

M. Engelmoer Provinsje Fryslân-Animal Ecology/Mathematical Statistics
Breeding origins of wader populations utilizing the Dutch
Wadden Sea

R. Geerts Evolutionary Genetics
Genetic dissection of long-term evolved insecticide resistance
in Drosophila: In search of compensatory evolution

R. Gesser Ocean Ecosystems
Flatfish flight in a salinity gradient

A.V. de Groot NWO-ALW/KVI/Community and Conservation Ecology
Rejuvenation of salt marshes

G.N.J. ter Heerdt Community and Conservation Ecology/RIZA
Development of helophytic vegetation as related to hydrological
management in inland polders

K. Hutchings NWO-VICI/University of East Anglia
Gastrointestinal parasites, MHC genes and fitness in a wild avian
population

J. de Jong Animal Ecology
Ecology of the barn-owl

D. Joubert Evolutionary Genetics
Fluctuating asymmetry as a monitor for genetic and environmen-
tal stress in Drosophila: Fundamental and applied aspects

L. Mendes Universidade de Lisboa, Portugal/NIOZ/Animal Ecology
The role of parasites and immuno competence in habitat selec-
tion of waders

D. den Os NWO-AWL - Ecophysiology of Plants
Integration of light- and ABA-signalling processes in leaf
development
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J.J. Poos NWO-PRIORITEIT-RIVO/Animal Ecology
RIVO The dynamics of effort allocation of fishing fleets with special

emphasis on spatial scale of exploitation

J. Reneerkens NIOZ-Animal Ecology
NIOZ Preen waxes of marine birds: is sexual selection involved in the

evolution of complex chemical compounds?

D.I. Rogers Charles Stuart University, Australia - Animal Ecology
Hidden coast

A.L. Rutten STW-Alterra/Animal Ecology
ALTERRA Long-term effects of human disturbance on waders feeding on

intertidal flats: the use of telemetry and cage experiments

H. Schekkerman Animal Ecology/Alterra
ALTERRA Growth and survival of the black-tailed godwit Limosa limosa in

relation to habitat use in an agricultural landscape

E.W.M. Stienen Animal Ecology/Alterra
ALTERRA Population persistence of the sandwich tern Sterna sandvicensis

in relation to the local food stocks

I. Tulp IMARES - Animal Ecology
IMARES Environmental forcing on the timing of breeding in long-distance

migrant shorebirds

R.M. Veeneklaas Community and Conservation Ecology/Population Genetics
Dispersal and adaptation in two salt-marsh plant species

H.M.C. Verhagen Community and Conservation Ecology/Fryske Gea
Nature restoration on mineral soils

M. Vorenhout WWF/VUA/Community and Conservation Ecology
Estuarine and coastal ecosystems affected by pollutants

J. Wantia Theoretical Biology
Dominance relationships in individual-based models and in real
primates

B.K. Wesenbeeck NIOO-CEMO/Community and Conservation Ecology
Rejuvenation of salt marshes
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drs. S.P.M. Michler NWO-VICI 1.0 040401-080401
drs. M. Nicolaus RUG-Ubbo Emmius 1.0 041101-081101
drs. M. van de Pol RUG Breedtestr.2 0.8 010601-060108
drs. M. Roodbergen NWO-ALW 1.0 020101-051101

0.8 051101-061106
drs. J. Schröder RUG 1.0 040315-080715
drs. O.H. Vedder EC-FWN 1.0 061201-101201
drs. Y.I. Verkuil RUG 0.8 040315-090315
drs. M.A. Versteegh NWO-VENI/FWN 1.0 060401-100401

Other PhD students
drs. T. Compton NIOZ-RUG UE 1.0 020415-060415
drs. P.J. van den Hout NIOZ 0.8 030401-080401
drs. K. Hutchings NWO-VICI/U East Anglia 1.0 041101-071101
drs. M. van der Geest WOTRO-NIOZ 1.0 061001-101001
drs. C. Kraan NIOZ 0.8 030401-080401

Technical and Administrative Staff
secretary
S.C. Bakker-Geluk RUG 0.5
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Introduction

The Animal Ecology Group is concerned with evolutionary, individual-based, explana-
tions for the great variation in distribution and abundance patterns of animals. The
search for factors moulding these distributions and abundances requires an appreciation
of the selection pressures leading to adaptation and ‘design’ in individual animals under
the pervasive influence of environmental factors. This leads us to study life history evo-
lution (including the historical constraints limiting the range of possible evolutionarily
stable solutions), and to try to reach an understanding by empirically emphasizing three
‘trades’ within the ecological sciences: (1) physiological ecology, (2) behavioural eco-
logy and (3) population biology.

(1) Physiological ecological approaches help us delineate the mechanistic constraints
limiting the option sets for different individuals and species. (2) Behavioral ecology puts
individual animals squarely in environmental and social contexts, and examines the fit-
ness consequences of alternative behavioural strategies. When possible, an experimen-
tal approach is chosen to determine the causality of relationships between behavioural
variation and fitness, findings that we then try to incorporate in our thinking about the
population ecology of the animals under study. (3) Population biology, including demo-
graphic approaches, enables us to ascertain the consequences at the population level of
environmental constraints on individual animals.

We try to keep an open mind to what new findings and developments in other fields of
biological enquiry (such as theoretical biology, ethology, biophysics, genetics, endocri-
nology, immunology and molecular genetics) have to offer. Indeed, we particularly
encourage the use of modern molecular techniques, both to determine genetic relation-
ships between competing and cooperating individuals in a population and to decipher
the long-term demographic and genetic histories of populations with a suite of conse-
quences for today’s functioning.

27

Animal Ecology

dr. D.P.J. Kuijper Altenburg & Wymenga,NL 1.0
dr. L.C.G. Mendes Coimbra University, Portugal 0.2 061024-091024
drs. L. Meszaros University Szeged, Hungary 1.0 060915-061115
dr. J. Prop Groningen, NL
drs. F.S. Quesada Univ. Extremadura, Spain 1.0 061001-061201
dr. J. Stahl Univ. Oldenburg/Deutsche FG 1.0
dr. I. Szentirmai Eötvös University, Hungary 1.0 050401-080101
dr. P. Wiersma Groningen,NL

CEES 2006 - Animal Ecology:1.qxd  12-8-2007  19:04  Pagina 27



The relevance of our animal ecological research can be illustrated by three publications
from 2006 that attracted much public attention. Christiaan Both and coauthors, in a pu-
blication in Nature (44: 81-83), showed how a mistiming (as a result of climate change)
of food availability peaks with food demands during reproduction may lead to declines
in the migratory pied flycatcher Ficedula hypoleuca. In a comparison of nine Dutch
populations over the past two decades, populations declined by about 90% in areas
where the food for provisioning nestlings peaked early in the season. In areas with a late
food peak, early-breeding birds still breed at the right time, and there was, at most, a
weak population decline.

Jan van Gils and coauthors, in a publication in the increasingly competitive open access
journal PLoS Biology (4: 2399-2404), were able to document how dredging for shellfish
of intertidal flats in the Wadden Sea led to relatively lower settlement rates of cockles
Cerastoderma edule, the staple of red knots Calidris canutus, and also reduced their
quality (ratio of flesh to shell). From 1998 to 2002, red knots increased gizzard mass to
compensate for a gradual loss in shellfish quality, but this compensation was not suffi-
cient and led to decreases in local survival. Van Gils et al. concluded that the gradual
destruction of the necessary intertidal resources explains both the loss of red knots from
the Dutch Wadden Sea and the decline of the European wintering population.

In a publication in Biology Letters (2: 161-164), Joop Jukema and Theunis Piersma
reported the spectacular discovery of female mimics in lek-breeding ruffs Philomachus

Figure 1. The faeder is a rare cryptic male morph in ruffs with the plumage characteristics of
females and a body size only slightly larger than a female. The faeder (A) can be distinguished
from the female (B) by its slightly more upright posture and by the subtly bulkier body. Both
birds were photographed in Cyprus in late April 2006 by Richard Chandler.
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pugnax, a shorebird for which two strategies (independent and satellite) had already
been known for over 50 years. So far, the presence of three alternative permanent and
non-conditional mating strategies were only known from an isopod, a fish and a lizard.
The rare female-like morph of ruffs was called ‘faeder’ (the old-English word for arch-
father). Faeders (Fig. 1A) are slightly larger than females (Fig. 1B) and in late April have
testes 2.5 time the size of testes of normal males. On leks in aviaries and in the wild they
appear to combine feminine and masculine behaviours. Faeders may represent the
ancestral, care-giving, male strategy, but their relatively large testes suggest that cur-
rently they behave as sneakers.

Overview of academic results

Tracking migratory routes of Montagu’s harriers
Christiane Trierweiler, Jan Komdeur, Rudi H. Drent, Klaus-Michael Exo, Franz Bairlein
& Ben J. Koks

Montagu’s harriers Circus pygargus are red-listed in The Netherlands. The number of
breeding pairs decreased strongly during the last century. All Dutch breeding pairs
(mostly in farmland) are monitored closely and individual nests are protected against
harvesting activities if necessary. Montagu’s harriers are long-distance migrants and
spend more than half of each year in West Africa. Conserving them in the breeding areas
only is not sufficient. Until recently, it was unknown which migratory routes were used
and what the winter ecology of the harriers was. In 2005, satellite transmitters became
available that were light enough to track Montagu’s harriers. The transmitters are fixed
on the back of the birds and deliver position data via the ARGOS system. This pilot
study was possible due to a co-operation between the Dutch Montagu’s Harrier
Foundation, the University of Groningen and the Institute of Avian Research
‘Vogelwarte Helgoland’ in Germany.

The information on migratory routes and behaviour in the wintering areas that can be
extracted from satellite telemetry completes the information needed to protect this spe-
cies year-round. It also forms also a basis for on the ground research in West Africa
including the training of local counterparts.

In 2005, one female migrated via Spain, one via Italy (Fig. 2). In 2006, all six birds
chose the western route via Spain. Remarkable facts were that female ‘Merel’ spent
several weeks in French harrier breeding areas, and that male ‘Rudi’ now holds the long-
distance world record with 1045 km in 24 hours, between Groningen and Spain. The
choice of wintering area was so similar (no consistent differences between males and
females, and not between Dutch and Spanish birds tracked in the same year either) that
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Figure 2. Autumn migration routes of two
Montagu’s harrier females in 2005 (female
Marion: open circles; female Beatriz: closed
circles).
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orientation based on information from earlier migrations seems likely. This was con-
firmed by an observer in Senegal, who also spotted female ‘Cathryn’. The tracked birds
spent almost all winter in the same, food-rich areas.

The first Dutch Montagu’s harrier that was tracked by satellite telemetry to her winte-
ring areas (female ‘Marion’) stayed three weeks in Niger (2005). This country has an
ideal, central position in West Africa to study the ecology of wintering harriers. In
January 2006 and 2007, a team of the Dutch Montagu’s Harrier Foundation followed
them in the south of Niger. It appeared that the harriers preferred natural above agricul-
tural habitats, contrary to the breeding areas. Different types of shrubland vegetation
were visited most frequently. These were mostly open landscapes.

These habitats were rich in grasshoppers, which made up the largest part of the raptors’
diet as found in pellets collected on communal roosts. The pellets contained also
remains of birds and mantids. In 2007, a year with fewer grasshoppers available than in
2006, the proportion of these alternative prey species in the diet was even higher.
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Figure 3. Montagu’s harrier with satellite transmitter. Photo Hans Hut

Figure 4. Montagu’s harrier foraging in Nigeria. Photo Hans Hut

The preference of harriers for less-degraded over heavily-degraded habitats may indicate
one of the major threats during the winter: loss of natural habitats. This is principally
caused by the pressure of a growing human population, which has an increasing need
for farmland. Desertification caused by climate change, overgrazing, cutting of fuel
wood and erosion can destroy whole areas that cannot be used anymore neither by
humans nor by birds.
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Another threat to European migrants is persecution: raptors are often the victim of people
who catch birds for food or to protect their poultry against predators. An example is
female ‘Marion’ who was killed by a local farmer in Nigeria (2006) together with two
other harriers trapped at the same roost. Informing the public is a crucial step to species
conservation in the wintering areas.

Historical changes in en route habitat use and plumage characteristics of black-tailed
godwits Limosa limosa limosa
Julia Schröder, Pedro Lourenço, Marco van der Velde, Jos Hooijmeijer, Freek
Mandema, Christiaan Both & Theunis Piersma

With more than 50% of the world population breeding within its borders, the West-
European subspecies of black-tailed godwits Limosa limosa limosa is the only avian
taxon for which The Netherlands carries the ultimate conservation responsibility. Des-
pite huge public and political attention, the Dutch black-tailed godwit population is now
in steep decline. Here we present evidence that over the last century there have been
dramatic changes in habitat availability at staging areas during northward migration, and
suggest a causal relationship with the outward appearance of male godwits, an ap-
pearance that seems to have changed with time.

Figure 5. Suggested contrast in the two
groups of Netherlands-breeding black-tailed
godwits with different diets, schedules and
flight plans. Green shading = breeding areas,
blue shading = granivorous wintering and
staging areas, blue arrows = route used by
birds using the granivorous itinerary, red
shading = carnivorous wintering and staging
areas, red arrows = route used by birds using
the ‘carnivorous itinerary’. This summary is
based on Kuijper et al. (2006).
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Figure 6. A sample of male black-tailed godwit ‘stiffs’ from the collection of the Zoological
Museum Amsterdam, illustrating the huge spectrum of plumage variability.
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Black-tailed godwits, at least over the past three decades, winter in the rice field areas
of West-Africa centered in Guinea-Bissau. Here they feed on spilled rice. A much smal-
ler number winters in the Senegal delta, where they mainly forage on chironomid lar-
vae. In December the godwits start their northward migration. They arrive in rice fields
in Portugal and Spain in late December-early January, where they again eat rice. At the
same time, birds are present in wetlands in Morocco, where they feed on chironomids.
A relatively small number of birds uses pastures in France as a stop-over site; here they
eat earthworms, the staple that all birds shift to after arrival on the breeding grounds in
The Netherlands. Based on simultaneous counts and the timing of migration, the exis-
tence of two migratory strategies in black-tailed godwits has recently been proposed by
Kuijper and co-workers (Kuijper et al. 2006): a “granivorous itinerary” used by many
birds that depend on rice (winter in Guinea-Bissau, migrate directly to Portugal and
Spain and then fly nonstop towards the breeding sites) and a “carnivorous itinerary”
used by smaller numbers of birds that mainly forage on animal prey items (from Senegal
Delta to Morocco to France and then to The Netherlands; see Fig. 5).

Large-scale rice cultivation in southern Europe and western Africa is a relatively new
phenomenon; in Portugal formerly natural wetlands were modified to rice fields from
the 1920s onwards. The rice fields in Spain are fairly new; they have been created in the
1950s and 1960s in areas formerly totally unsuitable for waders. The large-scale culti-
vation of rice in inland West-Africa only occurred during the last four decades as well.
An increase in rice cultivations in many areas went hand in hand with large-scale reduc-
tions in the area occupied by ‘natural’ wetlands. Thus, the availability and character of
wintering and staging habitats changed enormously over the last 100 years.
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Based on historical data in the form of carefully curated specimens of black-tailed god-
wits in the zoological musea of Leeuwarden, Amsterdam, Leiden and Copenhagen (Fig.
6), in combination with assessments of life animals captured during late incubation in
our study area near Workum, Friesland, we are now able to show that concurrent with
drastic changes in the availability of wintering and spring stopover habitats, there have
been change in plumage characteristics, at least in males (Fig. 7). Although no such
trend was found for the paler females, males nowadays appear to be paler and less ornate
than 60-170 years ago. We propose that the change in phenotype in males was mediated
by a change in food quality on spring staging sites. A switch to a more granivorous diet
might include a change in nutritional composition or an earlier timing of migration, both
of which could have influenced plumage quality negatively. Intriguingly, we so far
found that males with a pale, less ornate breeding plumage (1) tend to lay earlier, (2) are
mated to females which lay larger eggs and (3) have heavier chicks.

CEES Progress Report 2006
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Figure 7. Change in plumage in godwits over the last 166 years. Black bars show the frequency
of the respective plumage character of males, grey bars the respective of female godwits.
(A) Frequency of birds showing white in less than 40% of the plumage on their heads.
(B) Frequency of godwits with a back score higher than 3 (=godwits moulting more than 50%
of feathers on their back into breeding feathers). (C) Frequency of godwits with a bars score >3
(= godwits where the black bars on the breast extends at least towards the legs). Nmales=20, 44,
22 and 66 for the periods 1840-1900, 1900-1950, 1950-2000 and 2000-2006 and Nfemales= 25,
30, 14 and 71, respectively.
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Reference:
Kuijper, D.P.J., E.Wymenga, J. van der Kamp & D. Tanger (eds.). 2006. Wintering areas
and spring migration of the black-tailed godwit. Bottlenecks and protection along the
migration route. A & W Rapport 820, Veenwouden.

Incubating shorebirds are less smelly
Jeroen Reneerkens, Theunis Piersma & Jaap S. Sinninghe Damsté

Birds spend much time on plumage maintenance. This is important as their plumages
keep body heat inside. Wing feathers enable them to fly and are required to escape from
predators. One of the aspects of plumage maintenance is the application of waxes onto
the feathers. Wax compounds are synthesised in a gland at the base of a bird’s tail, the
preen gland. The secreted waxes are distributed over the plumage of bird through pree-
ning with the bill.

Despite considerable knowledge of the species-specific chemical composition of the
waxes, much remains unknown about their function(s). Here we briefly review our
descriptive chemical studies as well as experimental work on the function of preen
waxes in red knots Calidris canutus, a typical marine shorebird that winters in tropical
and temperate intertidal areas and reproduces on tundra in the High Arctic.

Chemical analysis of preen waxes of red knots showed that their composition changes
with season within individuals. In spring, preen wax mixtures consisting of monoesters
(fatty acids condensed with alcohols) were replaced with preen wax mixtures consisting
of diesters only (fatty acids condensed with diols). Diesters are generally larger mole-
cules than monoesters and therefore less volatile and probably more difficult to smear
onto the plumage. It then became interesting to find a functional explanation for the sea-
sonal shift in preen wax composition.

Diesters were secreted just before departure to the Arctic breeding grounds where mate
choice and reproduction take place. It was therefore hypothesised that the less volatile
diester preen waxes were of use for the birds during reproductive behaviours. We could
not find a colour change in plumages of red knots that shifted preen wax composition
from mono- to diesters, and therefore do not think the diesters act as a visual quality sig-
nal during mate choice. It appeared also that diester preen waxes of 19 shorebird species
were not only secreted during the short period of courtship, but also during the following
period of incubation of eggs. Interestingly, only those individual birds that were actual-
ly involved in incubation secreted diesters during the breeding period. This suggests that
the special diester waxes are especially important when the birds are incubating their
eggs.
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Figure 8. A sniffer dog using its nose to find small amounts of preen waxes of red knots.
Photo Jeroen Reneerkens
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Because feather-degrading bacteria are active under warm and humid conditions -con-
ditions created in a nest cup by an incubating bird - it was suggested that diester preen
waxes might offer a better protection against these bacteria. An experiment with feathers
of red knots showed that feathers with preen wax were significantly less degraded than
feathers without preen waxes. However, the chemical composition of the waxes did not
matter.

As shorebirds are ground-breeders, there always is the threat of losing a clutch to mam-
malian predators, such as Arctic foxes Alopex lagopus. Foxes and other mammalian pre-
dators often search for prey by smell. We used a sniffer dog to test the idea that less vola-
tile diester preen waxes on the plumage are more difficult to find by olfactory-searching
predators than monoester waxes. The dog was trained to find preen wax by smell, in one
out of six tubes in an experimental set-up (Fig. 8). We varied the amount (between 0.24
and 15.6 µg) as well as the composition (mono- or diesters) of the preen waxes. After
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Reproductive strategies in wrens: unfaithful females and defensive males
Mathew Berg & Jan Komdeur

In songbirds, most species are genetically promiscuous to some extent, and winter wrens
Troglodytes troglodytes are no exception. Males may increase their fitness through
extrapair copulations (EPCs) that result in extrapair fertilizations, but they also risk lost
paternity whenever their own mate engages in EPCs. In such species the fitness costs of
such cuckoldry to males are likely to be considerable. While males can benefit by maxi-
mising their success at gaining EPCs, they may also benefit by attempting to minimise
their loss of paternity by defending the mate or breeding territory against intruding
males or, assuming females prefer to mate with high-quality males, advertising their
own quality when their mate is fertile.

With these possibilities in mind, we conducted a study in the Friescheveen area near
Paterswolde designed to disentangle the effect of cuckoldry risk (based on breeding
stage, from pre-fertilization through to post-breeding) on both territorial behaviour and
singing effort in male winter wrens (Fig. 10). We found that males made no adjustment
to their song rate according to breeding stage when no intruders were present on their
territory (general advertisement singing). Intriguingly, however, investment in singing

Figure 9. The likelihood of succesful detection of red knots’ preen wax by smell depends on
the type and the amount of wax. Each data point represents detection success during 20 sessions.

20 trials for each combination of wax compound and amount it appeared that at the
lower amounts the dog less often was able to locate diester waxes than monoester waxes
by smell (Fig. 9). This suggest that diester preen waxes reduce shorebirds’ smell when
incubating and thereby reduce predation risk.
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during song contests was adjusted to female fertility. When faced with simulated terri-
tory intrusions by male competitors (male models and song playback), male wrens sang
significantly more during the fertile breeding stage than before or after this period. In
contrast, none of our other measures of territorial response (measures of vigilance and
approach behaviour) varied with breeding stage.

Since this variation in song rate during intrusions was not reflected in these other terri-
torial behaviour, our results do not seem to be consistent with the idea that males use ter-
ritory or mate defence as paternity assurance. Instead, we argue that song rate, in the
context of male-male singing competitions, is actually promoted by female choice.
Specifically, we hypothesise that this behaviour may arise from a tendency for fertile
females to eavesdrop on competitions between males (i.e. gather information from such
episodes without directly taking part), and to use the competitive singing performance
of males that they overhear during such contests as a basis for their subsequent choice
of (extra-pair) mates. Furthermore, our data also imply that song rate and approach
behaviour should be considered distinct functional components of resource defence in
wrens. Females may have good reason to emphasize male displays during direct com-
petition in the mating decisions: such displays are likely to be honest as poor perfor-
mance (i.e. losing) is more costly, and they may offer a more accurate comparison
between the quality of potential suitors. The singing performance of males during terri-
torial contests has been directly related to their actual mating success in some other spe-
cies previously, including the black-capped chickadee Poecile atricapilla and the great
tit Parus major. Whether this also occurs in wrens awaits further testing.
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Figure 10. Song rate as a function of stage of reproduction in wrens.
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Parent presence, delayed dispersal and territory acquisition in the Seychelles warbler
Cas Eikenaar, David S. Richardson, Lyanne Brouwer & Jan Komdeur

In many vertebrate species, independent offspring remain on the natal territory for some
time before they disperse in search of a breeding site. Traditionally, delayed dispersal
has been viewed as the result of external ecological constraints, such as habitat satura-
tion. Recently, however, delayed dispersal has been proposed to be an adaptive decision,
resulting from prolonged parental care that long-lived species are able to provide.
Parents may tolerate offspring on the territory until these have located a suitable site to
breed independently. Costs of parental tolerance, like competition for resources or
mates, may be counter-balanced by kin benefits, such as increased survival and repro-
ductive success of the offspring. When a parent is replaced by a stepparent kin benefits
are reduced or disappear and, as a result, subordinates may disperse.

We examined how the replacement of a parent with a stepparent affects the natal dis-
persal decisions of yearling subordinate Seychelles warblers Acrocephalus sechellensis.
Previous studies indicate that there are costs of group living for dominants in the
Seychelles warblers and that inheritance of breeder positions is rare. We therefore
expected that yearling subordinates dispersed more often from territories in which a
parent is replaced than from territories in which the parents remain. Second, we asses-
sed how parent replacement and consequent dispersal affected territory acquisition. The
timing of natal dispersal may be viewed as a decision making problem. After parent
replacement, subordinates may be more constrained in their choice of when to disperse
than subordinates living in territories in which both parents were present. Unconstrained
offspring may be able to wait on the natal territory for an opportunity to disperse directly
into a breeder vacancy, whereas constrained individuals probably have to search for
vacancies while floating through the population. Therefore, we expected that yearling
subordinates dispersing from the natal territory after the replacement of one or both
parents are less successful in acquiring a breeder position elsewhere than subordinates
dispersing when both parents are still on the natal territory. We used both natural and
experimental situations to test our predictions.

We showed that when a parent was naturally replaced or experimentally removed and
subsequently replaced by a stepparent from outside the territory, subordinates were more
likely to disperse than when both parents remained in the natal territory (Fig. 11).
Furthermore, subordinates dispersing from territories in which one or both parents had
been replaced were less likely to acquire a breeder position than subordinates dispersing
when both parents were still on the natal territory (Table 1). These results suggest that
when the natal territory holds both parents, it may function as a safe haven from where
young can foray in search of a breeder vacancy and return to if the foray is unsuccess-
ful. Prolonged parental care thus seems to enhance group benefits through increasing an
offspring’s opportunity to occupy a breeder position. Delayed dispersal in the Seychelles
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Figure 11. The percentage of subordinates that dispersed within a year when both parents sur-
vived and stayed in the territory, or when the mother, the father or both parents were replaced
by stepparents.

warbler has previously been shown to result from both habitat saturation and from
offspring waiting for opportunities to breed in high quality habitat. Individuals that
delay dispersal in high quality territories, but which eventually breed there, have greater
lifetime fitness than those that disperse at one year of age and breed immediately in
lower quality territories. Although in a different way, our results also indicate that delayed
dispersal might be an adaptive life-history decision rather than ‘the best of a bad job’.
Our study supports the idea that prolonged parental care - that only long-lived species
such as the Seychelles warblers are able to provide, may have selected for family living.

Table 1. The number and percentage (in brackets) of dispersers with their status one year after
fledging. Dispersal was either from territories in which one or both parents were replaced or
from territories in which both parents stayed.

Status dispersers one year after fledging Parent(s) replaced Parents stayed
Occupy breeder vacancy 4 (25) 18 (66.6)
Create new territory 2 (12.5) 1 (3.7)
Float 4 (25) 3 (11.1)
Subordinate in other territory 6 (37.5) 4 (14.8)
Unknown 0 (0) 1 (3.7)
Total 16 27
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Heterozygosity-fitness correlations in a bottlenecked island species: the case of
Seychelles warblers
Lyanne Brouwer, Jan Komdeur & David S. Richardson

Inbreeding between closely related individuals will result in decreased heterozygosity in
offspring which may lead to reduced fitness. Heterozygosity-fitness correlations at
microsatellite markers were generally assumed to reflect genome-wide effects. Although
this might be true in partially inbred populations, such correlations may also arise as a
result of local effects with specific markers being closely linked to genes which deter-
mine fitness. Here, we used capture-recapture models to investigate the effects of both
individual and parental heterozygosity on the survival of Seychelles warblers
Acrocephalus sechellensis, an endemic island species which went through a severe popu-
lation bottleneck in the middle of the last century (Fig. 12).

We identified genotypes for offspring and their parents using 14 polymorphic micro-
satellite markers previously isolated in the Seychelles warbler. Parentage was assigned
and multi-locus heterozygosity was calculated, for offspring and their parents, as the
number of heterozygous loci divided by the number of loci examined. Heterozygosity
was then included as individual covariate in the analysis to investigate whether it does
affect juvenile and adult survival probabilities.

We found that an individual’s survival was not correlated with multi-locus heterozygo-
sity, or with heterozygosity at any specific locus. However, maternal, but not paternal,
multi-locus heterozygosity was positively associated with offspring survival, but only in

Figure 12. A Seychelles warbler. Photo Danny Ellinger
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Figure 13. The relation between juvenile survival and maternal multi-locus heterozygosity in
low (_) and high (--) quality seasons with the 95% confidence interval.

years with low survival probabilities (Fig. 13). A nestling cross-fostering experiment
showed that this was a direct maternal effect as there was an effect of the genetic mother’s,
but not of the social mother’s, heterozygosity. However, heterozygosity at the individu-
al microsatellite loci was not correlated and therefore does not seem to reflect genome-
wide heterozygosity.

This suggests that even in a small bottlenecked population heterozygosity-fitness corre-
lations may not be caused by genome-wide effects. Support for the local effects hypo-
thesis was also equivocal; although three specific loci were associated with offspring
survival, including all single locus heterozygosities as independent predictors for the
variation in survival was not supported by the data (Fig. 14). Furthermore, in contrast to
the local effects hypothesis, the loci which contributed most to the heterozygosity-sur-
vival relationship were not more polymorphic than other loci. Our study shows that
heterozygosity-fitness correlations can occur in bottlenecked populations, although such
correlations might be very limited, in our case only heterozygosity of the mother was
associated with offspring survival in low quality seasons. Our results support the idea
that even in a small inbred population heterozygosity measured at microsatellites might
not reflect genome-wide heterozygosity or, therefore, individual inbreeding. However,
support for local effects caused by linkage disequilibrium between specific neutral mar-
kers and fitness genes was also equivocal, highlighting the difficulty in resolving
between the two hypotheses.
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Figure 14. The relation between juvenile survival and maternal homozygosity and heterozygo-
sity at (a) locus Ase48, (b) locus Ase35 and (c) locus Ase9 in low (○) and high (●) quality sea-
sons with the 95% confidence interval.
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Daily energy expenditure during reproduction in perspective
Maaike E. de Heij

An intriguing phenomenon in nature is the enormous variation in the number of eggs (i.e.
clutch size) birds lay (Fig. 15). Not only individuals belonging to different species differ
in their clutch size, but also individuals of the same species do. In general, it is assumed
that parents lay the clutch size that produces the most viable offspring. Birds are an ideal
model to use in studies on the variation in clutch size, because they have rather distinct
reproductive phases (such as the egg laying, the incubation and the nestling phase). The
costs of these phases can be studied separately, and thereby the question can be studies
which of these phases are most important for clutch size decisions.

For long, scientists have focussed their attention on the nesting phase. This was driven
by the idea that the peak of energy demand occurred during the nestling phase when
parents bring food to their offspring. This lead to the idea that birds should lay the clutch
size that correspond with the number of offspring parents can provide with food in the
nestling phase. This stimulated a wide range of studies on limits to parental care during
the nestling phase. The energetic demands of the other reproductive phases remained
have long been ignored.

The energetic costs during the incubation phase may be demanding for the attending parents,
given that these birds have limited food at their disposal to balance the expenditure.
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Figure 15. A normal clutch of great tit eggs. Photo Maaike de Heij
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Food is generally assumed to peak during the nestling phase. For species where only one
of the parents incubate the eggs (i.e. uniparental incubation), the low food availability
may specifically be demanding for the attending sex, since they have limited time –
often only 25% of active day – available for foraging (i.e. investment in self-main-
tenance) due to the requirement to be present on the eggs (i.e. in vestment in current
reproduction).

Ambient temperature may also be an important factor influencing the energetic costs of
incubation. Previous studies found a strong correlation between the energetic costs of
incubation and ambient temperature. In a seasonal environment, ambient temperatures
generally increase throughout the breeding season. Therefore, ambient temperature may
drive the energy costs during the incubation phase, causing it to be comparable with the
expenditure when feeding nestlings. Since the egg laying phase is preceding the incu-
bation phase, and thus also the nestling phase, the same reasoning may hold for this
reproductive phase.

In this study, I focussed on the impact of ambient temperature on the energetic costs of
reproduction. Therefore, I compared the daily energy expenditure of female great tits
during the egg laying, the incubation and the nestling phase. I collated data for those
populations in which the daily energy expenditure of female great tits was measured
during at least two of these three reproductive phases. With this restriction, I wanted to
limit the confounding effects of uncontrolled factors on energy expenditure. The final
data set is based on data from three populations; two Dutch populations; Hoge Veluwe
and Lauwersmeer, and one Scottish population; Stirling (Fig. 16; for details about these
studies see figure legend).
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phase were overlapping. The correlation between daily energy expenditure and ambient
temperature was different between the populations in the nestling phase. For the sake of
simplicity, I assumed that all individuals of the different reproductive phases were
belonging to one and the same population.

Controlled for ambient temperatures (F1,142 = 55.5, p < 0.001), the daily energy expendi-
ture of females did depend on the reproductive phase. Females providing nestlings with
food had higher daily expenditure than those incubating eggs (F1,80 = 14.3, p < 0.001,
controlled for temperature), while females incubating eggs had higher daily expenditure
than those laying eggs (F1,97 = 16.5, p < 0.001, controlled for temperature). At a mean
ambient temperature of 10 ˚C, females spent more energy when rearing nestling than
when incubating, while females spent more energy when incubating then during the egg
laying phase. Given that birds experienced different ambient temperatures in the discre-
te reproductive phases, correction for temperature difference does not seem biological-
ly realistic. When uncorrected for ambient temperature, daily energy expenditure of
females during the egg laying phase, the incubation phase and the nestling phase were
similar (F2,143 = 0.4, p = 0.68).

This latter analysis reveals that the nestling phase is not energetically more costly that
both the egg laying and the incubation phase. This means that both the egg laying phase
and the incubation phase may, as judged from energy expenditure, equally well be of
importance in shaping clutch size decisions. These latter phases may be demanding due
to their timing in the season. Especially in populations with strong seasonality, the ener-
getic costs of early reproduction may prevent early breeding due to low ambient tempe-
rature. Ambient temperature early in the season thus likely puts a pressure towards later
egg laying, and possible later incubation. In addition, the findings are consistent with the
idea that birds behave in such a way that their daily energy expenditure is relatively con-
stant over the annual cycle (this is referred to as ‘the reallocation hypothesis’, West
1968).

Effects of social environment on juvenile fitness components in great tits Parus major
Stephanie Michler, Marion Nicolaus, Kirsten Jalvingh, Christiaan Both, Richard Ubels,
Marco van der Velde, Jan Komdeur & Joost Tinbergen

For every breeding attempt, individuals are faced with the decision in what numbers and
sex ratio they should produce their offspring in order to maximize their fitness. This
might mean that parents need to adjust their reproductive decisions to the level of intra-
or inter-sexual competition that their offspring could experience after independence. In
our study we aim at investigating how competition might affect fitness of the offspring,
whether competition is sex specific, and if and how frequency dependent processes incre-
ase the fitness of the rare sex, as would be expected in a species with a sex ratio of 50:50.
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Figure 18. Difference in growth of two great tit nestlings of 14 days old. The left one from an
experimentally reduced (18.6 g) and the right one from an experimentally enlarged brood (16.4 g).
Photo by Luc te Marvelde

Both fledgling mass and survival were negatively affected by experimental brood size
(see Fig. 19 left, for mass effects controlled for other variables) while sex ratio manipu-
lation did not have any effect (Fig. 19 right, controlled for other effects). That brood size
negatively affected growth and survival may mean than parents did not adjust their
effort to brood size, perhaps because they were time limited. In other years parents did
increase their effort with brood size in this population. The fact that the parents did not
compensate nestling growth for brood size completely may be related to a disproportio-
nate increase in parental fitness cost with increasing effort.

Figure 19. Effect of experimental brood size (left) and experimental sex ratio (right) on the
nestling fledgling mass in 2005.
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Density of juveniles in a certain plot did not seem to affect survival of the offspring al-
though we found an effect of altered plot density on the resighting chance, such that
individual birds were less likely to be seen in plots with high densities. Perhaps this has
to do with the increased time spent to identify birds with increasing density, thereby
reducing the search time for new birds. The sex ratio manipulation however, had a sig-
nificant effect on juvenile survival. Survival was highest in female-biased plots and
lowest in male-biased plot for both sexes (Fig. 20).

The results indicate that there indeed might be a cost to juveniles of fledging in a social
environment of biased sex ratio such that a male-biased environment led to more com-
petition, independently of the density.

Effects on social environment on natal dispersal
We used data on the settlement for first year breeders in the study area to estimate local
survival and natal dispersal of the offspring that experienced the different treatments.
There was a significant effect of sex ratio on female survival. Females survived less well
in male-biased plots. This result is in line with the negative effect of sex ratio on survi-
val after fledging as discussed in the previous paragraph although no such effect could
be detected for males.

Males dispersed less than females, both in terms of distance and in terms of chance to
leave the plot of origin. Figure 21 shows all natal dispersal movements recorded
between the breeding seasons of 2005 and 2006.

Statistical analysis of these data showed no significant treatment effects on dispersal.
From a graphical exploration of the patterns (not shown in detail) we get the impression
that all individuals showed a tendency to leave the plot of fledging more if there was a
female-biased sex ratio or a high density. When splitting these graphs for either males
or females the same pattern persists, so both males and females leave high density and
female-biased areas. Statistically it is difficult to show that males and females follow the
same pattern since in male-biased plots few females were present and vice versa.

Concluding remarks
The work as it stand now suggests that manipulation of the sex ratio in the nest had no
clear effects on offspring survival and growth over and above brood size effect. This
may have been mediated by a change in provisioning behaviour of the parents in rela-
tion to sex ratio of the brood. After fledging, survival of the new cohort was better for
young originating from female-biased plots independently of sex. In terms of local sur-
vival till breeding the same was found but only for females. Apparently, competition was
stronger with increasing proportions of males.

Although the dataset on natal dispersal was too small to come to firm conclusions, disper-
sal tended to be away from high density plots and from female-biased plots, suggesting
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Figure 21. Overview of dispersal movements of individuals that were nestlings (of the first
brood) in 2005 and breeders (also first brood) in 2006. Each dot represents an individual that
bred in the same plot as it fledged. Arrows represent individuals that changed between plots
with the arrowhead indicating the breeding plot. The top figure shows female dispersal and
lower picture shows male dispersal. Plots are colour coded according to treatment in 2005.
Blue plot were male-biased, pink plots were female-biased and green plots were control (i.e. sex
ratio = 0.5.). Light colours represent low density and dark colours represent high density plots.
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more competition for birds originating from these plots. The last effect is perhaps surpri-
sing since survival was better for young originating from female-biased plots, suggesting
less competition. Maybe survival was better there because of higher natal dispersal.

Our original aim was to investigate how competition might affect fitness of the
offspring, whether competition was sex specific, and if and how frequency dependent
processes increase the fitness of the rare sex, as would be expected in a species with a
sex ratio of 50:50. On the basis of the data of the first season presented here we can
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come to a few first statements. Experimental male bias in the plot of birth had a nega-
tive effect on survival, both in the autumn and over the whole winter. With respect to
natal dispersal the trend was opposite. Birds from female-biased plots dispersed more.
It is not clear yet whether competition was sex specific in the sense that males compete
more with males or females compete more with females. The patterns are more consis-
tent with competition between the sexes.

Although there is an indication for frequency dependent selection (survival depends on
male sex ratio), no elements as yet are detected that would increase the fitness of the rare
sex. We will see whether new data from repeated experiments in subsequent years will
consolidate the pattern.

Fighting for food: how the spatial distribution of food affects interference competition
among free-living ruddy turnstones
Wouter K. Vahl and Theunis Piersma

Competition is often thought to be one of the prime factors affecting the success of fora-
ging animals. Foraging animals may compete with each other by depleting resources,
but competition may also arise from mutual interactions (‘interference’) such as fights
or avoidance behaviour. While the exploitation of resources is a relatively straightfor-
ward process, behaviours underlying interference competition are various and complex
and understanding of this type of competition is still rudimentary.

Students of interference competition among foraging animals usually study the effects
of forager density concurrently with effects of food density. By accounting for the den-
sity of food, it is implicitly assumed that variation in the spatial abundance of resources
(‘spatial clumping’) does not affect the interference process. This assumption may well
be problematic as numerous empirical studies have shown that the spatial distribution of
food affects the aggressive behaviour and the intake rate of foraging animals and because
natural food distributions generally are not homogeneous.

We studied whether and how the spatial distribution of food affects the interference pro-
cess among free-living foragers. In a field experiment conducted on the beaches of
Delaware Bay, New Jersey, USA (Fig. 22), we provided wild birds with experimental
plots in their usual foraging area. We manipulated the distribution of food by varying the
distance between a fixed number of regularly distributed food pits. We recorded the
responses of visiting ruddy turnstones Arenaria interpres (Fig. 23), a species that we
previously used to address the same question in laboratory experiments on captive fora-
gers. Because in free-living foragers interference and patch selection are connected
behaviours, we used multivariate statistics to analyse effects on aggressive behaviour,
intake rate and abundance simultaneously.
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Figure 22. In spring the beaches of
Delaware Bay (New Jersey, USA) attract
high numbers of waders. These birds use
the bay as a stopover site in their migra-
tion to Arctic breeding grounds.
Photo by Wouter Vahl

Figure 23. Wild birds were provided with experimental plots that varied in the distance between
a fixed number of so called food pits. The responses of visiting ruddy turnstones were recorded
by measuring their abundance, intake rate and aggressive behaviour. Photo by Wouter Vahl
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Figure 25. When food was spaced out, the product of intake rate and the number of foragers
(the ‘foraging pressure’) was higher. Such a reduction in predation pressure as a result of
increased predator interference may be an important advantage of clumping to prey.
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Red knots give up flight capacity and defend food processing capacity during winter
starvation
Maurine W. Dietz & Theunis Piersma

During the last phase of starvation, animals depend mainly on protein breakdown. All
organs are a potential protein source. Do starving animals prevent particular organs from
being catabolised in order to defend certain functions? In this study we investigated if
starving birds maintain locomotion and digestion capacities, both essential for the re-
covery process. We compared body composition data of healthy wintering and winter-
starved red knots Calidris canutus islandica, a long-distance migrating shorebird that
breeds on High Arctic tundra in Canada and Greenland and winters in temperate coas-
tal areas such as the Wadden Sea and the British estuaries. Throughout the wintering
period they eat hard-shelled molluscs ingested whole. In total 81 healthy wintering and
22 winter-starved knots were collected between September and March, and in January
and February, respectively. The wintering knots mainly came from the Wadden Sea
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number, intake rate and aggression of turnstones, the spatial distribution of food has to
be known. Additionally, these findings imply that the pressure exerted by turnstones on
their prey varied with the distance between food pits (Fig. 25); such a reduction in pre-
dation pressure as a result of increased predator interference may be an important advan-
tage of clumping to prey. This suggests that the small-scale distribution of food may ulti-
mately affect the dynamics of both predators and their prey.
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Figure 26. The ratio between means of starved and non-starved birds for body mass, fat-free
dry organ mass and intestine length in knots (RK), oystercatchers (OY1: winter-starved birds,
Zwarts et al. 1996; and OY2: birds starved during 14-day spring cold spell, Marcström and
Masscher 1979), lapwings (Vanellus vanellus; LA, starved during 14-day spring cold spell,
Marcström and Masscher 1979), barn owls (BO, starved in winter in captivity at 5°C until the
reversible period of phase III, Thouzeau et al. 1999), and rhinoceros auklets (RA, starved oil
victims, Oka and Okuyama 2000). The dotted line represents the ratio of 1, an indication of no
change between winter-starved and wintering. The ratio for body mass is given by the solid
line. Black symbols: locomotor organs; white symbols: digestive organs. Pectoral muscles and
liver are indicated with a triangle.
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(fresh lighthouse and routine capture victims), the winter-starved knots were collected
in the Delta area, South-West Netherlands. These latter knots were found frozen dead
during periods (in 1987, 1991 and 1997) when the mudflats were frozen and/or covered
with ice and food was inaccessible. During these periods, a massive starvation occurred,
involving other marine bird species as well. Also, the intestinal contents of the knots
consisted solely of green pancreatic juice. Hence these knots were considered to have
died of starvation and were well preserved when collected in a frozen state.

Our results showed that winter-starved knots had catabolised 60.6 % of their pectoral
muscles. This was much more than the decrease in overall body mass (31.9 %). As a
result, their flight capacities will have been reduced. Winter-starved knots defended the
muscular gizzard, which lost only 18.6 % of its mass. As knots crack the ingested shell-
fish with their gizzard, the organ is essential for food processing. The intestines and liver
were not defended; their atrophy equalled that of the pectoral muscles (60.4 and 60.0 %,
respectively).

Just as in knots, in starved oystercatchers (Haematopus ostralegus) pectoral muscle
mass had decreased much more than body mass (Fig. 26), suggesting that their flight
capacities were also impaired. However, starved barn owl (Tyo alba) and rhinoceros
auklet (Cerorhinca moncerata) showed decreases in pectoral muscle comparable to that
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Gaast, zondagmorgen

Neem een kanoet, neem een kerkuil
allebei aan het verhongeren.
Dan sterft de eerste met een
verteerde vliegspier en een intacte
maag, de tweede met een verteerde
maag en een intacte vliegspier –
met de één is het nog niet gedaan
zolang hij een schelpje kan kraken
met de ander niet zolang hij nog
een prooi kan bejagen.

Natuurlijke selectie zei Theunis
genietend (ook wel van de zon en
de koffie met keallepoat en het
gekwetter van de mussen) – tot
op de drempel van de dood.

Koos van Zomeren
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in body mass, indicating that flight capacity was maintained during starvation. A major
difference between the species are their foraging characteristics. Knots and oyster-
catchers depend on their legs for foraging (walking), while owls and auklets depend on
their wings (flight in barn owl and swimming underwater in rhinoceros auklet). For
these latter species, preserving pectoral muscle mass at a minimum level of flight or
swimming abilities is essential to maintain foraging abilities during starvation. This
comparison led to the conclusion that starving birds only defend organs that are essen-
tial to either obtain or process food. These organs are maintained at the minimal level of
normal capacity. Other organs decrease below this level and may lose much of their
functional capacity.

We conclude that during starvation events, birds still defend organs that are essential to
obtaining and/or processing food at the cost of the size of organs that are less important
for immediate survival. Thus even near death, with low fitness prospects, the pattern of
phenotypic flexibility of organisms is still interpretably adaptive.

The story inspired the Dutch novelist and author Koos van Zomeren to the following
poem:
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Figure 27. Debbie Buehler at work in the lab on Texel, preparing the plates to assay the killing
capacity of blood of different micro-organisms. Photo by Theunis Piersma

Knots show patterns of immune function which corresponded to physiological changes
experienced over the annual cycle (Fig. 28). For example, S. aureus killing, C. albicans
killing and heterophil counts show an increase during mass gain and a peak during mass
loss followed by an abrupt drop and then a trough during peak moult. Conversely, total
white blood cell counts (75% of which are lymphocytes) were high during peak moult.
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Immune function over the annual cycle in red knots
Debbie M. Buehler, Theunis Piersma and Irene Tieleman

The immune system is important for survival and has been increasingly measured as a
proxy for self-maintenance when addressing ecological and evolutionary questions
about life history trade-offs. Although seasonal changes in environmental conditions and
physiological status are an eminent part of the life of most animals, preciously little is
know about the ways that immune function changes throughout the annual cycle, and
how different components of immunity interact. In this progress report we describe
immune function in the context of the entire annual cycle using data taken on a month-
ly basis for several measures of standing (i.e. permanent, non-induced) immune func-
tion in red knots (Calidris canutus) held in climatized aviaries at the Royal Netherlands
Institute for Sea Research (NIOZ) on Texel. We selected three types of assays: (1) The
microbial-killing assay, which measures the capacity of blood to kill microorganisms in
vitro, where a higher “killing” ability is interpreted as a greater capacity to limit infec-
tion (see Fig. 27). (2) White blood cell counts, which provide a description of circula-
ting cellular immunity, including counts of phagocytes and lymphocytes. (3) The hemo-
lysis-hemagglutination assay, which measures complement and natural antibodies.
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This description of immune function over the annual cycle suggests that certain aspects
of immunity co-vary. To examine relationships among immune measures a principal
component analysis (PCA) was performed. Immune responses could be collapsed into
three axes which explained 78% of the total variability in the data, but we interpret only
the first two here. The first axis is correlated with lymphocytes, monocytes and throm-
bocytes and we interpret this axis as “low cost” immunity. This interpretation is based
on the fact that lymphocytes are closely tied to antibody mediated acquired immunity,
one of the cheapest immune responses in terms of resources demands. Furthermore,
lymphocyte action is highly specific and causes little or no damage to normal host tis-
sue. Monocytes and thrombocytes are phagocytic and thus tied to the inflammatory
response; however, macrophages (the mature form of monocytes) are long-lived phago-
cytes that also act as antigen presenting cells linked to acquired immunity and throm-
bocytes are not only phagocytes but also play an important role in blood coagulation.
Thus the “low cost” axis may represent a baseline level of immunity which must be
maintained throughout the annual cycle and which may be up-regulated when more
costly measures become “too expensive”.

The second axis is correlated with S. aureus killing, C. albicans killing, heterophils and
hemolysis and we interpret this axis as “high cost”. S. aureus and C. albicans killing are
carried out mainly through phagocytosis and heterophils are the main phagocytic cells
in birds. Although both macrophages and heterophils produce a variety of toxic products
which may harm host tissue during phagocytosis, heterophils are short-lived while
macrophages can phagocytose many times before dying. Thus heterophils, though and
important first line of defense, may be harmful to the host when used in excess because
when they die they form pus in inflamed tissue possibly increasing tissue damage during
inflammation. Complement (which mediates lysis) is also tied to phagocytosis and the
inflammatory response and must be highly regulated to avoid damage to host tissues.
Thus this axis is more costly in terms of “collateral damage” costs. Furthermore, the
phagocytosis and inflammation based responses are also considered more costly to use
in terms of resources than the lymphocyte based acquired response.

Figure 29 suggests different immune strategies during different stages in the annual
cycle. The groupings indicate that during mass gain there is a shift towards higher “high
cost” scores, during mass loss scores are high on both axes, and during peak moult there
is a shift towards more “low cost” and less “high cost scores.

In captivity the annual cycle begins with moult into breeding plumage and migratory fat-
tening. High “high cost” scores during fattening may be explained in part by interactions
with corticosterone. In red knots corticosterone increases during fattening, and hetero-
phil numbers increase with corticosterone. However, interactions with corticosterone
cannot explain the pattern entirely because corticosterone drops during mass loss, whe-
reas “high cost” scores continue to rise. This pattern may be explained by nutritional
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Figure 29. The groupings of monthly principal component means suggest shifts in immune func-
tion over the annual cycle. The numbers associated with monthly means correspond to the nume-
rical labels in Fig. 28.
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state. After fattening in captivity, red knots refrain from eating for a few weeks, and
enhanced non-specific immune activity has been linked to mild forms of experimental
food restriction. The abrupt drop in “high cost” scores after mass loss may be related to
an endogenous cue to suppress inflammatory immunity during migrating and breeding
which occur during this time period in free-living knots (Fig. 28) or it could be simply
preparation for moult. During peak moult, “high cost” scores were low and “low cost”
scores were high. If our interpretation of the axes is correct then this pattern fits the idea
of a shift away from high cost and towards low cost immunity during moult, a period of
considerable energetic investment. Furthermore, during moult growing feather follicles
are easily broken, creating small wounds which may increase the risk of autoimmunity
if the inflammatory response is overactive. Thus suppression of high cost immunity in
favour of more specific immunity may also be advantageous in terms of autoimmune
costs.

We propose that these findings support the possibility of different immune strategies
during different periods in the annual cycle via changes in investment within the stan-
ding immunity.
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Overview of academic results

The Community and Conservation Ecology group studies the mechanisms that structure
ecological communities, and tries to provide insight in how such communities can best
be managed, restored and protected. This includes studies on different trophic levels
(soil biota, plants, herbivores, predators) with emphasis on understanding the conse-
quences of the interactions between trophic levels for the structure of ecological com-
munities. We do this by studying the key processes that determine the abundance and
distribution of species in ecological communities, as competition, facilitation, resource
partitioning, dispersal, plant-herbivore and predator-prey interactions.
The research is organized in three themes: biocomplexity, coastal conservation ecology
and restoration ecology. We work both in the tropics (savannas, tropical rainforest) and
in the temperate zone (salt marshes, coastal dunes, inland wetlands). The following sec-
tions contain an overview of exciting results found in different projects within our group
during 2006.
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The role of dispersal constraints in the assembly of salt-marsh communities
Esther Chang

The presence and population sizes of different species in plant communities can be in-
fluenced by a number of different factors. The environmental conditions of the site
where the community is located may predispose whether species are able to establish or
not. The interactions between species (e.g. competition or facilitation) at a site may also
determine whether species persist, spread or disappear from a community. For the past
few decades, ecologists have focussed on these types of local-scale explanations for
community patterns. However, species may also have to travel to a site in order to have
the possibility of joining a community. Using a sequence of communities increasing in
age (i.e. chronosequence) on a coastal Dutch island, Schiermonnikoog, as a model sys-
tem, I explored how the mobility of plant species (i.e. dispersal constraints) can influ-
ence the structure of salt-marsh communities.

Soil seed bank generally reflects plant community
Studying the relationship between patterns in the vegetation (i.e. plant community) and
soil seed bank (i.e. reserve of seeds stored in the soil) along a community sequence can
predict which types of factors influence community composition. Three possible rela-
tionships are proposed: the similarity between the vegetation and soil seed bank a) is
relatively high and does not consistently increase or decrease with age, b) decreases as
communities age and c) is relatively low and does not consistently increase or decrease
with age. The first case implies strong dispersal filters, the second implied strong filters
in soil seed bank formation and seed production, and the third implies strong filters in
establishment.
The Sørensen similarity index ranged between 0.47 and 0.73 with no consistent patterns
along the age gradient. Multivariate analysis indicated that the most important factor in
explaining species variance in the vegetation (75.1 %) and soil seed bank (61.4 %) in
these communities was the age of the community. Also, the positions of species along
the age gradient were similar for the vegetation and soil seed bank, indicating similar
trends in abundance of species both above-and-below ground. The relationship between
the vegetation and soil seed bank for the salt-marsh communities on Schiermonnikoog
most closely resembled the first proposed relationship, thus indicating that seeds of
many species remain close to their parent plants despite regular tidal inundations.

Small herbivores (hares and geese) less important than tidal water in dispersing seeds
Having established that limited mobility of seeds may influence communities, the effec-
tiveness of different agents that transport seeds was compared. We studied how seeds
move through the digestive systems of hares and geese (endozoochory) on
Schiermonnikoog by examining the contents of their droppings a) collected along the
community sequence and b) after experimentally feeding them a set amount of seeds.
We also trapped seeds dispersed by tidal water using Astroturf® mats (Fig. 1).
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Hares deposited more seeds of mid-successional, perennial, high-marsh species than
geese, which deposited more seeds of early-successional, annual, low-marsh species.
Seed survival and germination of salt-marsh species were higher after ingestion and pas-
sage through the digestive system of hares (10 - 40 %) compared to geese (2 - 13%).
However, small herbivores dispersed two orders of magnitude fewer seeds than those
dispersed by tidal water. Therefore, they are not likely to be important factors influen-
cing community composition at this coastal island in the Netherlands.

Storms strongly affect seed movement
Results indicated that hydrochory (seed dispersal by water) is more effective than end-
ozoochory (internal seed dispersal by animals) on Schiermonnikoog. We further ex-
plored the factors influencing the movement of seeds by tidal water including timing of
dispersal. Species compositions of vegetation, seed rain, seed production and driftlines
along a chronosequence of communities were compared on Schiermonnikoog.
Storm surges had a significant effect on seed-rain patterns as the highest density (Fig.
2a) and diversity of captured seeds were found during a stormy period. Seed rain of
youngest communities was more influenced by storms than that of older communities
(Fig. 2c). Results suggested mostly local dispersal of seeds during normal tides.
However, there was some evidence of long-distance dispersal occurring during storm
surges in younger communities that are regularly inundated with tidal water. The role of
seed retention in constraining community development, rather than dispersal per se, was
further examined.
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Figure 1. Astroturf mat used to trap seeds in tidal marshes. Photo Esther Chang
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Retention of dry vs. wet seeds
The studies in hydrochory suggested that the important ecological issue concerning seed
transport during storm surges may not be whether seeds move but whether they stay in
suitable sites. Factors influencing retention of seeds were explored. We examined inter-
actions between seed morphology, moisture conditions, vegetation structure and hydro-
dynamic variables and the relative role of each factor in determining seed retention
based on factorial experiments. Experiments were conducted in a tidal salt marsh
(Schiermonnikoog) and in a flume facility (Fig. 3) where hydrodynamic variables could
be controlled.
Moisture condition of seeds greatly influenced which factors were most important in
determining seed retention. Seed type (buoyancy) was the most significant factor when
seeds were dry (Fig. 4a & b). In contrast, hydrodynamic effects dominated retention pro-
cesses when seeds were waterlogged (Fig. 4c & d). Results suggest that buoyancy traits
appear to determine whether seeds move in the drier summer and autumn months, after
initial detachment from parent plants but the intensity of wave action will determine
whether waterlogged seeds stay in a microsite during the wetter months of late autumn
to early spring.
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Figure 2. Temporal and spatial patterns in seed density captured on seed traps over two trap-
ping seasons. Letters represent statistically different group means within each graph. The
“S”represents the occurrence of major storms.
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Figure 3. Flume facility at NIOO-CEME (Yerseke). Photo Esther Chang

Figure 4. Percentage seed retention found in two stand types (Festuca rubra, Limonium vulgare)
for initially dry seeds (a & b) and waterlogged seeds (c & d). Up to three hydrodynamic treat-
ments (upcoming tide, flow velocity, waves) were applied to dislodge seeds in a flume facility.
Results for seeds of Plantago maritima, Suaeda maritima and Elytrigia atherica are shown.
Error bars represent standard errors (n = 5).
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Conclusions
In short, studies conducted on Schiermonnikoog indicate that the distribution of species
(i.e. presence or absence in communities) is most strongly constrained by establishment
conditions at the local site. The greatest proportion of species are filtered out at the stage
of dispersal from the local to community species pool (Fig. 5) but almost all these spe-
cies are those tolerant of brackish but not saline conditions. Even if these species
managed to disperse into communities from the local species pool, it is not likely that
they would establish in these low-elevation communities. The abundance of species,
however, is influenced by processes controlling seed deposition and retention rather than
those regulating dispersal per se. The high transport potential of storm surges likely
enhances distribution of species but restricts their abundance at a site.
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Figure 5. Assembly model of salt-marsh communities on Schiermonnikoog from the regional
to community scales. Numbers refer to species found in each species pool or community.
RSP = regional species pool, LSP = local species pool, CSP = community species pool.
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Remote sensing of tree species distributions across tropical forest
Patrick Jansen

The distributions of tree species across tropical forests are of central importance to our
understanding of species coexistence in hyper diverse ecological communities. Analyses
across fully mapped forests up to 50 ha large suggest that larger scales must be consi-
dered to understand species distributions. With Stephanie Bohlman (Princeton
University) and Helene Muller-Landau (University of Minnesota), PhD student Carol
Garzon-Lopez, I am exploring the technique of crown mapping from high-resolution
aerial photographs as a tool suitable for much larger scales. Particular species have
crowns so distinct that canopy-statured individuals can reliably be recognized from such
photos. The team has taken hundreds of photos from an aeroplane overflying the target
forest – Barro Colorado Island in Central Panama – at low altitudes in parallel swaths.
These photos are then geo-referenced by registering them to high-resolution satellite
images, using control points visible on both types of images, such as flowering Tabebuia
guayacan trees (Fig. 6). Overlap between adjacent photos allows mosaicking the sepa-
rate images to a single geo-referenced image covering the entire 160,000 ha island,
which can be linked to other features that have been mapped across the same area.

Critical to the performance of aerial crown mapping is that it reliably captures the most
relevant individuals, for example those responsible for the major part of the seed pro-
duction. This was tested the arborescent palm Astrocaryum standleyanum across 25 ha
of mapped forest on Barro Colorado Island. We measured fruit production for all 555
individuals by visually counting fruits from the ground, which is possible in this parti-
cular species. Simultaneously, sun-exposed crowns of the palm were mapped across the
same area from high-resolution aerial photographs, which were linked back to ground-
mapped stems. First, we verified whether crown presence and crown area on aerial pho-
tos were associated with fruit crop size at the level of individuals. Then, we determined
how well spatial variation in Astrocaryum fruit density across the study area was pre-
dicted by remotely-sensed densities and areas of sun-exposed crowns compared to
ground-mapped densities and diameters of stems. The result was that both the likelihood
and area of crown exposure on aerial photographs increased with individual fruit crop
size. Although representing just one third of all individuals in the study area, the crowns
visible on the photos represented 57% of all fruits produced. The spatial pattern of remo-
tely-sensed crowns was strongly correlated with the spatial pattern of fruit abundance
based on direct fruit counts, and correctly showed the areas with the highest and lowest
fruit abundances. Crown density predicted spatial variation in fruit abundance equally
well as did stem density. Weighting by crown area did not improve the prediction. This
test suggests that aerial crown mapping can capture the most relevant individuals in the
community. In this case, it was a reliable and cost-effective method for estimating spa-
tial variation in fruit abundance across large areas. A possible application in wildlife
conservation is the selection of high-resource areas, which can support a larger biomass
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of wildlife per unit area than random areas, and may therefore yield a relatively large
return for conservation efforts.
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Figure 6. Aerial view of tropical rainforest at Barro Colorado Island, Panama. The yellow
trees are Tabebuia guayacan with blossom so vivid that flowering trees are on high-resolution
satellite images. Photo Marcos Guerra

Effects of poaching on tropical tree communities
Patrick Jansen

Over-hunting of wildlife is an increasing problem in tropical forests throughout the
world. Many forests that appear “intact” are in fact largely or even completely lacking
large-bodied birds and mammals, the preferred game species. Because most of these
species are herbivores, frugivores and/or granivores, their removal is likely to change
the playfield for the plant species they interact with. It has been argued that especially
large-seeded plant species will be negatively affected, because they typically rely on
large-bodied animals for seed dispersal, and may therefore have reduced dispersal in
hunted systems. The less successful forest trees are in dispersing their seeds away from
their vicinity, the lower the proportion of the seeds that will successfully establish into
seedlings and survive. On the other hand, large-seeded species may be affected positi-
vely by loss of game species, because their seeds often suffer high rates of predation by
large-bodied animals. This means that more seeds may survive, unless other seed
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predators such as invertebrates compensate. At present, it is unclear how recruitment
effects of reduced dispersal versus reduced predation by vertebrates compare, hence
whether there is a net effect of loss of game species on the large-seeded plant species.

With Joe Wright (Smithsonian Tropical Research Institute, Panama) and many others, I
have set up a series of experiments tropical forest in Central Panama to understand how
hunting affects consecutive early life stages of large-seeded trees. They consider two
large-seeded palm species: Astrocaryum standeleyanum and Attalea butyraceae. In both
species, most of the seed dispersal ánd most of the seed predation is by the same mam-
mal, the Central-American agouti (Fig. 7), which is a highly preferred game species.
Agoutis consume large amounts of palm seeds, but also function as seed dispersers
because they “scatter-hoard” palm seeds: they bury palm seeds in shallow soil surface
caches, each with a single seed, scattered across the forest. The cached seeds are drawn
upon as food supplies during the dry season, when very few tree species produce fruits.
Typically, a proportion of the seeds are never recovered and those are often in an excel-
lent position to establish into seedlings. In contrast, seeds not buried by agoutis are
believed to suffer high mortality rates due to specialized insects.

We compared various aspects that determine early recruitment success among individual
palms across twelve one-ha plots: six with low mammal abundances due to poaching,
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Figure 7. The Central-American agouti (Dasyprocta punctata) is the disperser ánd predator of
palm seeds in Central Panama. Photo Roland Kays
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and six with high mammal abundances. Within each set, three plots had a high abun-
dance of palms and palm fruits, and three had low palm abundances. The components
of recruitment success that were measured included seed production, pre-dispersal seed
predation, rates of seed removal by rodents, seed dispersal ratios and distances, seed dis-
persion, rates of cache survival, ultimate seed fates, seedling recruitment ratios, seedling
survival, and seedling dispersion. Two approaches were combined: they following
offspring during consecutive life phases in various complementary experiments; and
they reconstructed dispersal and predation by linking seed and seedling dispersion and
survival patterns to distributions of adult palms. The results show that dispersal is clear-
ly reduced at the hunted sites. However, this negative effect is more than offset by re-
duced seed predation and seedling mortality rates. Invertebrates did not fully compen-
sate for reduced seed consumption by rodents. The net effect of hunting was to relieve
intense recruitment limitation. These results suggest that hunting can indirectly affect
mechanisms of species coexistence. This effect may partially explain why palms attain
dominance in disturbed forests, which usually have high levels of hunting, at the cost of
other tree species and hence biodiversity.

Herbivores in space: resource partitioning among large African herbivores in a
spatially heterogeneous landscape
Joris Cromsigt

Large mammalian grazers are among the most conspicuous species groups of the animal
kingdom. The richest assemblages of large grazers can be found on the African conti-
nent. Diverse large grazer assemblages and the grazing systems they live in have been
ascribed great socio-economic as well as ecological value. Alarmingly, these diverse
grazer communities and their ecological and socio-economic role are increasingly threa-
tened. Free-roaming large grazers have disappeared from large parts of Africa and the
remaining areas with high species richness seem to coincide with regions that have the
highest human population growth, so the human-wildlife conflict is due to increase. To
conserve these diverse assemblages and their functional role we need to understand what
factors shape the large grazer communities in time and space. In other words we need to
understand how these different large grazer species can locally coexist. Though preda-
tion pressure and disease susceptibility have been mentioned, partitioning of the food
resource is generally accepted to be the basis of large grazer niche differentiation and
ultimately coexistence. In the past several studies have emphasized the importance of
body size to explain the separation of feeding niches amongst large African grazers
along resource quality and quantity axes, based on the hypothesis that larger grazers can
tolerate a lower-quality diet than smaller ones. Prerequisite is that there is sufficient
variation in resource quality and quantity available to large grazer species to be able to
coexist. Up to now, in the African context resource heterogeneity has mostly been defi-
ned in terms of variation in plant species and in vegetation structure, such as grass height
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or leaf-stem ratio. Furthermore, several studies argued that different-sized grazers parti-
tion resources over time, where species use the same areas and plant species but at dif-
ferent moments in time during large-scale migrations, exploiting different vegetation
growth stages that vary in resource quality and quantity. In many areas, however, these
large-scale migrations do not (or no longer) occur (such as in many southern African
reserves). Still these same areas sustain species rich and abundant grazer assemblages
without clear evidence of competition for resources. Clear empirical evidence how these
species partition their resources is still lacking.

In my PhD thesis I argue that this is partly due to the fact that the spatial dimension has
not been well incorporated into our thinking on large grazer resource partitioning. Spa-
tial variation in resource quality and quantity can be defined at different spatial scales,
from the feeding patch level to landscape gradients. Past studies have linked spatial
variation in resource quality and quantity to single species foraging behavior and some
studies have modeled the effect of resource heterogeneity on the stability of grazer po-
pulation numbers. We, however, lack empirical studies that specifically relate resource
heterogeneity to spatial resource partitioning and ultimately coexistence patterns in spe-
cies rich grazing systems. I, therefore, explored how naturally coexisting large African
grazers might spatially partition resources by defining variation in resource quality and
quantity at different spatial scales using experimental as well as observational techni-
ques. All studies were carried out in Hluhluwe-iMfolozi Park, a 90,000 ha reserve on the
South African east coast, just south of Swaziland and were mainly focused on the six
commonly occurring large grazer species in the park; impala, warthog, wildebeest,
zebra, buffalo and white rhino. In the thesis I start with describing how the body mass
of these grazer species influences their distribution over the landscape and how this dis-
tribution is linked to landscape variation in habitat type and quality (Fig. 8). The larger
species were more evenly distributed over the landscape than the smaller species and
had a more diverse habitat use, though digestive physiology influenced this relationship.
By differently distributing over the landscape, large grazer species might partition their
resources at a coarse landscape scale. At a finer scale (hectares) soil type differences
cause spatial variation in grassland types. Grazer species partition these grassland types
that differ in resource quality and availability and fire interacts with grassland type to
affect grazer community composition. In general, grazing lawn sites, situated on relati-
vely sandy soils, are nutrient hotspots and attract all grazer species. On the relatively
clayey soils bunch grasslands attract the larger grazer species (wildebeest and larger),
especially in the months after a fire. At an even finer scale (metres), most grassland in
Hluhluwe-iMfolozi is characterized by a high spatial heterogeneity at the patch level,
with alternating patches of short and tall grass. In a field experiment where I manipula-
ted variation in short grass patch size and resource quality I found that species differ in
their selection of patch size and quality. Hence this within-grassland heterogeneity
might increase opportunities for resource partitioning amongst savanna grazers and ulti-
mately mediate their coexistence. Moreover, at this scale grazers do not only respond to
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heterogeneity, but they can also shape vegetation heterogeneity. I experimentally tested
a scale-dependent mechanism that might drive short-tall grass patch dynamics in savan-
na grasslands. This mechanism is based on an interaction between very large (mega)
grazers, such as the white rhino, and smaller grazers. The mega grazers cause distur-
bances above a certain scale (such as wallows and middens), which attract smaller gra-
zers. The intense localized grazing of the smaller grazers hence promotes lawn develop-
ment (Fig. 9). These results support the suggestion that the diversity of grazer commu-
nities is a significant aspect of savanna ecosystem functioning.

Concluding, resource partitioning does not simply happen at one spatial scale but large
grazers actually partition a complex resource landscape where a hierarchical set of fac-
tors determines the spatial heterogeneity of resource quality and quantity at different
spatial scales. However, many studies in the past were actually limited to a single spa-
tial scale. Our future challenge is that we need to design studies where we really inte-
grate spatial scale into our thinking about how herbivores partition this complex resource
landscape. These new studies might benefit from newly available techniques, such as
remote-sensing of vegetation quality and satellite tracking of grazers that allow us to
better integrate observed patterns of spatial resource use across spatial scales.

From a practical conservation perspective the results of this study emphasize the need
to take spatial resource heterogeneity into account when managing savanna systems.
These results support the shift towards a new paradigm in the management of grazing
systems. This so-called heterogeneity paradigm states that management should promote
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Figure 8. Heterogeneous landscape. Photo Joris Cromsigt
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grassland heterogeneity to maintain biologically diverse communities in these systems.
Fine scale heterogeneity might counterbalance a lack of reserve extent, because optimal
and suboptimal resources become available in home ranges of sedentary species. In con-
trast coarse-grained systems, where there are only large-scale gradients that affect
resource quality and quantity, have to be sufficiently large for animals to find the right
balance of optimal and suboptimal resources. This means that focusing on reserve size
would still be necessary in some cases (e.g. Serengeti system) but in places where the
abiotic template is heterogeneous small reserves might provide a good alternative sup-
porting diverse and abundant large grazer populations. This offers opportunities for
areas where many different stakeholders compete for space, such as the province of
Kwazulu-Natal in South Africa where Hluhluwe-Umfolozi Park is situated. In other
words next to reserve size, the available scale of heterogeneity of e.g. topography or soil
types should be an essential criterion for reserve planning.

Shifts in vegetation mosaics: the establishment of facilitative shrubs in grazed woodlands
Chris Smit

My research mainly deals with dynamics of grazed woodlands in Switzerland, Spain
and, since recently, in the Netherlands. Particularly in western-European nature areas
large herbivores have been introduced at large scale with the aim to promote landscape
heterogeneity and with that biodiversity. The fundamental processes enhanced by these
large herbivores are complex and, until now, only partly understood. Grazing is thought
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Figure 9. Impala on grazing lawn. Photo Joris Cromsigt

CEES 2006 - COCON:1.qxd  12-8-2007  19:01  Pagina 86



to create and maintain cyclic shifts in vegetation structure leading to a mosaic of grass-
land, shrub thickets and forest patches (shifting mosaic theory). However, there is a
great need of detailed documentation and empirical evidence for these shifts in vegeta-
tion structure in order to further proposed underlying theories. A better understanding of
the fundamental processes is a requirement for conservation and management purposes
of all grazed nature areas in Western-Europe.
Recent studies show that spiny shrubs such as Prunus spinosa and Crataegus monogyna
play a crucial role in the dynamics of grazed woodlands: they protect saplings of trees
against large herbivores, initiating the establishment of isolated forest patches in the
landscape. Now, focus of Chris’ research is on the sexual recruitment of these ‘ecosys-
tem-engineers’ in the landscape. This establishment phase of spiny shrubs in open grass-
lands is of vital importance for the further development of vegetation mosaics but, thus
far, poorly understood. Observations of establishments are rare; hence, this phase may
well form the bottleneck for shifting mosaics in grazed woodlands.

For this research, traditionally grazed woodlands along the river Vecht in the province
of Overijssel are used as model system (Fig. 10). By means of descriptive and experi-
mental studies the limiting factors for the establishment of shrubs are quantified. This is
done independently for the seed, seedling and sapling phases as for each life-stage a dif-
ferent set of regulatory processes may be operating. In autumn and winter seed dispersal
by birds is studied with seed traps in order to assess the quantity, quality, distance and
direction of dispersal. The magnitude of predation of dispersed seeds is assessed by
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Figure 10. Grazed woodland with mosaic of grassland and oak trees, facilitated by spiny shrub
thickets. Photo Chris Smit
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monitoring sets of seeds placed on Petri-dishes in the field. To determine suitability of
microhabitat for sexual recruitment, field sites are intensively screened and local (a)bio-
tic conditions with and without seedlings are compared. In order to assess herbivory and
survival chances of recruits, seedlings and saplings are planted in open grasslands and
in swards/thickets, in both grazed and ungrazed areas.

Preliminary results show that predation of dispersed seeds by rodents is significant, par-
ticularly under shrubs, but not in open grassland and swards. This indicates that, for sur-
vival, seeds need to be dispersed away from shrubs. Furthermore, recent established
recruits are found in unpalatable swards in humid areas, which suggest both suitability
for germination and ‘safe sites’ for herbivores. At the moment, studies are underway to
further assess the limiting factors for shrub establishment in grazed woodlands. Results
of this study will advance the understanding of the elementary processes in grazed
woodlands and further the shifting mosaics theory.

The Digital Seed Atlas of the Netherlands
René Cappers, Renée Bekker and Judith Jans

In 2006 a unique volume was issued as a result of collaboration between the Groningen
Institute of Archaeology and the Community and Conservation Ecology Group of the
University of Groningen. The Atlas contains ca. 4000 detailed pictures of seeds and
fruits of 1828 taxa of the Dutch Flora. This publication may be regarded as the succes-
sor to Beijerinck’s seed atlas (1947). A new seed atlas was needed because the 1976
reprint of Beijerinck’s seed atlas has long been out of print and its contents out dated.
Just like Beijerinck’s seed atlas, this atlas presents a unique picture of the variation and
the characteristics of the seeds and fruits of our flora, and is designed to be a tool to iden-
tify seeds and fruits. Because the seeds and fruits of many plants have clearly visible
diagnostic characteristics, the seed atlas can also be used to identify seed-bearing plants
via their ripe seeds and fruits.
The rise of digital photography has also made it possible to publish this atlas as a com-
bination of a book and a website. The photographs in the book are arranged in accor-
dance with the system in the 23rd edition of Heukels’ Flora van Nederland (Van der
Meijden, 2005). All the photographs can be consulted on the website of the University
of Groningen Library (www.seedatlas.nl). This website not only enables the photo-
graphs to be examined in more detail, it is also possible to use search keys based on the
taxonomy and on the seed and fruit characteristics to identify and name an unknown
seed or fruit. Already after six months this website belongs to the top five of best visi-
ted websites of the RuG.

The aim of this Atlas has been to illustrate all the species that were included in the 23rd
edition of Heukels’ Flora. In addition to the wild plants of the Netherlands, this flora
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also includes adventitious plants and cultivated plants that have gone wild. In only a
very few cases was it impossible to obtain ripe seeds or fruits. These are sometimes
extremely rare species, and sometimes species that multiply vegetatively and thus never
or only very rarely set seed (e.g. Convolvulus lineatus and Armoracia rusticana). Most
of the hybrid species and some subspecies or varieties have not been included either. On
the other hand, the subspecies of some species have been included, even though they
may not be accepted as separate taxa anymore, because they demonstrate a variation in
seed morphology. Examples of this include the subspecies of the Branched Bur-reed
(Sparganium erectum) and the Common Fumitory (Fumaria officinalis).

In principle, the diaspore of every species has been illustrated. The diaspore can be a
seed, a fruit or a fruit with flower parts. The seeds of plant species whose seeds are re-
leased from the fruits during dispersal have been illustrated. This, for example, applies to
most members of the legume family (Fabaceae), whose fruits (pods) spring open along
one or two sutures, and the crucifers (Brassicaceae), whose seeds fall out of the fruits
(silicules) when two valves open. As far as possible a representative fruit of every plant
genus whose seeds are released from the fruits has also been illustrated, see figure 11.
When the seed remains enclosed by the fruit, as for example with the schizocarps of the
umbelliferous plants (Apiaceae) and the nuts of the Daisy family (Asteraceae), then only
the fruit is illustrated. In order to emphasize the difference between fruit and seed with such
fruits, typical seeds from such fruits have been dissected and also illustrated.When it is also
possible to confuse parts of fruits with seeds, such as the hard, innermost parts (‘endocarps’)
of juicy drupes, illustrations of both the fruit and the seed are included. An example of this
is the complete fruit, the endocarp and the seed of the Elder (Sambucus nigra).
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Figure 11. From fruit with spines and fruit without spines to the bare fruit of Spinacia
oleracea. Photo Judith Jans
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A number of species have extra photographs in order to support research on subfossil
plant remains. This concerns species of which many fragments are found in archaeologi-
cal contexts and whose identification can be problematic. Examples of such species
include Wild-oat (Avena fatua), domesticated Oat (Avena sativa), Charlock (Sinapis ar-
vensis) and Wild Radish (Raphanus raphanistrum). In addition, certain genera with dru-
pes have illustrations of the hard fruit parts (endocarps) because often it is only these parts
that have survived in an archaeological context. Thus all the Pondweeds (Potamogeton
and Groenlandia) have not only the complete fruits illustrated but also the endocarps.

The photographs have been taken with a Stemi SV 11 stereomicroscope, an Axiocam
digital camera and KS 400 software from Zeiss. A special macro routine was developed
to take the calibrated photos and to archive the measurement data.
The seeds and fruits have been photographed against a white background, with scale in
each photograph and in fixed orientation i.e. in the same position in order to simplify com-
parisons between species. This has the advantage that the background can be used to adjust
the white balance so that the colours of each seed and fruit is as natural as possible. One
consequence, however, is that fruit pappus and other hairy appendages could not always
be photographed. In order to make details sufficiently visible and avoid overexposure, the
fruit pappus and other hairy appendages were removed in advance. If that is the case, for
example within various plant genera of the Daisy family (Asteraceae), this has been sta-
ted next to the photo in question. Only in a very few cases has a grey or black background
been chosen to enable the hairy structures to be seen. Illustrations of the structures not
included here will be added to the collection of images on the website at a later stage
because these structures in particular play a major role in the dispersal ecology of plants.
A short description in English indicates what is actually being illustrated in the photo.
Every plant species has a unique photo number that is noted in the lower right-hand cor-
ner of every frame. If a taxon has more than one photograph included, the photo num-
bers are expanded with letters.
The seeds and fruits that have been photographed come from the comparative collec-
tions of the Groningen Institute for Archaeology (GIA) and the ‘Community and Con-
servation Ecology Group’(COCON) of the University of Groningen (RuG), R.T.J.
Cappers’s seed collection, the comparative collection of the Deutsches Archaeologi-
sches Institut (DAI, Berlin) and of the Nationaal Herbarium Nederland (Leiden Branch).
The seeds and fruits from Beijerinck’s seed collection, stored at the Nationaal
Herbarium Nederland (Leiden Branch) have been used for some plant species. Fleshy
fruits have where possible been collected fresh. With the exception of some examples
from Beijerinck’s seed collection, all the photographed seeds and fruits have been inclu-
ded and archived in the comparative collection of the Groningen Institute for
Archaeology. Data about the origins of the plants can be found on the website of the
University of Groningen Library. In 2008 it is planned to issue volume II of these series,
The SeedAtlas of World Economic Plants, whereas in 2010 the last volume, The Digital
Seed Atlas of Subfossil Remains, may be expected.
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and thereby prevent a response to flagellin. After the recovery period the plant tissue
regains the ability to signal and respond to flagellin. Apparently, both systems strongly
overlap in either signal transduction or response mechanims.
The presence of systemin and flagellin is perceived by the plant when they are bound to
receptor-like kinases, a large family of membrane bound receptors in plants, that signals
the binding of a ligand to the exterior domain of the receptor by activation of the int-
racellular kinase domain and the subsequent phosphorylation of second messengers. In
collaboration with the group of Peppelenbosch at the Medical Faculty of the University
of Groningen and with a group at the Utrecht University we started a project to develop
a system that makes use of the specific activation of these receptor-like kinases to moni-
tor the exposure of plants to pathogens and possibly other stresses before any visible
damage is aparent. By using so-called kinase-chips, developed by PepScan, which is a
glass carrier containing an array of different oligopeptides that can be used as a substrate
for kinases, the differential activity of kinases in plant samples is visible as a pattern. As
the first to do so, we demonstrated that receptor-like kinases do give distinctive patterns
on the kinase chip. Further development is aimed finding pathogen and stress specific
patterns on the kinase chip and utilizing these patterns in diagnostic tools for use in
green houses.

Interaction between atmospheric and pedospheric sulfur nutrition
C.E.E. Stuiver, F.S. Posthumus, M. Durenkamp*, S. Kopriva* and L.J. De Kok
(*John Innes Centre, Norwich, U.K.)

In addition to wet deposited atmospheric sulfur, which may be taken up as sulfate by the
root, plants are also able to utilize foliarly taken up sulfur gases as sulfur source for
growth (Figure 1). The absorbed SO2 and H2S may directly enter the sulfur assimilatory
pathway and be metabolized into organic sulfur compounds and contribute to plant sul-
fur nutrition. For instance, it has been established, that a continuous exposure of curly
kale (Brassica olereacea) to 0.06 µl l-1 H2S appeared to be sufficient to cover the sul-
fur requirement for growth, in the absence of sulfate in the root environment. However,
the ability of Chinese cabbage (Brassica pekinensis) to utilize SO2 as sulfur source
strongly depends on the sulfur status and/or developmental stage of the plant and pro-
longed sulfate-deprived plants benefited only little from SO2 exposure. It was unclear to
what extent the latter effects can be explained by an interfering toxicity of SO2 in the
absence of sulfate supply.
At the whole plant level, the uptake of sulfate by the root and its transport and assimi-
lation in the shoot is coordinated by and balanced with the actual sulfur requirement for
growth. Exposure of plants to SO2 and H2S may affect the uptake of sulfate by the root,
and its transfer to and its reduction in the shoot. For instance, upon H2S exposure of B.
pekinensis or B. Oleracea at 0.1 µl l-1, this species switched from utilizing sulfate
taken up by the root to sulfide taken up by the shoot as the sulfur source for structural
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growth, which resulted in a partial decrease in the uptake of sulfate by the root and its
reduction, the latter illustrated by a decrease in activity and expression of theAPS reduc-
tase activity in the shoot (Figure 2).
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Figure 1. Deposition and emission of COS, H2S and SO2, and their interaction with plant sulfur
metabolism. APS reductase, adenosine 5'-phosphosulfate reductase; Fdred, Fdox, reduced and
oxidized ferredoxin; GSH, GSSG, reduced and oxidized glutathione.

Figure 2. Impact of atmospheric H2S exposure on mRNA level and protein level of adenosine
5'-phosphosulfate reductase (APR) in shoot and roots of Brassica oleracea. For Western analy-
sis antibodies against Arabidopsis APR2 were used. Antibodies against transketolase (TK) from
potato were used as a loading control.
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Sulfate deprivation of the root generally induces multiple responses enabling an enhan-
ced sulfate uptake efficiency on a whole plant basis. For instance, sulfate deprivation
generally results in a rapidly induced mass expression of the sulfate transporters
mRNAs accompanied with an enhanced sulfate uptake capacity by the roots, whereas
more prolonged sulfate deprivation results in an altered shoot to root biomass partitioning
in favor of that of the root. Despite the fact that plants are able to transfer from sulfate
taken up by the root to absorbed SO2 and H2S as sole sulfur source for growth, the enhan-
ced sulfate uptake capacity, a mass expression of the various sulfate transporters in the
root and the altered shoot to root partitioning in favor of that of the root upon sulfate
deprivation were not rapidly alleviated upon exposure. Apparently in the absence of sul-
fate in the root environment there was a poor shoot to root signaling for the regulation
of sulfate uptake and shoot to root partitioning.

Regulation of the uptake and distribution of sulfate
A. Koralewska, F.S. Posthumus, C.E.E. Stuiver, P. Buchner*, M.J. Hawkesford* & L.J.
De Kok (*Rothamsted Research, Harpenden, U.K.)

The uptake and distribution of sulfate in Brassica oleracea, a species characterized by
its high sulfate content in root and shoot, are highly coordinated and adjusted to the sulfur
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Figure 3. Sulfate uptake capacity and expression of the high affinity sulfate transporters,
BolSultr1;1 and BolSultr1;2 sulfate in roots of Brassica oleracea grown at various concentra-
tions of sulfate in a 25 % Hoagland nutrient solution.
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requirement for growth even at external sulfate concentrations close to the Km value of
the high affinity sulfate transporters. Plants were able to grow normally and maintain a
high sulfur content even if grown at 5 or 10 µM sulfate in the root environment.
Abundance of mRNAs for the high affinity sulfate transporters, BolSultr1;1 and
BolSultr1;2, in the roots were enhanced at 25 µM sulfate, and this was accompanied
with an up to three-fold increase in the sulfate uptake capacity (Fig. 3), whereas sulfate,
organic sulfur and thiol contents were only slightly affected. Upon sulfate deprivation,
there was a mass induction of the sulfate transporters, BolSultr1;1, BolSultr1;2,
BolSultr1;3, BolSultr2;1 and BolSultr4;1, whilst the sulfate uptake capacity was only
increased up to four-fold. Plant growth and shoot to root biomass partitioning were
affected only upon sulfate deprivation and not at low external sulfate concentrations. It
is likely that the internal sulfate concentration itself acts as a determining factor in the
regulation of the activity and expression of the sulfate transporters and shoot to root par-
titioning in B. oleracea.

Glutathione, the “S” factor in plant function, plant health and food quality
M. Tausz*, E. Schnug**, S. Haneklaus** & L.J. De Kok
(*University of Melbourne, Creswick, Australia; **FAL, Braunschweig, Germany)

Glutathione is a primary plant metabolite and plays a central role in plant sulfur nutri-
tion, its adaptation to climate change and environmental stress, resistance to pathogen
and wounding, detoxification of herbicides and heavy metals, and - as an antioxidant
and presumed anti-carcinogen - in determining the nutritional quality of plant-derived
foodstuff. Its presumed involvement in plant functioning as reductant, redox regulator
via sulfide/disulfide exchange, signal compound and anti-oxidant requires a complex
but precise regulation of the intracellular glutathione levels. However, there is still insuf-
ficient information on in situ turnover and the subcellular localization of glutathione in
plants under various environmental conditions. The in situ glutathione level in plants
appears to be very dynamic and strongly affected by physiological and environmental
factors. These gaps in our understanding of glutathione metabolism in plants preclude a
more efficient management of agro- and natural ecosystems for nutrition, stress resi-
stance, pathogen resistance and risk assessment (“Sulfur-Induced Resistance”), and
adaptation to global change as well as streamlining food production and processing to
optimize nutritional quality. The impact of the environment, and biotic and abiotic stress
on the regulation of glutathione synthesis and cellular and subcellular distribution
during growth and development is currently investigated.
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Whole tree regulation of sulfur and nitrogen uptake and metabolism in Eucalyptus
as affected by climate change factors
M. Tausz*, G. Bossinger*, M.J. Hawkesford**, I. Stulen & L.J. De Kok
(*University of Melbourne, Creswick, Australia; **Rothamsted Research, Hapenden, U.K.)

Climate change will affect ecosystems in a number of sometimes-contradictory ways,
such as promoting plant growth by elevated CO2, or limiting plant growth by increasing
environmental stress due to e.g. increasingly dry conditions. Given the outstanding
importance of the genus Eucalyptus, understanding the responses of trees is crucial to
understand climate change effects on forest ecosystems. One significant challenge in
responding to climate change will be the adaptation and management of tree nutrition to
the changed demand; a task that cannot rely on presently used empirical knowledge, but
will instead require a functional and mechanistic understanding of plant nutrition. Novel
molecular and experimental techniques enabled functional insights into the uptake and
assimilation of nitrogen and sulfur, two major plant nutrients with closely linked func-
tions. Due to the long life spans, long transport and signaling distances, and the access
to large storage tissues in trees, their regulation and metabolism of nutrition is signifi-
cantly different from that of herbaceous plants. Research is aimed at studying the whole
tree regulation of the uptake, distribution and assimilation of S and N related to growth
and development of Eucalyptus as affected by the global change factors elevated CO2
and drought. The regulation of transporter genes and key assimilation genes, the nutrient
fluxes, and major N and S metabolites will be determined in relation to the growth rates
of the trees to give a whole-tree picture of the regulation. In summary, the following
research questions are currently addressed: i) how is regulation of N and S metabolism
tied to the demand on a whole plant level, ii) is there shoot to root signaling of N and S
status, iii) what are the effect of global change and stress factors on the regulation of N
and S metabolism and iv) are there differences between Eucaluptus species.
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Recent developments

In 2006, Eveline Verhulst started her Ph.D project on the molecular genetic regulation
of sex determination in Nasonia, partly funded by the Pioneer grant of L. Beukeboom.
We received an ALW Open Competition grant entitled “Genetics of postzygotic isola-
tion in Nasonia” on which Tosca Koevoets was appointed. In July we attended the first
progress meeting of the Nasonia Genome Project in New York. We developed a Nasonia
educational programme entitled “The sex life of the parasitoid wasp” that is now regu-
larly applied at high schools by the RuG Discovery Truck.

Overview of academic results

Our group aims at unraveling the interplay between genetic and evolutionary processes.
On the one hand we study how the course of evolution is affected by genetic constraints,
the mode of reproduction, and the availability of genetic variation. On the other hand,
we aim at understanding how evolutionary forces and processes (i) shape the structure
of genetic variation within and among populations, (ii) shape life histories and repro-
ductive systems, (iii) shape adaptations of organ¬isms and populations to non-genetic
(environmental stress) and genetic (genetic load, inbreeding depression) challenges, and
(iv) shape and affect speciation and extinction probabilities.
In the broad field of evolutionary genetics the group addresses a variety of research
questions that are grouped in two research sub-programmes. Although each sub-pro-
gramme has a clear research focus, it is important to realize that the two units do not
work in isolation, and that many research problems are jointly, e.g. integrated and
bridged by Ph.D student projects that are co-supervised.

Evolutionary genetics

The Evolutionary Genetics sub-programme seeks to understand the genetic regulation
of reproductive systems and how reproductive mode has shaped mating systems and
life-history characteristics. The main focus is on elucidating the underlying genetics and
evolution of sex determining mechanisms (Ph.D project of Eveline Verhulst aimed at
unravelling the molecular genetic regulation of sex determination in the haplodiploid
wasp Nasonia, Ph.D project of Magdalena Kozielska on the evolution of various sex
determining mechanisms in the housefly, Musca domestica), sexual versus asexual
reproduction (Ph.D project of Irene Mateo Leach on sexual and asexual reproduction in
the parasitoid Venturia canescens) and the process of speciation (Ph.D project of Aitana
Peire Morais on the genetic basis of prezygotic isolation in Nasonia species, post-doc
project of Rinaldo Bertossa on the molecular genetic basis of reproductive behaviour).
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In addition, we study the consequences of these reproductive modes and processes for
the structure of genetic variation in natural populations (Ph.D project of Bernd
Grillenberger into the phylogeography and population genetic structure of Nasonia vitri-
pennis, Ph.D project of Joanna Reszka on inbreeding in Drosophila and Nasonia). We
mainly use parasitoid wasps (Hymenoptera) and houseflies as model systems. Below we
present progress on some aspects of our research programme.

Sex determination in Nasonia (1)
We combine a genetic and a molecular approach in our research on the mechanism of
sex determination in Nasonia. The Ph.D project of Eveline Verhulst covers the molecu-
lar work. We start with the genetic approach which is performed by Albert Kamping.

Almost all taxa contain species with two sexes: males and females. However, the gene-
tic mechanisms underlying the establishment of the two sexes are quite diverse. From an
evolutionary point of view it is important to understand the genetics behind the various
mechanisms. In many organisms sex determination relies on heteromorphic sex chromo-
somes. In mammals the presence of the Y-chromosome is the primary determinant of
maleness and in Drosophila the ratio of X-chromosome to the autosomes is the key factor
for sex determination. Chromosomal sex determination also applies for birds and fish.
This type of primary sex determination does not hold for the order Hymenoptera, which
includes ants, bees and wasps. These insects have a haplodiploid sex determination system:
haploid males arise from unfertilized eggs, while diploid females arise from fertilized eggs.
However, diploid males and triploid females have also been reported, but never haploid
females. It is unclear how this can be reconciled with the mechanism of sex determination.
The honeybee, a member of the Hymenoptera order, has single locus Complementary
Sex Determination (sl-CSD). Beye et al. (2003) characterized the csd gene and found
many alleles with different amino acid sequences. Heterozygotes for this gene develop
into females, whereas hemi- and homozygotes develop into males. Inactivation of the
csd gene also leads to development of males. The consequence of this mode of sex deter-
mination is the presence of diploid males, which can easily be generated by inbreeding
under laboratory conditions. This type of sex determination was originally demonstra-
ted 60 years ago for the parasitic wasp Bracon hebetor, and has now been confirmed for
over 60 species of Hymenoptera as we showed in a review article in Frontiers in
Zoology. However, not all species generate diploid males by inbreeding and these there-
fore do not have sl-CSD. This has led to the development of alternative models for
haplodiploid sex determination.
N. vitripennis, a small parasitic wasp (figure 1), is one of the species that does not have
sl-CSD, although, as in other Hymenoptera, it has a haplodiploid system of sex deter-
mination. Some exceptional individuals have been found, such as fertile diploid males
and triploid females, but these diploid males appear to have arisen by mutation rather
than by homozygosity at the sex locus.
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Females and males of a particular species can generally be distinguished on the basis of
their secondary external sexual traits. Occasionally, individuals with both female and
male “external” characters occur. Such gynandromorphic individuals are widespread
among taxa, but typically occur at very low frequencies. They have been reported from
mammals, birds, fish and insects, including over 60 species of bees. Gynandromorphs
may originate from an incorrect functioning of the sex determination system, for example
in Drosophila, where the primary signal for sex determination depends on the ratio of
sex chromosomes and autosomes. Environmental conditions appear to strongly affect
the occurrence of gynandromorphism. It has for example been shown that the propor-
tion of gynandromorphic individuals can be increased by short pulses of high tempera-
ture in Hymenoptera.
We studied gynandromorphism in N. vitripennis in relation to the underlying genetic
mechanisms of haplodiploid sex determination (figure 2). Following discovery of
gynandromorphism in natural isolates of N. vitripennis, eleven field collected strains
were tested for gynandromorph production (table 1). This was accomplished by setting
females as virgins and scoring for gynandromorphs among their progeny. A natural N.
vitripennis strain collected in Canada was found to produce gynandromorphs at approxi-
mately 5% among unfertilized eggs. We investigated the genetic basis of this trait, pos-
sible influences of cytoplasmically inherited factors (e.g. Wolbachia and mitochondria),
pattern of gynandromorphism, ploidy of gynandromorphs, and effects of temperature at
different stages of development on frequency of the trait.
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Figure 1. Nasonia vitripennis, ovipositing female on a blowfly pupa (left) and male (right).
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Figure 2. Morphology of Nasonia vitripennis. Male (A), female (B), gynandromorph with
female antennae (C), gynandromorph with female antennae, wings and legs (D). Black arrows
indicate femaleness, red arrows maleness.

Field strain origin # mothers # mothers % gynandro- mean # of
tested producing morphs (N) offspring (SE)

gynandrom.
NV CD12 Canada 14 14 9.27 (81) 62.4 ( 6.5)
NV XIDB433AP Idaho 15 0 0 ( 0) 93.5 ( 6.3)
NV IN2217 Indiana 13 2 0.23 ( 3) 100.4 ( 8.7)
NV IN226 Indiana 14 13 3.52 (54) 109.6 ( 7.0)
NV MI003C Michigan 14 1 0.07 ( 1) 100.0 ( 8.7)
NV MI204 Michigan 13 0 0 ( 0) 119.5 ( 8.3)
NV SP013 New York 15 2 0.14 ( 2) 96.7 ( 8.1)
NV R0020 New York 12 2 0.17 ( 2) 96.4 ( 9.6)
NV UTC402C Utah 12 0 0 ( 0) 75.6 ( 9.6)
NV XUTC406A Utah 12 0 0 ( 0) 91.9 (10.6)
NV WYC400G Wyoming 15 3 0.23 ( 4) 118.3 ( 5.8)

Table 1. Frequencies of gynandromorphs in N. vitripennis field strains from different geographic
origin.
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Virgin females from the original CD12 line were found to produce gynandromorphs and
males, whereas only males are normally expected from unfertilized eggs in this haplo-
diploid insect. The gynandromorphs could either be derived from haploid eggs, or could
result from non-disjunction during meiosis in eggs, giving rise to diploid embryos for
all or some chromosomes. Cytological examinations of 459 developing eggs and brain
tissue from 99 four-day-old larvae only showed haploids, whereas 40% gynandro-
morphs and uniparental females were expected based on emerging control wasps. This
result shows that gynandromorphs and uniparental females are haploid and are not de-
rived from non-disjunction of maternal chromosomes or other mechanisms, such as
endoduplication, that could result in diploidization.
Data on the CD12 line suggested that it might contain genetic (or epigenetic) variation
in gynandromorph production. We therefore initiated a selection experiment for high
and low production of gynandromorphs (figure 3). A significant response for high
gynandromorph production was found after one generation of selection and the fre-
quency remained high for seven more generations of selection without a significant
increase. This shows that the original field strain was polymorphic for gynandromorp-
hism and suggests that the genetics behind gynandromorph production is relatively
simple. The Low line showed a decreasing trend in frequency of gynandromorphs. From
generation one onwards, there was a significant difference in gynandromorph frequen-
cy between the High line and the Low line (P < 0.001, for each generation of selection).
The selection lines are subsequently identified as HiCD12 and LoCD12, respectively.
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Figure 3. Bidirectional selection for gynandromorph frequencies. Mean frequencies of gynan-
dromorphs (with standard errors) among the uniparental offspring of 30 individual females
during eight generations of selection for high and low frequencies of gynandromorphs.
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Taking advantage of the Paternal Sex Ratio (PSR) chromosome in Nasonia, we could
investigate whether fertilization of the egg per se alters the probability of gynandro-
morphism, as opposed to the effects of diploidy restoration in normal fertilized eggs.
Matings with PSR males lead to the transformation of diploid zygotes into haploid zy-
gotes, due to improper condensation of the paternal chromosomes in the first mitosis,
and generate sons only. HiCD12 females (N=16) mated with PSR males produced a high
proportion of gynandromorphs (mean=0.483, SE=0.033) at 31º. This value was similar
to the offspring of HiCD12 virgin females at that temperature (mean=0.458, SE=0.036),
indicating that fertilization per se has no effect on the production of gynandromorphs.
Intracellular bacteria such as Wolbachia are known to alter sex determination in diffe-
rent insects, including parasitic wasps. Therefore, we investigated whether Wolbachia or
some other intracellular bacteria were potentially involved in gynandromorph produc-
tion by screening the HiCD12 strain for Wolbachia, by cytological examination and by
antibiotic treatment. No amplification product was obtained from HiCD12 using Wol-
bachia specific primers, although controls amplified properly, indicating that this strain
is free of Wolbachia. Since nearly all natural isolates of N. vitripennis carry Wolbachia,
we suspect that the selected HiCD12 strain lost its endosymbiont during prolonged dia-
pause prior to testing, as has been observed in the past. Further analysis showed no
amplification product with general 16S ribosomal DNA derived from the HiCD12 strain
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Female features
Anterior ---------------------------------------------------------------------------→ Posterior

1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd All ♀ N (Fraction)
AN AN HW HW FL FL ML ML HL HL Features
√ 8 (0.039)
√ √ 58 (0.282)
√ √ √ 17 (0.083)
√ √ √ √ 22 (0.107)
√ √ √ √ √ 5 (0.024)
√ √ √ √ √ √ 3 (0.015)
√ √ √ √ √ √ 1 (0.005)
√ √ √ √ √ √ √ 3 (0.015)
√ √ √ √ √ √ √ 1 (0.005)
√ √ √ √ √ √ √ √ 2 (0.010)
√ √ √ √ √ √ √ √ 1 (0.005)
√ √ √ √ √ √ √ √ √ 3 (0.015)
√ √ √ √ √ √ √ √ √ √ 8 (0.039)
√ √ √ √ √ √ √ √ √ √ √ 74 (0.359)

1.00 0.961 0.680 0.597 0.490 0.456 0.451 0.421 0.422 0.398 0.359 206

Table 2. Pattern of gynandromorphism in the HiCD12 strain of N. vitripennis.
AN: antenna; FL: foreleg; ML: midleg; HL: hindleg; 1st: one of the two body sides of a
particular feature; 2nd : both body sides of particular feature; √ : feature present.
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and hence indicated the absence of other prokaryotic endosymbionts. The positive con-
trols showed an amplification product of about 1400 bp
The pattern of gynandromorphism was determined for 206 individuals (table 2).
Individuals were scored for antennae, wings, legs and external genitalia. The data show
a clear anterior/posterior patterning of femaleness. For example, gynandromorphic indi-
viduals that had one or two female wings always had two female antennae; and indivi-
duals with one or more female legs always had female antennae and female wings, et
cetera. Lateral differences were much rarer and were generally restricted to one anterior/-
posterior unit (36 out of 39 cases). All tested parthenogenetic individuals with complete
female characters (N=17) had ovaries, but the number of ovarioles (four on each abdo-
minal side in normal females) is deviant and ranged between one and five on each side.
The number of mature eggs per female is significantly lower than in normal females (4.2
± 0.7 SE versus 28.8 ± 1.8 SE; P<0.001). Thus, although parthenogenetic females are
able to lay eggs, both fecundity and fertility are extremely low.
To measure temperature effects on gynandromorph production virgin females of the
HiCD12 strain were individually allowed to parasitize hosts at four different temperatu-
res: 20º, 25º, 29º and 31º. There was a striking and significant increase in the fraction of
gynandromorphs with increasing culturing temperature (table 3A). At 31º, a six-fold
increase in the frequency of gynandromorphs was observed in comparison with 20º cul-
turing temperature. All four culturing temperatures showed a relatively low level of
variation in the fraction of gynandromorphic individuals per mother. However, the
variance in expression of male and female characters was high at all temperatures and
also present within the offspring of a single mother. We further observed that develop-
mental time and body-size of the emerging adults were negatively correlated with
rearing temperature.
To determine whether a particular sensitive period exists at which gynandromorphism is
induced, females were allowed to oviposit at high temperature for two hrs and then
removed, after which hosts were placed back at 20º after different time periods of expo-
sure to the higher temperature. After four hrs treatment at 31º (two hrs of oviposition fol-
lowed by another two hrs at 31º), no increase in gynandromorph frequency was found
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A Temperature B Period at 31º (hrs)
20º 25º 29º 31º 4 8 12 24

Mean 0.074 0.149 0.235 0.426 0.109 0.401 0.341 0.299
S.E. 0.009 0.015 0.017 0.041 0.045 0.090 0.078 0.029
# Females 20 14 14 13 8 8 8 16
# Offspring 1198 550 529 382 48 47 53 99

Table 3. A. Mean fraction (with standard error) of gynandromorphs in the offspring of virgin
HICD12 females cultured at four different temperatures. B. Mean fraction (with standard error)
of gynandromorphs after different periods at 31º. Parasitizing occurred at 31º during two hrs
and the hosts were subsequently left at 31º for additional hrs and then transferred to 20º, where
further development was completed.
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compared to complete development at 20º (Table 3B). Treatment periods of 8, 12 and 24
hrs at 31º resulted in significant (P < 0.05) increased gynandromorph frequencies, which
were somewhat (but not significant) lower than in the case of complete development at
31º. These results suggest that the critical time period for gynandromorph production
occurs between 4-8 hrs after egg-laying. Another set of experiments showed that high
temperature exposure of the female also induces increased gynandromorphism, inde-
pendent of zygotic temperature effects. These results are consistent with a temperature
sensitive sex determining factor that is maternally produced in the egg, and acts during
a sensitive period in early stages of embryogenesis.
We conducted a series of experiments to investigate the genetic basis of gynandromorph
production. Results show an interaction between a heritable cytoplasmic (e.g. mito-
chondrial) effect and a nuclear maternal locus that maps to visible mutation Or123 on
chromosome IV. In a series of backcrossing experiments we independently replaced either
the nuclear or heritable cytoplasmic components (e.g. mitochondria) in the gynandro-
morphic strain. In both cases the frequency of gynandromorphism was strongly reduced.
This means that gynandromorph production involves an epistatic interaction between
the nuclear and the cytoplasmic genotype of the gynandromorph producing strain.
To further investigate the genetic basis of gynandromorphism, we initially performed
reciprocal crosses between HiCD12 and lines with visible markers on different linkage
groups of N. vitripennis. The frequencies of gynandromorphism were scored among F2
males from mothers of the reciprocal crosses at 31° (conducive to high frequencies).
Results of these crosses showed: 1) a strong and significant strain effect, 2) a strong and
significant effect of cytoplasm and 3) no evidence that zygotic genotype linked to any
of these mutants is associated with gynandromorph production. An alternative, consis-
tent with the temperature effects, is that maternal genotype determines gynandromor-
phism rather than zygotic genotype. We tested this with various back crosses between
the HiCD12 and Or123 strains and found that the nuclear component of the trait for
gynandromorphism is indeed primarily a maternal effect locus that is linked to the Or123
gene on chromosome IV. We name this locus gyn1.
It is clear that sex determination in Nasonia works differently from hymenopterans that
have complementary sex determination (CSD), such as the honey bee. Yet, the basic pat-
tern of haplodiploid sex determination still remains, typically haploid males develop from
unfertilized eggs and diploid females develop from fertilized eggs. Therefore, investiga-
ting the mechanisms of sex determination in Nasonia and contrasting it to CSD will be
enlightening for our understanding of how sex determination systems evolve. Several
alternative models to complementary sex determination exist, but none of them account
for all of our observations on Nasonia. The simplest explanation consistent with the
results of this study is that sex is determined through a balance between a maternal effect
gene and the number of chromosome sets in the zygote. However, some of these compo-
nents are differentially imprinted based on whether they are maternal or paternal in ori-
gin. In our gynandromorphic strain an alteration of the counting mechanism occurs
through a modification of the maternal product. To accommodate our earlier observations
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on a polyploid strain and other studies, we maintain that the counting mechanism
responsible for establishing zygotic ploidy is somehow sensitive to the parental origin
of the chromosomal complements. Overlaid upon this mechanism, modification appears
to be affected by a heritable cytoplasmic component (presumably mitochondria) because
cytoplasm influences the level of gynandromorphism. Evolutionary theory predicts that
mitochondria will be selected to favor female production which may account for this
input. Studies of the genetic and molecular basis of this gynandromorphic strain will
help to elucidate the components of this sex determining system. Such studies will be
facilitated by the nearly completed Nasonia Genome Project.

Sex determination in Nasonia (2)

Molecular approach

In 2006 the Nasonia Genome Project (http://www.hgsc.bcm.tmc.edu/projects/nasonia/ ),
of which we were among the initiators (http://www.hgsc.bcm.tmc.edu/projects/nasonia/
NasWhitePaper2004.pdf ), released the first version of the complete N. vitripennis genome
sequence. While the annotation is currently in progress, the availability of sequenced
scaffolds (chunks of genome) have greatly helped in the analysis of the genomic archi-
tecture of the genes that may be involved in Nasonia sex determination.
The molecular genetic pathway of sex determination in insects is diverse, but in all
insect species analyzed so far, one common feature emerges: the eventual alternative
splicing of transcrips from an ortholog of the gene called doublesex (dsx) in Drosophila.
It is assumed that the dsx gene is the pivotal gene in sex determination in insects, but
that the pathway leading to its differential splicing is highly diverse among species. The
best strategy, therefore, to unravel the molecular genetic mechanism of sex determina-
tion in Nasonia is to start with the identification of a dsx ortholog in this species and to
confirm its differential sex-specific splicing.
In collaboration with Prof Carol Trent from the Department of Biology of the Western
Washington University (Bellingham WA, USA), we analysed three potential dsx cDNAs
that were obtained by Reverse Transcriptase PCR (RT-PCR) and are most likely trans-
cribed from two different genes, implying that at least one of these genes is differentially
spliced.

Obtaining the cDNAs

In the dsx gene of Drosophila and all of its orthologs found thus far, there is a motif
coding for the DNA binding domain of the encoded DSX protein. This domain is called
the DM-domain, after dsx (in D. melanogaster) and Mab3 (in C. elegans). Using this
DNA motif, a cDNA library of Nasonia was screened, yielding three cDNAs containing
the DM coding motif. Subsequent sequencing of these cDNAs revealed that two are
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derived from a single gene, termed DM1 and one from another gene, termed DM2. The
difference of the cDNAs from DM1 appreared to be a differential splicing event, leading
to the replacement of one exon with another. As the underlying structure of the DM1
gene was unknown, it was not known which exons were involved in this alternative spli-
cing process.

Expression analysis of DM1 and DM2

Based on the sequence of the cDNAs, we designed probes for both the DM1 and DM2
genes to be used in a Northernblot analysis. For each developmental stage, ranging from
day 1 to 20, RNA from 20 male N. vitripennis individuals was isolated. For comparison,
RNA was isolated from 20 female N. vitripennis individuals that were 20 days old. This
strategy was chosen as it is impossible to discriminate betwee male and female Nasonia
pre-pupal individuals. However, as Nasonia is haplodiploid, unmated females produce
an all male offspring. The Northern analysis showed that both the DM1 and DM2 genes
are expressed from an early (day 2) developmental stage onward. No differential splice
products could be detected between male and female derived RNA, although the DM1
analysis did not yield a discrete banding pattern, in conrast to the DM2 analysis that
showed one discrete band for all developmental stadia (Figure 4). Again no evidence for
differential sex specific splicing was found.
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Figure 4. Northern blot of total RNA isolated from embryonic and larval N. vitripennis hybridi-
zed to a specific DM2 probe. Lanes: M: Molecular marker lane; 2 – 15: N. vitripennis RNA,
males day 1 -14; 16: N. vitripennis RNA, female day 14; 17 -18: N. vitripennis RNA, males day
5 and 6;19: control RNA, D. melanogaster, adult male and female.

The complete sequencing of the N. vitripennis genome, enabled us to search the available
sequenced scaffolds for homology to the sequenced cDNAs of DM1 and DM2.
DM2 is completely included in scaffold 444. Based on homology to its cDNA, the gene is
predicted to consist of two exons, intervened by one intron, and to have a size of 1,6 kb.
RT-PCR, using two exon anchored primers, revealed a single transcription product for
both male and female N. vitripennis, with an apparent higher expression level at younger
age for both sexes.
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DM1 is a large gene of 142 kb and is scattered over 5 scaffolds. The gene consists of 6
predicted exons, of which typically 5 are present in a transcript. The observed alternative
splicing in the cDNA analysis, involves the third exon. There appear to be two variants
for the third exon to be contained in the transcript, termed exon 3a and exon 3b, that are
mutually exclusively represented in a transcript. RT-PCR analysis with anchored primers
for all six exons demonstrated that this alternative splicing is not sex specific.
In silico screening of the N. vitripennis genome sequence has yielded two more DM-
motif containing genes. In addition, genes with homology to the Drosophila gene sex-
lethal and the honeybee (Apis mellifera) Csd (complementary sex determinatio) have
been identified and are currently assayed for involvement in the sex determination of
Nasonia.

Distribution of sex determining factors in the housefly (Musca domestica) in Europe
Ph.D project Magdalena Kozielska, co-supervised by I. Pen and F. Weissing of Theo-
retical Biology, see also the Theoretical Biology section.

Sex determining mechanisms are highly variable between different taxonomic groups
and appear to change relatively quickly during evolution. However, little is known about
the forces responsible for this diversity and turnover. Sex determining mechanisms are
usually fixed in a particular species making it difficult to study evolution of sex deter-
mining mechanisms. The housefly, Musca domestica, is an exceptional species in which
several different sex-determination mechanisms have been found in field and laboratory
populations (figure 5). Standard flies have male heterogamy (XY): a female determining
gene F induces femaleness, but is overruled by a male determining factor M on the Y
chromosome transmitted by males. The M factor can also be located on any of the auto-
somes (so-called autosomal males). In some populations a variant of the F gene occurs
which is dominant over M. This factor is called FD and renders the sex determining sys-
tem to be female heterogamy (ZW).
These different sex determining mechanisms seem to follow latitudinal and altitudinal
clines at several continents. The standard XY system is present in the north and autoso-
mal male and female determining factors in the south, with a gradual change in mixed
populations in-between. It has been postulated that autosomal factors are spreading from
south to north. However, since only one thorough study in Europe (25 years ago) was
performed on the distribution of different factors, little is known about dynamics of the
system.
In the summer of 2006 we performed a field study, funded by the Schure-Beijerinck-
Popping Fund, on the natural distribution of different sex determing mechanisms in
Europe, with a focus on Italy. Our aim was to sample a number of European populations
along latitudinal and altitudinal clines, concentrating on previously investigated loca-
tions and compare frequencies of different factors with the ones published previously
(Franco et al 1982). We sampled populations along a north-south transect from north
Germany to south Italy. At each location we caught around 50 adult males and females.
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We analyzed offspring of the wild caught flies with molecular markers to analyze the
frequency of the dominant autosomal feminizing factor FD. Presence of autosomal M
and the Y chromosome was checked with two generations of backcrosses with a marker
strain that carries visible markers on each of the five autosomes (figure 6), which allows
identification of chromosomal location and number of M factors, a standard procedure
in our lab. We obtained an F1 generation which yielded the frequencies of males homo-
zygous for the male determining factor M. The chromosomal location of M was deter-
mined from segregation of visible markers with sex in the F2 of the backcrosses.
We found a clear latitudinal cline in the frequencies of FD and M (figure 7). Both factors
increased at lower latitudes. No FD was found in Germany, in Switserland they occurred
at low frequency and in Italy at high frequency, sometimes being the only F factor. The
first autosomal M factors were found in northern Italy and their frequency increased
further south. In the far south of Italy some populations lacked Y chromosomes alto-
gether. Autosomal M factors were found on all chromosomes but were most abundant
on chromosome 2 and 3. In some cases males were found to be homozygous for auto-
somal M or to carry multiple M factors on different chromosomes. Such males would
sire highly male-biased progenies in the absence of FD. We find however a clear corre-
lation between autosomal M factors and the frequency of FD. This suggests that multiple
M factors can only accumulate in the presence of FD or, alternatively, FD can only inva-
de populations with multiple M factors. Surprisingly, some of the populations which
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Figure 7. Distribution of F and M factors in Europe.
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were lacking the Y chromosome in the past (Franco et al 1982), now had lower fre-
quencies of FD (often associated with autosomal M) than populations which used to be
mixed. Therefore, these results do not support the suggestions made in the literature that
autosomal M factors are spreading north.

Population & Conservation Genetics Group

The research of the Conservation & Population Genetics group is focused on various
population genetic topics. Considerable emphasis is directed towards understanding the
dynamics of genetic variation in small, endangered populations (conservation gene-
tics), and focuses in particular on studying the occurrence, extent, and consequences of
genetic erosion in relation to the persistence of such populations. We approach these
questions both theoretically (in collaboration with the Theoretical Biology group) and
for a major part experimentally. The latter approach includes both fundamental research
to gain an insight into the genetic processes that underlie genetic erosion, inbreeding
depression, and population extinction by using Drosophila melanogaster as a model
organism, and practical research to analyse the extent and organisation of genetic diver-
sity in endangered species, such as the pine marten, using molecular tools. Other topics
that are addressed can be broadly summarised as population genetics and, among
others, focus on reproductive strategies in plants and animals (e.g. PhD project Bernd
Grillenberger into the sex ratio and genetic structure of Nasonia vitripennis), the evolu-
tion of ageing (PhD project of Audrey Ayrinhac that is aimed at unravelling the genes
determining longevity in Drosophila), and stress adaptation in Drosophila (PhD project
of Renate Geerts on insecticide resistance in Drosophila).
The issues addressed the last couple of years in the research area of conservation gene-
tics are presented more detailed below.

Conservation Genetics Research

Human impact on nature has increased extinction rates of populations and species dra-
matically. Habitat deterioration, fragmentation and destruction are now recognized to
be a major threat for the persistence of biodiversity and many populations and species
are currently at the brink of extinction.. The role of conservation genetics in conserva-
tion biology is twofold: On the one hand, it provides the tools to study the demographic
dynamics of endangered species (e.g. by the use of molecular genetic markers), to infer
their past history (identification of bottlenecks and population expansions), to resolve
taxonomic uncertainties, and to define management units. On the other hand, it studies
the consequences of genetic processes that are inevitable in small fragmented popula-
tions: genetic drift and inbreeding will cause loss of genetic diversity and an increase in
homozygosity. This process of genetic erosion can seriously diminish the adaptive poten-
tial of populations to changing and deteriorating environments, can decrease average
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individual fitness (inbreeding depression) and, consequently, can significantly increase
the extinction risk of endangered species. The field of conservation genetics can signifi-
cantly contribute to the preservation of nature. Different approaches and methodologies,
being theoretical, experimental and applied are needed to build a consistent framework.
Through concerted scientific investigations the Population & Conservation Genetic
group aims to contribute to the field of conservation genetics.

Background

Human impact on nature
Plant and animal species currently have to cope with human induced alterations of their
natural environment. Climate is changing globally at a speed that is higher than obser-
ved in the past 10,000 years and projections into the future show an acceleration of glo-
bal temperature rise. Chemical pollution and other alterations in the physical habitat do
cause environments to become more and more hostile. Destruction of natural habitats
for agricultural development, industrialization and urbanization effect a considerable
decline in population numbers and an increase in extinctions. Importantly, suitable habi-
tat not only becomes deteriorated but also greatly fragmented, leaving isolated patches
of habitat in an otherwise uninhabitable “desert”. This will certainly impede migration
rates and lead to decreased connectivity between populations. Consequently, many (en-
dangered) species find themselves structured in small, isolated populations. As such,
they become increasingly affected by stochastic events, which significantly increases
the probability of extinction through random demographic, environmental and genetic
forces. It is estimated that a significant proportion of the world’s species may become
extinct in the next few decades, while many more species are considered to be either
endangered or vulnerable to extinction.

Genetics and conservation biology
Conservation biology deals with understanding the forces involved in biodiversity dyna-
mics and to provide principles and tools for preserving biodiversity. Within this field,
conservation genetics deals with (i) the genetic processes that affect the persistence of
populations and species, of which genetic erosion is central. (ii) Genetics provides the
tools to describe the structure and dynamics of biodiversity at the genetic level, both in
the past and at present. At the same time, it provides the tools to study and to infer evo-
lutionary change. (iii) Genetics provides the tools to determine important aspects of the
biology of endangered species and to estimate important ecological parameters, e.g. fac-
tors concerning the reproductive system of a species, dispersal and migration patterns.
Such data are often crucial to devise adequate management measures. In the past there
has been considerable discussion about the relative importance of ecological and gene-
tic processes in relation to the extinction risk of endangered species. Currently however,
it is well established that these processes should be studied in concert as genotype-by-
environment interactions affect both.
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Conservation Genetics aims to integrate all these aspects, tools and processes in order
to contribute importantly to understanding the consequences of changing and stressful
environments, habitat fragmentation and accompanying genetic erosion for extinction
risks and the dynamics of adaptation of species to human induced alterations of the
natural environment.

Research Issues

Broadly speaking, conservation genetics research focuses on two interrelated topics:
(i) Research into the impact of genetic erosion on mean fitness and the extinction risks
of endangered species, particularly in relation to changing and deteriorating environ-
ments. (ii) Research into the value and use of different molecular markers and other
tools in characterising (adaptive) diversity, analysing the demographic structure and
dynamics of endangered populations, and inferring conservation units. Eventually, con-
servation genetics should be aimed at providing knowledge, tools, and guidelines for
(genetic) management of small, endangered populations and species. Several important
issues have been addressed in the conservation genetics group these last years are high-
lighted below.

Inbreeding depression and extinction - Genetic erosion in small isolated populations is
thought to result in an increase in homozygosity whereby recessive deleterious alleles
become expressed causing a decrease of fitness: inbreeding depression. There is little
doubt that inbreeding depression can be severe in normally outcrossing species.
Laboratory experiments, using Drosophila as model organism, clearly show the direct
effects of inbreeding depression on persistence (Box 1). In nature the situation certain-
ly will be more complex as genetic and ecological factors are not independent and are
often difficult to disentangle. Therefore, studies that integrate genetic, environmental,
and demographic processes are needed. This is the more important as several observa-
tions suggest that the consequences of genetic erosion become more pronounced under
stress conditions, thereby greatly increasing mortality (Box 2) and extinction probabili-
ties (Box 1). This synergistic interaction between inbreeding depression and environ-
mental stress is currently poorly understood and based on limited studies. Thus there is
a great need to increase and extent those studies also to natural conditions. The interac-
tion between genetic and environmental stress and its impact on fluctuating asymmetry
in Drosophila is the focus of the PhD project by Desiree Joubert.

Purging and the genetic architecture of inbreeding depression - When genetically ero-
ded, there is also considerable variation in the magnitude of inbreeding depression, not
only for different life history traits, but also between species. Upon inbreeding, some
species seem to suffer greatly from inbreeding depression while others seemingly are
unaffected by genetic erosion. In part, this might be due to the fact that species differ in
demographic parameters and/or have different life histories. For instance, haplodiploid
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Consequently, there is a great need to extent and adapt existing theory, and to develop
new theoretical models that will be tailored to such a highly dynamic situation. To this
end, individual based simulation models have great promise to combine genetic and eco-
logical theory. Such models have to be evaluated and validated for their biological rele-
vance in experiments using model organisms The PhD project of Joke Bakker is ensuing
such an approach (see CEES progress report 2002). Ultimately the results have to be
validated in a natural setting.

Objectives of the research programme

All the problems mentioned above are strongly interrelated and necessarily have to be
approached from different perspectives, requiring concerted action of the different sub-
disciplines in Conservation Genetics. In collaboration with other research groups, both at
the national and international scale, the research programme of the Conservation Genetics
Group pursues to promote the design and execution of critical experiments that, on the
one hand, evaluate and test the predictions from theory in a biological context and para-
meterise predictive models, on the other hand, disentangle and deconfound the effects of
the different underlying processes and causes involved. In addition it aims to translate the
insights gained by the conceptual and experimental approaches into schemes, tools and
guidelines for the natural and applied situation to provide practical solutions for the
management of small endangered populations. Such an approach will certainly have
strong synergistic effects and will contribute significantly to improve our understanding
of methodological and applied aspects of conservation genetics. In this way, we not only
may come to a better understanding of threats that await biodiversity, but it will also allow
us to devise better (management) measures to overcome the problems.

Publications 2006

Beukeboom, L.W. & Kamping, A. (2006) No patrigenes required for femaleness in
the haplodiploid wasp Nasonia vitripennis. Genetics 172: 981-989

Kozielska, M., Pen, I., Beukeboom, L.W. & Weissing, F.J. (2006) Sex ratio selection
and multi-factorial sex determination in the housefly: a dynamic model. Journal of
Evolutionary Biology 19: 879-888

Shuker, D.M., Sykes, E.M., Browning, L.E., Beukeboom, L.W. & West, S.A. (2006)
Male influence on sex allocation in the parasitoid wasp Nasonia vitripennis. Behav.
Ecol. Sociobiol. 59: 829-835
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Vermeulen, C.J. & Bijlsma, R. (2006) Changes in genetic architecture during relaxa-
tion in Drosophila melanogaster selected on divergent virgin life span. J. Evol. Biol.
19: 216-227

Vermeulen C.J., Cremers, T.I.F.H., Westerink, B.H.C., Van de Zande, L. & Bijlsma R.
(2006) Changes in dopamine levels and locomotor activity in response to selection on
virgin lifespan in Drosophila melanogaster. Mech. Ageing Dev. 127: 610-617

Vermeulen C.J., Van de Zande, L. & Bijlsma, R. (2006) Developmental and age-
specific effects of selection on divergent virgin life span on fat content and starvation
resistance in Drosophila melanogaster. J. Insect. Physiol. 52: 910-919

Van Wilgenburg, E., Driessen, G. & Beukeboom, L.W. (2006) Single locus Comple-
mentary Sex Determination in Hymenoptera: an "unintelligent" design? Front Zool.
3: 1

Verhulst, S., Salomons, M., Mulder, E. & Van de Zande, L. (2006) Telomere length in
Jackdaws in relation to age, reproduction and survival. Journal of Ornithology 147: 68
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Overview of academic results

The theme of the Department of Marine Benthic Ecology & Evolution is “diversity in
space and time” which is spread over four work programs, each with several projects.
We utilize field and laboratory methods with emphasis on links between ecological and
evolutionary processes. There is a strong emphasis on the development and application
of ecological genetic and genomic tools. In November of this year, Dr. Britas Klemens
Eriksson joined our department as a tenure-track, Assistant Professor in Marine
Community Ecology. His research is currently focused on factors promoting resilience
in complex marine benthic communities. In the coming years we are particularly exci-
ted about possibilities to combine community genetics and phylogenetics with co-evo-
lution and co-diversification of communities.

I. Population and community genetics, phylogeography

The aims are to relate genetic diversity and structure at different spatial scales with bio-
tic and abiotic factors affecting distribution, adaptation and speciation in marine algae,
seagrasses, rays, fish and corals.

Malia Chevolot completed her PhD thesis on the population genetics and phylogeogra-
phy of the common thornback ray, Raja clavata. Rays and skates are part of the by-catch
in demersal fisheries and have been considered outside of the safe biological limits in
the North Sea since 1997. The most important findings from her study were that: (1) Life
history type was not a good predictor of population substructure, i.e., contrasting life
histories (plaice and R. clavata) could produce similar structure and similar life histories
(R. clavata and Amblyraja radiata) could produce different substructure. Thus, low
fecundity, slow growth and an apparently small home-range was not a good predictor.
(2) Most individuals roam over a limited range of 50-130 km but a few range >500 km.
(3) A temporal based estimate of Ne was 400 individuals with an Ne /N ratio of 1.3 x 10-4

to 8 x 10-4. This is small but with no evidence for a loss in genetic diversity over the 40-
yr timeframe. (4) Multiple paternity was documented for the first time in R. clavata.
Females carried eggs fertilized by up to four different fathers based on assignment tests.
(5) Strong regional differentiation (based on msats and mt haplotypes) was detected
between the Mediterranean (including the Black Sea), The Azores and the Atlantic con-
tinental shelf (Fig. 1). Results from multidimensional scaling, AMOVA and nested clade
analysis indicate that British waters are a secondary contact zone recolonised from at
least two refugia—one around the Iberian peninsusla and one possibly in the Azores. An
historical demographic analysis indicates that thornback rays populations were probably
unaffected by the last glacial maximum (Fig. 2). (6) From a conservation perspective,
rays can only benefit from ecosystem-based management.
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Fucus (Fig. 3) continues to be developed as a system for studying mating system evo-
lution and speciation. The genus has recently and extensively radiated throughout the
North Atlantic as revealed by an exhaustive phylogenetic analysis of the genus and all
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Figure 3. Sympatric species of Fucus.

putative species throughout its range (Coyer et al. 2006a). In combination with micro-
satellite loci, a newly developed mt marker was designed from a comparative mt-genome
project (Oudot-LeSecq et al. 2006) (Fig. 4). This marker is proving to be very informa-
tive as compared with earlier rDNA-ITS regions. The more we learn about Fucus, the
more complex it becomes. Reproductive isolation is incomplete resulting in widespread
hybridization (Coyer 2006c). Hybridization occurs only between sister species with con-
trasting mating systems (Fig. 5) and thus, does not fit conventional hybrid zone models.
Survivorship and viability data suggest selection against hybrids in the hybrid zone.
Hybridization along with polyploidy are also sources of genetic variability that have led
to adaptation in new habitats. The Fucus ecad known as F. cottonii (Fig. 6) has a distinct
morphology yet convergent adaptation to marginal habitats such as brackish ponds in
Iceland and salt marshes in Ireland revealed hybridization between F. vesiculosus and
F. spriralis in the former; and polyploidy in the latter. The age of hybrid zones is also of
interest because it facilitates tests of reproductive isolation through reinforcement.
Iceland is an important site because the introduction of F. serratus is known to have
occurred within the past 1000 years (Fig. 7).
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Figure 4. Gene order comparisons among mitochrondrial genomes of three
phaeophytes including Fucus.
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Figure 5. Evolution of the genus Fucus in which sister taxa always
consist of a dioecious and hermaphroditic species pair.

Figure 6. Fucus cottonii in brackish pool, Iceland.
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PhD student Andreas Zipperle is studying the reproductive ecology and population
dynamics of the dwarf eelgrass Zostera noltii in the Wadden Sea (Fig. 8). Zostera noltii
is a monoecious, protogynous hermaphrodite with both sexual reproduction and exten-
sive vegetative propagation. Although protogyny is a mechanism to avoid selfing with-
in the same fruit (autogamy), selfing among flowers on distinct shoots (ramets) belong-
ing to the same genetic individual (genet) is still possible (geitonogamy). This occurs in
the sister species Z. marina, where very large clones cannot avoid selfing. In Z. noltii,
this is less of a problem because clone size (<1m) relative to the dispersal shadow (2-4
m) is smaller. Using microsatellite loci and assignment tests, Andreas determined out-
crossing rates of up to 0.86. Multiple paternity per spathe varied from 1-3 fathers. The
relatedness coefficient among individuals shows that most fertilization is from kin with-
in 1m. Inbreeding was detectable in 32% of the genets. Cleared areas were recolonized
with local genotypes from an apparent seed bank. The degree to which meadow turnover
is governed by local recruitment from a seed bank vs. from de novo seeds coming from
far away is under investigation. It is hypothesized that sweepstakes recruitment is pro-
bably not the mechanism of “new patch” generation.

PhD student Jos Mieog is studying how the corals Acropora and Favites can adjust their
Symbiodinium strain to enhance both survival and fitness under different physical
regimes. Predictably, however, there is a trade-off between strains that do well at depth
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Figure 7. The introduction of F. serratus to Iceland.
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(slightly cooler and lower light) vs. those that do well in shallow (warmer and high light)
conditions. High temperature adaptation is particularly important in relation to global
warming and the phenomenon of coral bleaching. Using reciprocal infection and out-
plant experiments—which are extremely challenging and labor intensive—Jos is wait-
ing to see how the juveniles do with their new symbionts and habitats; and the degree to
which adult corals can change their symbionts. Part of this year was spent developing
and analyzing the first batch of samples with quantitative PCR. Next year’s report
should tell the tale.

II. Eco-genomics, adaptive population divergence and stress

Tooling up to study adaptive population divergence with trait associated genes along
with the development of first-generation microarrays to study the role of stress on gene
expression is currently underway. In 2006 we completed EST libraries (10,000 reads
each) for Fucus vesiculosus (desiccation, high light) and Fucus serratus (temperature,
desiccation); as well as for heat stress in Z. marina (10,00 reads). First generation
microarrays (Agilant) are currently under development for all three species.

Among the 3,500 unigenes assembled for Fucus, annotation success has been very poor
with only about a 30% BLAST identification rate; as compared with 90% for Zostera.
This is not surprising given our poor knowledge of protists (even with two diatom
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Figure 8. Zostera noltii.
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genomes) as compared with angiosperms, but certainly hinders our ability to identify
trait associated genes. A first comparative stress experiment with Z. marina identified a
set of 20 candidate genes (Fig. 9 ).
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Figure 9. Zostera marina temperature stress genes.

PhD student Steven Ferber has spent a good part of this year developing SNP markers
from the Z. marina EST libraries as part of his project exploring the historical demo-
graphy of Z. marina in the North Atlantic. Although informatically identified SNPs are
common (one per 113 bp), most of these are false. Resequencing checks of candidate
SNPs against a panel identified 165 real SNPs from which 60 were polymorphic.
Steven’s preliminary analysis with the new markers has confirmed previous results
based on neutral microsatellite loci. Additional SNPs and msats are being tested for out-
lier behaviour as an indicator of putative selection.

III. Invasive species.

The goal of this program is to establish baseline genetic monitoring and DNA barcoding
data, to identify factors affecting invasion rates and to better understand the mechanisms
underlying their ecological success. The work is focused on seaweeds, mussels, oysters
and tunicates.

Our worldwide work on the invasive seaweed Caulerpa taxifolia entered its eleventh
year with a focus on e-commerce as a vector of dispersal. As reported last year, a sur-
vey of 90 internet sources revealed the availability of Caulerpa species on 60 of them.
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We subsequently purchased Caulerpa (as well as “live rocks”) form 30 of the sites and
sequenced them for definitive identification under the new DNA-barcoding initiative.
Results of >300 sequences have been analyzed and deposited in GenBank (Stam et al.
2006). The established “invasive strain” ofC. taxifolia (theMedtierranean scourge) did not
turn up in our survey; this is the good news. The bad news is that C. racemosa, is the most
commonly available species on the internet and at least one strain of this species, which
can only be identified by its DNA sequence, is known to be invasive. Taxonomic misiden-
tification rates of this taxon are high even among experts. Moreover, the “species” is poly-
phyletic with three distinct clades. Clade III (Fig. 10) is of most public concern.
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Figure 10. Bayesian phylogenetic tree based on ITS1 sequences from Caulerpa racemosa clade III.

Fourth year PhD student, Deniz Haydar has expanded her detective work on the cryp-
togenic ascidian Molgula manhattensis (Fig. 11) This sea squirt is ubiquitous on artifi-
cial substrates in harbors, and as fouling on ship hulls and shellfish. Because of its asso-
ciation with anthropogenic dispersal mechanisms, many ascidians have invaded areas
well outside their native range. A phylogeographic survey has been undertaken using
sequences from a 550-bp fragment of the mtDNACOI in ~250 individuals sampled from
12 populations occurring on both coasts of the North Atlantic and the introduced range
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(Japan, California, Black Sea). Preliminary results suggest thatM. manhattensis is native
to America and that European populations may be introductions based on low haplotype
diversity. Haplotype diversity in the Japanese and Black Sea populations also show low
diversity, while the population from San Francisco Bay shows high diversity—consistent
with multiple introduction events. Further comparisons are underway utilizing museum
collections and the sister taxon, M. socialis in order to assess historical demography and
the possible role of the last glacial maximum in shaping background diversity which may
confound interpretations of low diversity associated with introductions.

Fourth year PhD studentKarin Troost continued her work on the ecological impact of the
Pacific oyster, Crassostrea gigas. This species has rapidly expanded in Dutch estuaries
(since its introduction in the 1960s) and has displaced native bivalve stocks. Because C.
gigas have a particularly high filtration capacity, they are able to filter the larvae of other
species, thereby making them competitively superior over native bivalves in terms of
recruitment potential. Oyster larvae were filtered with 50% lower clearance rates than
mussel larvae. In addition, Troost found that oyster larvae (Fig. 12) are able to escape fil-
tration by swimming upward out of the flow, thereby conferring a second competitive
strategy. In separate experiments, oyster and mussel larvae were added to buckets with and
without adult oysters (n=4). These adults had been feeding for 2 hours and were subse-
quently tied shut. Larvae concentrations were then sampled at three levels in the bucket,
after 50 and 90 minutes. After 90 minutes many oyster larvae had migrated to higher
levels in buckets with oysters but not in buckets without oysters (Fig. 13A). Mussel larvae
were still distributed homogeneously (Fig. 13B). Karin won first prize for her presentation
of these results a the Benthic Ecology Meetings in Quebec City, Canada (March 2006).
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Figure 11. Mogula manhattensis colony.
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IV. Community connectivity and regulation

The aim is to understand the role of functional groups in mediating biodiversity through
different trophic levels. Projects examine the joint effects of producer and consumer
diversity on bottom-up resource availability and top-down consumer mediated trophic
cascades. Communities of interest include rocky shores, coral reefs and, beginning in
2007-8, soft-bottom communities with a focus on the Wadden Sea.

Two studies in Eritrea, Red Sea by former PhD studentMebrahtu Ateweberhan (2006
a,b) examined the interactions between modularity of the structural habitat species,
Turbinaria triquetra, and seasonality. They concluded that seasonal changes, which were
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Figure 12. Crassostrea gigas larvae. The two valves are visible with their eyespots (e) and
protruded vellum (v).

Figure 13. Vertical distribution of oyster larvae (A) and mussel larvae (B) in chambers with
(blue) and without (green) an adult oyster (n=4). Different letters indicate significant differen-
ces (ANOVA + Bonferroni, p<0.05) between concentrations at different levels for buckets with
(upper case) and without (lower case) oysters separately. An asterisk denotes a significant diffe-
rence between buckets with and without an oyster at a specific level.
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previously thought to have little effect in tropical waters, strongly affected module initi-
ation, reproduction and shedding; whereas thallus density and size affected growth rates.

Ecology

PhD student Hauke Flores continued his fieldwork on seabird-krill food chains in
Antarctic sea-ice. Results of the 2004 sampling evaluated the energy content of three
mesopelagic fish species (Van de Putte et al. 2006). The 2006 winter sampling campaign
proved to be a major physical challenge. The goal was to sample under-ice fauna with
the Surface and Under Ice Trawl (SUIT). Unfortunately, the SUIT was severely dam-
aged by a heavy storm when Polarstern reached the ice. After initial repairs, further ice
damage occurred leading to long hours and extreme exposure of the crew. Ultimately,
however, 30 stations were successfully sampled. This was the first quantitative record
of under-ice abundance for squid, fish and krill Euphausia superba in winter (Fig. 14)
including diurnal variation (Fig. 15). Two species putatively ice-associated amphipods
were also regularly collected from the ice (Fig. 16).

Figure 14. Species sampled under Antarctic pack-ice in austral winter 2006.

Figure 15. Day-night comparison of krill (Euphausia superba) catches at two localities.
Columns indicate density of krill in n m-3 in log scale.
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Sustainable use and conservation of marine living resources (SUSUSE)

The final phase of the NWO project ‘Sustainable use and conservation of marine living
resources’ (SUSUSE), 1998-2008, aims to develop guidelines and proposals for a sus-
tainable management of marine resources based on ecological principals. One prerequi-
site is the matching of biological processes and management action. In fisheries, fish
stocks are the main management units. Disregard for differences in the spatial scales
between biological and fisheries stocks can result in a loss of genetic diversity, ecosys-
tem function and, ultimately extinction of target populations. Unfortunately, mismatches
between the ecological/biological need and the realised management action frequently
occur. This is the inevitable consequence of having to balance conflicting needs—bio-
logical, economic, social or political. To discover the mismatch between genetic stock
structure and management units, new post-doc Henning Reiss reviewed data on 34
marine fish species managed in the NE Atlantic via a quota system. Genetic data was
only available for a fraction of the species. A mismatch was found for four species: cod
(Gadus morhua), herring (Clupea harengus), haddock (Melanogrammus aeglefinus) and
hake (Merluccius merluccius). By combining maps of the spatial population structure
and the corresponding management units it has been possible to develop guidelines for
an adaptable management strategy which will be completed by 2008.

Biodiversity

2006 was a banner year for the EU FP6 Network of Excellence MarBEF (Marine
Biodiversity and Ecosystem Function) coordinated by Carlo Heip. Bringing together
>75 labs and >1000 researchers within Europe, the network finished its second year in
style. Two high profile commentaries in Nature (Loreau et al. 2006) - Diversity without
representation; and Science (Hendriks et al. 2007) - Biodiversity research still ground-
ed have had an important impact on funding discussions and will hopefully translate into
an FP7 Call.
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Figure 16. Eusirus microps, an amphipod from the Antarctic pack-ice.
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Publications 2006

Doctorates granted by the institution, prepared within the institution

Chevolot, M.S.C.O.M., 2006, Assessing genetic structure of thornback ray, Raja clavata:
a thorny situation?
Promotores: Prof.dr. J.L. Olsen, Prof.dr. W.T. Stam, Prof.dr. A.D. Rijnsdorp, University
of Groningen

Wolters, M., 2006, Restoration of salt marshes.
Promotores: Prof.dr. J.P. Bakker, Prof.dr. W.J. Wolff, University of Groningen

Doctorates granted by the institution, prepared at another institution

Jong, F. de, 2006. Marine eutrophication in perspective: On the relevance of ecology
for environmental policy.
Promotores: Prof.dr. W.J. Wolff, Prof.dr. F. Colijn; co-promotor: dr. H. van der Windt,
University of Groningen

Oevelen, J. van, 2006. The structure of marine benthic food webs: Combining stable
isotope techniques and inverse modeling.
Promotores: Prof.dr. C.H.R. Heip, Prof.dr. J.J. Middelburg, Prof.dr. K. Soetaert,
University of Groningen

Publications in journals

Ateweberhan, M., Bruggeman, J.H., Breeman, A.M., 2006. Effects of extreme seaso-
nality on community structure and functional group dynamics of coral reef algae in
the southern Red Sea (Eritrea). Coral Reefs 25: 391-406

Ateweberhan, M., Bruggeman, J.H., Breeman, A.M., 2006. Seasonal module dynamics
of Turbinaria triquetra (Fucales, Phaeophyceae) in the southern Red Sea. Journal of
Phycology 42: 990-1001

Bos, O.G., Phillipart, C.J.M., Cadée, G.C., Meer, J. van der, 2006. Recruitment varia-
tion in Macoma balthica: A laboratory examination of the match-mismatch hypothesis.
Marine Ecology Progress Series 320: 207-214

Chevolot, M., Hoarau, G., Rijnsdorp, A.D., Stam, W.T., Olsen, J.L., 2006.
Phylogeography and population structure of the thornback ray (Raja clavata L.).
Molecular Ecology 15: 3693-3705
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for management and conservation. Journal of Sea Research 56: 305-316

Coyer, J.A., Hoarau, G., Oudot-LeSecq, M-P., Stam, W.T., Olsen, J.L., 2006. A
mtDNA-based phylogeny of the brown algal genus Fucus (Heterokontophyta;
Phaeophyta). Molecular Phylogenetics and Evolution 39: 209-222

Coyer, J.A., Hoarau, G., Skage, M., Stam, W.T., Olsen, J.L., 2006 Origin of Fucus
serratus (Heterokontophyta; Fucaceae) populations on Iceland and the Faroes: a
microsatellite-based assessment. European Journal of Phycology 41: 235-246

Coyer, J.A., Hoarau, G., Pearson, G.A., Serrão E.A., Stam, W.T., Olsen, J.L., 2006.
Convergent adaptation to an extreme habitat by homoploid hybrids and polyploid
ecads in the seaweed genus Fucus. Biology Letters 2: 405-408

Duren, L.A. van, Herman, P.M.J., Sandee, A.J.J., Heip, C.H.R., 2006. Effects of mus-
sel filtering activity on boundary layer structure. Journal of Sea Research 55: 3-14

Ferreira, J.G., Nobre, A.M., Simas, T.C., Silva, M.C., Newton, A., Bricker, S.B., Wolff,
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Overview of academic results
Introduction
The research programme in the Microbial Ecology Department focuses on the adapta-
tion of prokaryotic microorganisms to a variety of environmental niches, and the ways
in which the genomes of these prokarya allow plasticity to enhance fitness . The hete-
rogeneous and fluctuating conditions in most current ecosystems, microbial competition
and adaptation to biotic and abiotic factors, and consequent evolution, have resulted in
the fascinating microbial diversity that is currently found in natural habitats.
Microorganisms inhabit almost every thinkable ecological niche on the Planet, and the
diversity in the microbial world is daunting by its sheer magnitude Only a minor frac-
tion of this diversity has been accessed to date.
Understanding the ecology of the diverse microbial communities and their interaction
with the environment thus represents a major challenge to current microbial ecology
research. At present, most of the studies of microbial diversity and function focus on
organisms at the community level, using, for instance, the 16S ribosomal RNA (rRNA)
gene sequence as a marker of microbial diversity. Thus, an inventory is made of the
microbial diversity extant in target ecosystems (soils, aquatic systems), and the putative
ecophysiological role of members of that community is inferred from the data. However,
finding similar populations of species in similar or different environments does not
necessarily mean that these are also functionally identical. This is caused by the fact that
microbial populations are genetically much more diverse than can be concluded from
the diversity of 16S rRNA genes, which belong to the core set of bacterial genes. In fact,
genetic diversification within microbial populations is the key step in microbial adapta-
tion and evolution. Several mutational processes, ranging from horizontal gene transfer
through genomic rearrangements to small mutations, may yield variants with traits that
enhance fitness. The genetic diversity within a community or population of cells may
thus often be missed by 16S rRNA gene-based culture-independent methods, although
we do not fully understand the limits to using 16S rRNA genes to infer community func-
tion. This lack of sound information provides the rationale for current innovative work
that aims to address key questions such as “how well does community structural diver-
sity reflect functional diversity” and “how does horizontal gene transfer interfere with
the putative relationship between structural and functional diversity”.
Hence, questions in respect of how bacteria adapt genomically to the environmental chal-
lenges they encounter, on what occasions they show adaptive responses, how horizontal
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gene transfer impacts on the adaptational process and at which speed adaptations occur,
represent main topics addressed in the Microbial Ecology research programme. In terms
of ecosystems, the focus is on soil and soil-related habitats, as (1) in the light of the mul-
titude of niches and gradients present in this habitat, there are challenging and largely
unstudied processes of niche adaptation and niche differentiation to be found in this
habitat, and (2) a number of key and major drivers of microbial activity, including adap-
tational activity, such as plants and soil fungi, are available. Several other projects deal
with non-soil systems, such as freshwater, deep-sea and surface marine waters.

Adaptational processes of bacteria in soil and the phytosphere
Like in any habitat, bacteria in soil and related systems can adapt to local conditions in
the niche they occupy via horizontal gene transfer, genomic rearrangements and muta-
tions. The former process allows for “quantum leaps” in bacterial adaptation to the
niche. There is emerging evidence for the dominant role that horizontal gene transfer
(HGT) has played in the evolutionary shaping of bacterial communities in environmen-
tal habitats. Mobile genetic elements (MGEs) influence the behaviour of bacteria in their
natural habitat, especially in the light of their occurrence in structured communities such
as biofilms. Selection within the highly-structured plant/soil and fungal/soil environ-
ments is likely to represent a dominant force shaping the genetic make-up of these host-
associated bacterial communities, as it can act as an apparent accelerator of gene trans-
fer. However, the current understanding of the triggering and impact of horizontal gene
transfer remains limited by our lack of understanding of the nature of the selective for-
ces that act on bacteria in situ. Therefore, a full understanding of the role of HGT in the
adaptation of host bacteria to their environmental niche is still lacking.

The ecological role of plasmids with high gene-mobilizing capacity in plant- or fungal-
associated bacterial communities
In this Ph.D. project, the ecological impact of exogenously-isolated plasmids in bacte-
rial communities that inhabit the phytosphere of crop plants as well as the mycosphere
is studied. The project makes use of the full sequence of a key gene mobilizer plasmid
obtained via exogenous isolation from the wheat rhizosphere, named pIPO2. The plas-
mid was shown to confer gene-mobilizing and retromobilizing capacity to its host, and
possesses the genetic machinery for establishment of a type IV secretion system in its
host. The project focuses on the role of this plasmid and its close family member
pTER331. Furthermore, this research focuses on a plasmid from an important group of
bacteria isolated from the mycosphere.
To investigate the diversity of the new family of conjugative plasmids, a DGGE primer
set was constructed. This primer set was constructed on the basis of the VirB10 gene of
five different members of this new group. However, up till now, this primer set is not yet
specific enough to do reliable analyses of environmental samples.
In a second research topic, the possible role of pIPO2 and pTER331 is investigated by
comparing the survival and colonization of strains harboring and strains lacking the
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plasmids in a fungal microcosm. This microcosm has been developed by J. Warmink
(see below), and the experiments are being conducted using different fungi, i.e. Fusa-
rium culmorum, Rhizoctonia solani AG-3 and Lyophillum karsten.
Thirdly, as pIPO2 has been exogenously isolated, we are elucidating the natural host of
pIPO2 using bioinformatics. Analysis of GC3s, codon usage, dinucleotide relative abun-
dance (DRA) and G+C content pointed towards Geobacter metallireducens and Chro-
mobacter violaceum as good candidates of being hosts of pIPO2. These results will be
correlated with plasmid stability in these hosts as compared to strains which are unlikely
to be natural hosts.
The last topic addressed under this project is on a set of Sphingomonas strains, which
are clearly selected in the mycosphere of Laccaria proxima. This strain has a abundance
of 8.5% in the mycosphere of L. proxima, whilst it is not found in the corresponding
bulk soil. This Sphingomonas strain was shown to harbor a plasmid of approximately 40
kb. This plasmid will be fully sequenced and the ecological role of the plasmid and its
host will be investigated.

Metagenomics – the quest for bacterial antibiotic biosynthetic and resistance operons
from soil
Under the EU Metacontrol project, the Microbial Ecology group has been involved in a
Metagenomics approach to mine the antibiotic biosynthetic and resistance machinery of
soil bacterial communities, in order to assess the role of antibiosis in soil microbial com-
munities. The prevalence and diversity of such biosynthetic operons is placed in the con-
text of the extant soil bacterial diversities. This research is conducted in collaboration
with several European partners. Evidence was obtained for the presence in soil of
sequences belonging to (1) pyrrolnitrin, (2) vancomycin and (3) novel polyketide bio-
synthesis operons. We are investigating the role and evolution of such operons as mole-
cular ticks in soil microbial communities, as outlined below.

Are bacterial antibiotic biosynthesis genes in soil part of the horizontal gene pool?
Bacterial genes can be transferred by mobile genetic elements, such as plasmids. Even
thought it is hard to prove horizontal gene transfer unambiguously, genomic analysis has
shown that the transfer of genes occurs too often to be dismissed, even in natural soils.
During this project the mobility of antibiotic biosynthesis genes in soil has been studied.
In this project, the mobility of pyrrolnitrin biosynthesis loci was addressed. Pyrrolnitrin is
a chlorinated phenylpyrrole antibiotic that has activity against several fungi as well as
Gram-positive isolates. It is produced by a range of Gram-negative isolates. A gene invol-
ved in the final formation of pyrrolnitrin from tryptophan, prnD, was selected as a marker
to study if the pyrrolnitrin biosynthetic gene cluster is mobile. Initially, a screening was
made for plasmids containing this gene, as a direct and straightforward attempt to reveal
mobility. The data so far could not confirm the linkage of prnD to such mobile elements.
Bacterial strains isolated from diverse bulk and rhizosphere soils were then tested for
their capacity to produce pyrrolnitrin (Prn) by thin layer chromatography. A total of 24
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strains, divided over the genera Burkholderia, Pseudomonas and Serratia, were found
to produce Prn. The pyrrolnitrin producers of the potato rhizosphere, mostly identified
as Pseudomonas and Serratia species, showed strong in vitro antagonistic activity
towards the phytopathogenic fungus R. solaniAG3, whereas growth inhibition of Fusa-
rium moniliforme was more frequently detected for Burkholderia strains retrieved from
sugar cane planted in Brazil. The pyrrolnitrin biosynthetic loci prnA and prnD, required
for the production of pyrrolnitrin from tryptophan, were detected in the genomes of all
Prn-producers by PCR-hybridization procedures. While Prn producers were shown to be
genotypically diverse as evidenced by whole-genome BOX-PCR fingerprinting, restric-
tion length fragment polymorphism (RFLP) analyses of the prnA and prnD biosynthe-
tic loci indicated a low degree of heterogeneity in these genes, with the exception of
polymorphisms observed within a few Burkholderia isolates. Sequencing of the prnA,
prnD and 16S ribosomal RNA genes of the Prn producers revealed high levels of homo-
logy within the former genes as compared to the latter. Heterogeneities in the Prn
biosynthetic loci were more evident within the Burkholderia species, whereas strains
belonging to the genera Pseudomonas and Serratia shared higher levels of sequence
homology. Moreover, we obtained evidence for the contention that the rate of divergence
of the prnA locus differs from that of the prnD locus, the former being more conserved
than the latter. The high degree of nucleotide sequence homology in the Prn biosynthe-
tic loci of divergent bacterial lineages is an indication for the postulate that this operon
may be part of the horizontal gene pool. Analysis of the sequence of the regions flan-
king the Prn biosynthetic locus is shedding light on this intriguing question.

Antibiotic resistance in the metagenome from suppressive soil samples and street sediments
The metagenome from suppressive soil and street sediment samples was studied for
antibiotic resistance and production genes. Two independent fosmid clone libraries
(Fosmid library production kit, Epicenter Technologies, Madison, WI) were constructed
from suppressive soil Wildekamp (W) and street sediment (Donkerstraat - DS) samples.
From the seven antibiotics tested, clones resistant against vancomycin (Vm), spectino-
mycin, tetracycline (only DS library) and penicillin (only W-library) were identified.
Further analyses were performed with the Vm resistant clones from the two libraries.
The fosmids of the clones DS-Vm2, DS-Vm4, DS-Vm6, W-Vm3 and W-Vm7 were iso-
lated and their size determinate. Around 500 bp from both sides of the Vm fosmid inserts
were end-sequenced. The minimum inhibitory concentrations (MICs) of Vm were deter-
minated for the five clones. The clones from the suppressive soil tolerated higher con-
centrations of Vm (MIC > 1200 µg/ml) than those from the street sediments (MIC =
1000 µg/ml). Primer pairs recently published in the literature were used for amplifica-
tion of the ligases from the vanA and vanB operons, which encode different types of Vm
resistance. Products were obtained only with one of the primer pairs specific for the
vanA type of resistance. However, the sequence analysis indicated that the products
from the W-Vm7 fosmid may be the result of false priming. A primer pair targeting
regions homologous to the vanA ligase genes was applied as well. The product with
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these primers from the W-Vm3 fosmid resembled alpha-N-arabinofuranosidase from
Solibacter usitatus Ellin6076. This result together with the end-sequencing information
indicated that the DNA fragment of W-Vm3 belongs to the Acidobacteria.
Furthermore, about 11 kb from the W-Vm7 fosmid was randomly sequenced (EZ-Tn5™
Insertion Kit, Epicenter Technologies, Madison, WI). The G + C content of the DNA
fragments vary from 62 to 71 %. The derived sequences were affiliated with low score
with different hypothetical proteins. One sequence contains an open reading frame (990
bp) of site-specific recombinases from different bacteria.
On the basis of these results, the whole W-Vm3 and W-Vm7 fosmids were sequenced
and their annotation is in progress.

Bacterial interactions with mycorrhizal fungi
Bacterial interactions with fungi are likely to be common in soil. First, microscopic ana-
lysis has often shown the existence of direct contact between bacterial and fungal cells.
The mechanism behind these bonds of bacterial cells to fungal hyphae is often unknown.
Type-III secretion systems (TTSS) are involved in many interactions between prokary-
otes and eukaryotes, but the role of TTSS in bacterial interactions with fungi has never
been described. It is, however, plausible that soil bacteria can be selected to use this
mechanism in their interaction with fungal hosts. Two methods were used to study the
interaction of bacteria with soil fungi. The first method makes use of the ectomycorrhi-
zal system of Laccaria proxima. Bacterial communities from the mycosphere of L. proxi-
ma and the surrounding bulk soil were compared by DGGE fingerprinting. A broad
PCR-based system for detection of TTSS was also developed, and used to test cultura-
ble bacteria from the mycosphere and surrounding bulk soil. Direct DGGE showed the
selection of specific bacterial groups in the mycosphere of L. proxima compared to the
surrounding bulk soil. The numbers of culturable bacteria in bulk and mycosphere were
found to be similar. Screening of the percentage of culturable bacteria carrying TTSS
showed an increase from 4.5% to 16% in the mycosphere compared to the surrounding
bulk soil. These results suggest that bacteria harboring TTSS are enriched in the myco-
sphere of L. proxima. A second experiment was performed to asses the bacterial diver-
sity of a wide range of basidiomycete species in a deciduous forest. In total, 19 different
fungal species and the corresponding bulk soil were sampled. The bacterial diversity
was assessed by DGGE fingerprinting. Although 6 hectare of forest bulk soil was ran-
domly sampled, the bacterial diversity was highly similar between the bulk soil samples.
The similarity between the mycosphere samples from different species was rather low,
although some bacterial species were omnipresent in almost all mycosphere samples.
These findings suggest that some bacterial species have adapted to a wide range of fun-
gal species and presumably can access useful “universal” properties of the fungal host.
The second system to investigate bacterial interactions was a microcosm with the basi-
diomycete Lyophyllum karsten. The migration of bacteria in sterile soil via the fungal
hyphae was investigated in this microcosm. The system was inoculated with the total
bacterial population isolated from bulk soil on one spot. Two weeks after inoculation,
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bacteria were isolated from a spot at 3 cm in the growth direction of the fungus. The con-
trol with no fungus gave no migration of bacteria. Thirteen bacterial groups were capa-
ble to comigrate with the fungal hyphae. When the microcosm was inoculated with pure
bacterial strains, only strains that showed evidence for the presence of TTSS were able
to migrate. These results strongly suggest that the migration of the isolates along with
the fungal hyphae involves the TTSS machinery.

The rice endophyte diversity assessed based on PCR-DGGE fingerprints
Bacteria that occur endophytically in a crop like rice may contain important clues as to
the mechanisms that allow them to occupy this protective mutualistic niche. The eubac-
terial endophytic community of rice was analyzed using molecular community finger-
prints. We aimed to determine the structural diversity of endophytes in ten rice cultivars
(5 modern and 5 traditional). Three replicates of each individual rice plant growing in a
flooded regime (with exception of one cultivar, Moroberekan, growing in upland field)
were sampled at the International Rice Research Institute, Los Banõs, The Philippines.
Rice roots were rinsed with tap water to remove the adhering soil, and immediately fro-
zen in liquid nitrogen. For surface sterilization, the roots were soaked in 70% ethanol for
2 min, followed by 2 % sodium hypochlorite for 2 min and finally washed three times
in sterile demineralized water. Bacterial and group-specific (Pseudomonas, Alphapro-
teobacteria, Betaproteobacteria, Paenibacillus) primers were used to amplify 16S ribo-
somal (r)RNA gene fragments from community DNA prior to denaturing gradient gel
electrophoresis (DGGE) analysis. The unweighted pair group method using average
linkages (UPGMA) was applying to the matrix of similarities obtained from Pearson
correlation. On the basis of the bacterial fingerprint, rice cultivar Moroberekan, sampled
in upland soil, clustered clearly separate from the other rice varieties. Among the rice
cultivars sampled in wetland, the bacterial endophytic communities clustered within the
cultivar, suggesting that these are selected by agricultural management regime and by
plant genotype. Bacterial fingerprints generated on the modern rice endophytic DNA
revealed a high number of equally abundant faint bands, while in a background of faint
bands the traditional rice fingerprints displayed a high proportion of dominant bands.
Alphaproteobacteria-specific fingerprints also clustered within the cultivar; however,
Moroberekan grouped with the other cultivars, indicating that for this specific group of
bacteria, organisms are selected by plant specificity rather than by soil type/agricultural
regime. Higher variability of DGGE profiles within replicate cultivars were observed for
Betaproteobacteria, Pseudomonas and Paenibacillus. Similar results were observed in
the rhizosphere of many plants where the bacterial community composition and struc-
ture were influenced not only by the plant species but also by the microbial group inves-
tigated. Selected bands from the specific bacterial community fingerprints will be exci-
sed and sequenced to assess the discriminative species in the rice endophytic communi-
ties.
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Adaptational processes that allow Ralstonia solanacearum to survive under temperate
climate conditions.
The Gram-negative bacterium Ralstonia solanacearum is a plant pathogen that causes
bacterial wilt of a variety of plants and is responsible for great economic losses in tro-
pical and subtropical areas. The bacterium is highly diverse in host range, biochemical
properties and virulence. In the nineties, potato brown rot, caused by race3/biovar 2, was
increasingly observed in temperate climate zones. Despite efforts to prevent re-intro-
duction and spread, R. solanacearum was still detectable in the Netherlands in 2004.
The presence of the bacterium in surface water and the colonization of Solanum dulca-
mara (bittersweet), a weed that grows along west European waterways, plays an impor-
tant role in survival and persistence in temperate climates.
In the Netherlands, a number of cases of bacterial wilt in potato have been found over
the last decade. The causal agent of potato wilt, Ralstonia solanacearum biovar 2, may
have persisted in the local surface waters and in S. dulcamara (bittersweet) growing
along the waterways, as the organism can still be found in several sites in the
Netherlands. We hypothesized that the organism may have increased its fitness by adap-
tations in its genome, allowing better saprophytic survival in water under temperate cli-
mate conditions. The aim of this research is therefore to assess whether genetic changes
have occurred in local strains and whether such changes can be related to enhanced fit-
ness under local conditions (see Figure 1). We thus examined the genetic diversity wit-
hin a suite of strains isolated from water, sediment and bittersweet in a small region in
the Netherlands in 2004/2005, and compared this to the genetic make-up of control
strains. We clearly observed genetic heterogeneities between the novel strains, obtained
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from different ecological niches (water as well as a single bittersweet plant). These
strains comprise several different groups as determined by pulsed-field gel electropho-
resis and ISRso3 hybridisation analysis.
In a second approach to analysing the potential changes in the genomes of the local
strains, the genomes of two R. solanacearum biovar 2 strains were compared using sup-
pressive subtraction hybridisation. A tropical (standard) potato strain (715) was used as
a tester strain against a strain isolated from bittersweet (KZR-5). A number of genomic
regions of 715 were found to be absent in the DNA of KZR-5. A putative genomic island
(PGI-1) was thus identified and further analyzed. The size of the putative deletion was
determined by PCR and Southern hybridisations. The deletion in the Dutch strain is
~19Kb, as seen in the excision of a number of contiguous genes from the genome. The
region shows features of a mobile genetic element, characterized by (1) a lower average
GC content, (2) the presence of repeat (IS) elements of the ISRso3 type, and (3) the pre-
sence of a putative bacteriophage- related protein. Comparison of the (draft) genome
sequence of potato strain 1609 and geranium strain UW551 also showed structural dif-
ferences in this particular region, although the nucleotide sequences are well conserved
between these strains. From the above data, we tentatively conclude that the identified
region is a mobile element involved in adaptive processes. Preliminary evidence was
obtained for the contention that KZR-5 is a better survivor under cold stress than 715,
however future research will focus on furthering our understanding of the ecological
impact of excision (and rearrangement) of the identified PGI-1 region.

Bacterial diversity in the marine demosponge Aplysina fulva endemic in Brazilian coas-
tal waters
To address the question whether benthic marine metazoans (sponges) serve as collection
and accumulation points for specific microbial communities in marine settings, triplicate
specimens of the demosponge Aplysinia fulva were obtained from two locations of shal-
low water at praia da Tartaruga and Ilha do Caboclo, Buzios, Brazil. Bulk seawater was
also collected in triplicate from the two locations. Both cultivation-dependent and culti-
vation-independent methods were applied to shed light on the bacterial diversities pre-
sent in the sponges.
The cultivation-dependent approach revealed that all sponges contained considerable
bacterial loads, albeit at great variation among specimens. The cultivation-independent
methods (PCR-DGGE) showed great selectivity of the sponges in determining their bac-
terial community structures. The bacterial community structures were largely compara-
ble across sites and very different from those assessed in the seawater. Differences were
found to exist mainly due to the use of different extraction methodologies.
Clone libraries were prepared for the three sites and are under analysis. Expectedly, the
bacterial communities are dominated by poribacteria, undefined alfaproteobacteria, fir-
micutes and actinobacteria, whereas Pseudomonas species are also present. Analysis of
functional genes, i.e. amoA and polyketide production loci in these communities is also
being performed.
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Microbial maturation of novel substrates
In this Ph.D. project, we aim to assess how microorganisms colonize thermally-treated
grass fibers. The project is executed in collaboration with Plant Research International,
Wageningen. What microbial players and what mechanisms play a role and what is the
outcome? Can microbiological stability, i.e. the medium- to long-term persistence of a
community of stable composition, be achieved? Can phytotoxic compounds be removed
by the microbial colonizers of the substrate? So far, the work has focused on three major
issues: the microbial colonisation of grass substrate, phytotoxicity diminishment in the
grass fibers and a quest for the microbes which break down the phytotoxins.
PCR-DGGE bacterial fingerprintings demonstrated diverse bacterial communities deve-
loped in both grass fiber and grass extract. Community differences were found accor-
ding to the inoculum and the nitrogen source used. Some populations were present
during the total incubation period (7, 14, 21 and 28 days). Therefore, a stable commu-
nity might have established on the grass substrate.
Evidence was found for the contention that bacteria from different phylogenetic groups
(alfa-proteobacteria, gamma-proteobacteria, sphingobacteria) could colonise the grass
fibers. Increases in the populations of bacterial spores, oligotrophic bacteria, filamen-
tous actinomycetes and fungi were found upon inoculation of grass with a strongly dilu-
ted cell extract from soil.
Lettuce seed germination was strongly inhibited by extract from thermally-treated grass,
which indicates that grass contains undesirable phytotoxic compounds. A “fireside” soil
microbial community was found to be a reliable source for isolation of strains in a com-
parison with two other soil communities (Wildekamp and forest soils) used as initial
inocula for grass colonisation. After three subsequent enrichments, 44 strains were iso-
lated. These were tested for their ability to diminish the phytotoxicity in the grass sub-
strate. Five strains revealed enhanced seed germination.

Survival of genetically-marked Escherichia coli O157:H7 in soil as affected by soil
microbial community structure
The relationship between microbial community composition and diversity of an ecosys-
tem and its proneness to invasion was assessed. A loamy sand sampled from a species-
rich permanent grassland at a long-term experimental site (Wildekamp, Bennekom, NL)
was used to construct soil microcosms, in which the microbial community compositions
had been modified by fumigation at different intensities (depths). As expected, increa-
sing depth of fumigation was shown to result in progressively increasing effects on the
microbiological soil parameters, as determined by cultivation-based as well as cultiva-
tion-independent (PCR-DGGE, PLFA) methods. Both at seven and at 60 d after fumi-
gation, shifts in the bacterial, fungal and protozoan communities were noted, indicating
that altered community compositions had emerged following a transition phase. At the
level of bacteria culturable on plates, an increase of the prevalence of bacterial r-strate-
gists was noted at 7 d followed by a decline at 60 d, which also hinted at the effective-
ness of the fumigation treatments.
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The survival of a non-toxigenic Escherichia coli O157:H7 derivative, strain T, was then
assessed over 60 days in these microcosms, using detection via CFU counts as well as
via PCR-DGGE. Both data sets were consistent with each other. Thus, a clear effect of
fumigation depth on the survival of the invading strain T was noted, as a progressive
increase of depth coincided with a progressively enhanced inoculant survival rate. As
fumigation depth was presumably inversely related to community complexity, this was
consistent with the hypothesis that soil systems with reduced biological complexity offer
enhanced opportunities for invading microbial species to establish and persist. The sig-
nificance of this finding is discussed in the light of the ongoing discussion about the
complexity-invasiveness relationship within microbial communities, in particular regar-
ding the opportunities of pathogens to persist.

Microbial diversity in contrasting terrestrial soils and sediments
Molecular techniques have been used to characterize the prokaryotic communities of a
wide range of natural environments. Paradoxically, little is known about the microbial com-
munities in human-related environments such as urban sediments. The Microbial Ecology
group is investigating the community structure of soils and urban sediments as part of the
NATO “Security through science” programme in collaboration with the University of
Guelph, Sofia University and the Institute of Soil Biology in the Czech Republic.
Environmental DNA was extracted from soils from Colombia, Canada, the Czech
Republic and Siberia, street sediments of five European urban areas (Groningen, Paris,
Brussels, Worthing and Česke Budéjovice), earthworm, cow, bat and isopoda excretia and
beehive-affected soil. Both enzymatic and bead beating methods were used. The DNA was
used as a template for four primer systems: bacterial DGGE primers, actinobacterial-spe-
cific primers F-Act/R-Act and an actinobacterial-specific forward primer and a eubacterial
reverse primer (F-Act/R-Eubact) and, finally, type-1 polyketide specific primers.
Bacterial DGGE patterns of DNA extracted using enzymatic extraction contained larger
numbers of bands than those generated with bead beating extraction. All further results
(reported below) are from enzymatically-treated DNA. The eubacterial DGGE patterns
obtained from soils grouped away from those from all other sediments. T-RFLP patterns
generated with the actinobaterial F- Act/R-Act primers grouped by land use, with six
clusters consisting of (1) Forest/Pasture samples, (2) wormcast samples, (3) cultivated
soils plus a wormcast and a street sediment, (4) five street sediments and the beehive
waste affected soil, (5) two street sediments and a manure sample and (6) two street
sediments. Several animal waste samples did not group with any other samples. Climate
and location had no measurable effect on T-RFLP patterns. 72 % (56/78) of clones gene-
rated with this PCR system from soil DNA affiliated with a novel actinobacterial group
(the OS group), whereas another 24 % (19/78) were actinomycetal. The OS group
sequences were thus cosmopolitan and relatively abundant in forest and pasture soils.
For animal-affected and urban sediment DNA, the comparable figures were 4 (3/77) and
87 % (67/77).
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Only 23% (17/75) of the sequences generated with the broader actinobacterial (F-Act/R-
Eubact) system from soil DNA were actinobacterial, whereas 72% (54/75) were verru-
comicrobial. For animal-affected and urban sediments, the corresponding values were
73 (48/66) and 27 % (18/66). Four clones generated from acid soil DNA belonged to the
AD3 candidate division. The results suggested that, in the environments studied, human /
animal activity is a main controlling factor of eubacterial and actinobacterial distribu-
tion. The urban environments showed more actinobacterial β diversity (i.e. changes in
community structure over distances of 10-1000 m) than the rural environments.
Type-I polyketide biosynthesis clones from vermicompost and worm casts clustered
apart from those from soils and urban sediments. A single mycobacterial-related poly-
ketide clone was found in street sediments from Brussels, Paris and Česke Budéjovice.
The AT domains of polyketides from soils were predicted to be methylmalonyl-specific
while the AT domains of the polyketides from animal waste and street sediments were
more diverse, including malonyl, methylmalonyl and novel AT domains.

Culturing the ‘unculturables’; a challenging approach to recover new species from the
leek (Allium porrum) rhizosphere
It is generally accepted that between 1-5 % of the bacteria present in soil can be cultured.
Lack of colony growth is partly due to restricting growth conditions most commonly
practiced in many laboratories. Further, part of the culturable fraction is ignored because
of the formation of extremely small colonies, often less than 250µm in diameter and thus
not detectable by the naked eye (so called microcolonies - µC). The number of cultura-
ble bacteria from leek rhizosphere samples was improved by application of different
growth conditions.
In this approach, colony numbers and species diversity were assessed by plating under
standard conditions on R2A, incubating under atmospheric CO2 (0.035%) and O2 (21%)
concentrations (Normal CO2/O2), and on oligotrophic agar (OLI), either or not amended
with catalase (100 u/mL) or leek root exudate, with or without incubation at high CO2
(6%) and low O2 (15%) concentrations (High CO2/O2). Colony formation was followed
in time to up to 16 days after plating, and both colonies visible by eye as well as µC were
counted. Total bacterial cell numbers in the leek rhizosphere were determined by DTAF
staining followed by confocal microscopy.
Percentages of cells capable to form µC were between 5.2 (non-amended OLI incuba-
ted at Normal CO2/O2) and 13.3 (OLI with catalase at High CO2/O2). In contrast, no µC
were found on R2A. The identity of the microcolonies was determined by determining
the partial sequences of 16S rRNA using the RDP query databank. This analysis re-
vealed that some microcolonies found on OLI with catalase and incubated at High
CO2/O2 showed nearest matches with the Alcaligenaceae (91.5% similarity), whereas
others found on the same medium but incubated at Normal CO2/O2 matched with the
order Alphaproteobacteria (86.2%) and family Sphingobacteriales (88.9%). In OLI with
leek root exudates and incubated at Normal CO2/O2, some microcolonies found nearest
match with genera of Incertae sedis V (84.9%) and Rhizobiaceae (89.5%) and the family
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Burkholderiales (93.8%). Part of the µC found on OLI without amendments and Normal
CO2/O2 showed nearest matches with members of the Burkholderiales (94.5%),
Rhizobiales (89.5%) and the Comamonadaceae (95.1%). See Figure 2.
These results indicate that new species were recovered from the leek rhizosphere by
application of different growth conditions. The role of these new species will further be
explored to unravel the mechanism of disease suppression in the leek rhizosphere.
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Figure 2. Phylogenetic clustering of novel microcolony islands (encoded by letter/number
codes) related to the burkholderiales.

Biological hydrogen production (EET-BWPII)
There are limited reserves of fossil fuels on Earth and the combustion of fuels leads to
serious problems such as global climate changes. It is widely acknowledged that hydro-
gen is an attractive clean energy source, which can be produced from biomass, as a pro-
duct of biosynthesis. Energy crops or organic waste streams are thereby replacing the
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conventional fossil fuels. Biomass conversion can be realized by photosynthetic bacte-
ria using sugars from lignocellulosic materials. The overall Biohydrogen project (EET-
BWPII), in which the RUG has participated, is a multi-step process, aiming at the com-
plete conversion of biomass, energy crops or organic waste streams, into hydrogen and
carbon dioxide. In short, it comprises three process units: (1) Biomass pretreatment; (2)
dark fermentation; (3) photoheterotrophic fermentation. Photosynthetic purple non-sul-
fur (PNS) bacteria are able to convert organic acids to hydrogen and carbon dioxide.
PNS bacteria utilize light to ‘push’ this reaction. Light is used to liberate reducing
equivalents from the acids and water. Supplied with reducing equivalents, nitrogenase
will reduce protons to hydrogen. Although the main function of nitrogenase is to fix
nitrogen, it can thus also catalyze the formation of hydrogen from protons, even in the
absence of nitrogen. Theoretically, 4 moles of hydrogen can be produced from 1 mole
of acetate, but part of the acetate consumed will be used for biomass production. The
objective was to characterize the metabolism of acetate in Rhodopseudomonas strains
and in Rhodobacter capsulatus. First, R. capsulatus proved to be more suitable for appli-
cation in a photobioreactor, since R. palustris showed biofilm formation on the inner
wall of the chemostat upon nitrogen limitation. This resulted in reduced light input and
caused a decrease in the efficiency of H2 production. Therefore, the efficiency of H2 pro-
duction was assessed using R. capsulatus as the model organism in long term studies in
chemostats at H2-producing conditions, varying acetate as well as NH4

+ input. Using 19
mM acetate, there was a good correlation between NH4

+ input and biomass formation.
Under limiting NH4

+ concentrations (<4 mM), H2 production was induced. However,
when using less than 3 mM NH4

+, not all acetate was consumed and thus washed out.
The specific H2 production rate (µmol H2/hr•mmol biomass) might have been limited
during these conditions as a result of light limitation. Also, specific H2 production de-
creased with increasing biomass concentrations. Based on these experiments, it was cal-
culated that 87% of the acetate consumed was converted to H2, when the fermenter was
operated with 1 mM NH4

+.
Although polyhydroxybutyrate (PHB) was formed, it formed only a fraction (0.9 to
2.2%) of the acetate consumed. In batch cultures, 30% of the acetate consumed was con-
verted to PHB, while 70% was converted to H2 during stationary phase (µ = 0 h-1). In
addition to these PHB-production rates, the specific H2 production rate often decreased,
while the specific PHB production rate increased. The nitrogen-limited chemostats
might specifically select for nitrogenase-deficient mutants, resulting in decrease H2 pro-
duction rates. In order to improve H2 production by molecular methods, several genes
encoding proteins involved in H2 and PHB formation were (nifH, hupL, hupS and phaC)
cloned and disrupted with nptII (kanamycin). These constructs have been used to make
R. capsulatus ‘knockout-strains’, in which to assess the efficiency of H2 production.

Microbial ecology of brine lakes in the Mediterranean Deep Sea
The interdisciplinary research program entitled “BIOtechnologies from the DEEP (BIO-
DEEP)” consisted of scientific cruises in which hypersaline basins (L’Atalante,
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Bannock, Discovery and Urania) more than 3000 meters below sea level in the Mediter-
ranean Sea were sampled. Analysis of the geochemical composition and 16S riboromal
RNA gene sequences amplified from DNA from these basins revealed that each basin
harboured its own unique microbial community and an equally unique geochemistry.
Hence, geochemical conditions drive the evolution of prokaryotic communities in these
basins. The 16S rRNA gene sequence analysis showed high percentages of sequences
belonging to γ-, δ-, and ε-Proteobacteria, sphingobacteria, candidate division KB1, halo-
bacteria and a novel archaeal division termed MSBL1. The Discovery brine is unique
since it was almost saturated with MgCl2 (5 M), representing one of the most saline
environments known on Earth. The basin contained a unique metabolically-active micro-
bial community, of around 1.9 * 104 microbial cells ml-1 . Most of the 16S rRNA gene
sequences were related to phylogenetic groups not found in seawater, indicating the pre-
sence of a specific microbial community in the brine. Together with the detection of dif-
ferent processes in the brine, these data indicated the presence of active microbial life.
Experiments were also performed to study the diversity and distribution of functional
genes for methane oxidation, sulphate reduction and sulphide oxidation. The enormous
amount of data generated has been processed to 2006. The work already resulted in
manuscripts describing the microbiology and geochemistry of the four basins providing
proof for life, as well as the chemistry of the habitat in Science and Nature.

Marine microbial communities from the Arctic and the Antarctic regions
This project was conducted in collaboration with the department of Marine Biology of
the University of Groningen and the Australian Antarctic Division, Australia
The marine microbial foodweb from the antipodes: the Arctic and Antarctic Oceans, is
mainly driven by phytoplankton, which incorporates organic matter into the marine sys-
tem through the fixation of CO2 into organic carbon. Marine bacteria play a central role
in this system by recycling nutrients and organic carbon. Since many microorganisms
are sensitive to UV-R stress, the level of organic carbon cycling might be seriously
affected under the enhanced UV-R levels as experienced during ozone depletion in these
regions. See for a full account of the 2006 data the marine biology report.

Publications 2006

Refereed journals: 14 publications

Andreote, F.D., P.T. Lacava, C.S. Gai, W.L. Araujo, W. Maccheroni jr., L.S. van
Overbeek, J.D. van Elsas and J.L. de Azevedo. 2006. Model plants for studying
the interaction between Methylobacterium mesophilicum and Xylella fastidiosa.
Can. J. Microbiol. 52: 419-426
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industrial site. J Microbiol Methods. 64:250-65
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marsh. Soil Biol. Biochem 38: 62-71
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species. BMC Genomics 4 (7):171
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structure as affected by tillage and cover cropping in the Brazilian Cerrados. Soil
and Tillage Research 90: 16-28

Rasche, F., V. Hodl, C. Poll, E. Kandeler, M.H. Gerzabek, J.D. van Elsas and A.
Sessitsch. 2006. Rhizosphere bacteria affected by transgenic potatoes with antibacte-
rial activities compared with the effects of soil, wildtype potatoes, vegetation stage
and pathogen exposure. FEMS Microbiol. Ecol. 56: 219-235

CEES Progress Report 2006

164

CEES 2006 - Microbial Ecology:1.qxd  12-8-2007  19:20  Pagina 164



Rasche, F., E. Marco-Noales, H. Velvis, L.S. van Overbeek, M.M. Lopez, J.D. van
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J. Appl. Ecol. 43: 555-566

Salles, J.F., E. Samyn, P. Vandamme, J.D. van Elsas and J.A. van Veen. 2006. Changes
in agricultural management drive the diversity of Burkholderia species isolated from
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Nielsen, K.M., P. Johnsen and J.D. van Elsas. 2006. Horizontal gene transfer and
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Soil Microbiology II, CRC Press, Boca Raton, USA, pp. 55-82

Van Elsas, J.D., S.L. Turner and J.T. Trevors. 2006. Bacterial conjugation in soil. In:
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Springer-Verlag, Heidelberg, 2006
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Guests/under secondment
Prof.dr. V.N. de Jonge D.Sc. RIKZ 1.0
S. Nauwelaerts (guest researcher) 1.0 060901-070601

Adjunct Chairs
Prof.dr. G.J. Herndl NIOZ
Prof.dr. A.D. Rijnsdorp RIVO

Overview of academic results

In early 2006 the former Department of Marine Biology had split up into two new
research Departments, among which the Department of Ocean Ecosystems. Prof. H.J.W.
de Baar (OE group head) went from a 0.3 to 0.6 fte position in the summer of 2006,
while Profs. W.W.C. Gieskes and J. Videler retired in the beginning of 2006. In 2006
several PhD students defended their thesis (Alderkamp, de Boer, Hazelaar) on marine
micro-organisms, while new projects were started and new personnel appointed. For OE
five research themes are formulated, and for each of these themes a short overview of
the 2006 output is given.

Marine Biosphere – Atmosphere Interactions
Steven van Heuven, Han van der Strate, Hein de Baar

The concentration of dissolved CO2 in the oceans is increasing through gas-exchange
with the atmosphere, where CO2-levels are rising due to emissions from fossil fuel bur-
ning, deforestation, cement production and other causes. The increase of CO2 in the oce-
ans is feared to have deleterious effects on (calcifying) organisms and associated eco-
systems, through a lowering of the oceans' acidity. As part of the European Integrated
Project "CarboOcean" - which aims to increase scientific understanding of the role of
the oceans in the global carbon cycle - van Heuven took part in cruise 23-7 of the
German research ice-breaker Polarstern, sampling theWeddell Sea close to theAntarctic
Peninsula during the end of austral Winter of 2006 (August 25th through Oktober 1st).
Calculations on the collected dataset (consisting of full-depth measurements of carbon
system parameters, oxygen, nutrients and more) will lead to an estimate of the amount
of 'anthropogenic' CO2 present in the water column. Combined with current (i.e., flow)
data from measurements and models these estimates may yield export budgets of anth-
ropogenic CO2 from the Weddell Sea shelf area. Furthermore, oceanic carbon system
measurements from different research expeditions spanning the last three decades are
being combined into a large data set ("CARbon In the North Atlantic" - CARINA), an
effort that requires extensive quality checks. When completed, this dataset is expected
to give a good picture of the total amount of CO2 that has been taken up by the North
Atlantic Ocean since the beginning of the industrial revolution.
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Within the “CarboOcean” project a Voluntary Observing Ship is used to continuously
measure pCO2 on the North Sea by sailing weekly the triangle Bergen (Norway),
Amsterdam, Hull (England), Bergen (Norway). In the near future we will install a
FerryBox (measuring oxygen, pH, temperature, salinity, chlorophyll fluorescense) as
well as a Cytosense (mobile flow-cytometer to measure phytoplankton species compo-
sition) on this VOS-line which will lead to a unique combined data set. (responsible PI
H. van der Strate).
Atmospheric CO2 fluxes have been measured at a height of 50 m using the Lutjewad
tower at the edge of the Wadden Sea near Hornhuizen (project Wim Klaassen). With
Southern wind, these measurements give information on the CO2 exchange of the agri-
cultural area of NW Groningen, and with Northern wind on exchange of the Wadden
Sea. At Southern wind directions, daily fluxes were found to scatter around zero, as day-
time CO2 uptake at the agricultural fields is compensated by nighttime release.
However, at Northern wind directions a negative flux was measured, indicating CO2
uptake at the Wadden Sea. As measurements at Northern winds may be influenced by
fluxes from the land reclamation area, a detailed study was set up in 2006 to measure
CO2 fluxes of the tidal flats at a monthly time scale, using a flux chamber. The meas-
urements show CO2 uptake during the day and release during dark conditions.
Maximum uptake rates during the day exceeds release rates during dark conditions, even
in winter (Fig. 2). These results suggest that tidal flats in the Wadden Sea are a
year–round sink for CO2. Research continues to obtain a more accurate estimation of the
CO2 budget of tidal flats in the Wadden Sea.
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Figure 1. pCO2 measuring equipment on board of the voluntary observing ship, TransCarrier.
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External forcings of Marine Phytoplankton growt
In January-February 2006 a large field campaign (Willem van de Poll, Ronald Visser,
Paul Janknegt, Anita Buma, plus one Master student) was carried out at the Estacion
Fotobiologia Playa Union, Chubut Argentina (Dr. E.W.Helbling, Dr. V. Villafane and
collegues).

This field campaign was meant to unravel phenomena of excess irradiance stress (inclu-
ding UV radiation) in marine temperate microalgae, in interaction with irradiance dyna-
mics caused by vertical wind mixing in the water column. A home made in situ mixing
device (DIVE) was developed before in our laboratory (R.J.W. Visser) and deployed
during this field campaign in large outdoor temperature controlled water basins. In these
basins key algal species (Dunaliella teriolecta, Thalassiosira weissflogii) were exposed
to a range of mixing depths and speeds under natural solar radiation conditions, thereby
mimicking mixing scenarios, typical for the deeply mixed waters of the continental shelf
of the temperate Argentinian Sea. During controlled mixing, variable fluorescence
measurements (PS II efficiency), oxidative defenses (antioxidants, antioxidant enzymes,
xanthophyll cycling), production (14C incorporation) and growth were monitored.
Furthermore biological weighting functions for xanthophyll cycling were established for
the same algal species, preacclimated to high and low irradiance, under natural solar
radiation conditions.

Finally, the above mentioned semi-natural studies were accompanied by field research
periods, to collect information on excess irradiance effects and mixing (same variables
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Figure 2. CO2 flux at the tidal flat versus irradiance during one of the coldest days of the mild
winter.
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measured as described above) in natural phytoplankton assemblages from the highly
mixed coastal waters of Patagonia. The campaign was highly successful and the data are
now processed further for publication.
The study on antioxidant function and variability in marine microalgae (PhD project
Janknegt) was one of the core activities within the Patagonian field campaign. Although
the data are not fully worked out yet, the results suggest that the investigated species are
highly capable of rapid acclimation to various mixing regimes, in terms of growth, pro-
duction, pigmentation and antioxidant activity. With respect to the latter, the collected
data, as well as earlier experimental work carried out in the home laboratory, all indica-
ted that, in order to anticipate to the highly fluctuating in situ irradiance regimes mari-
ne microalgae are standardly equipped with ample supply of antioxidants, so that little
variability is observed under changing environmental conditions.
Other experimental work (NAAP project van de Poll) clearly indicated the important role
of xanthophylls pigments and xanthophyll cycling activity in algae that are adjusting to
a changing or mixing irradiance regime. Algae that had low xanthophyll pools were

Ocean Systems

171

Figure 3. Assembling the experimental set-ups at EFPU Chubut, Argentina, January 2006 (left:
W.H. van de Poll, right: R.J.W. Visser).
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Energetics and Behavioural Mechanics of Marine Animals
H.J.Hoving, E.J.Stamhuis

Hoving received a two years appointment (04/2006-04/2008) to finish his PhD thesis on
reproduction mechanisms in squid, with emphasis on deep sea species. Two papers have
been published in 2006. One involved intersexuality in males of the deep water squid
Ancistrocheirus lesueurii, which is the first case of intersexuality in cephalopods. The
other paper includes a description of a male giant squid (Architeuthis dux) caught in the
northern North Sea. The last study was done in collaboration with Naturalis in Leiden.

E.J. Stamhuis.
Within the project on the role of odour in trophic interactions in marine foodwebs, expe-
riments were conducted to see if copepods react to the marine trace gas dimethyl-sulp-
hide (DMS) (cooperation with M. Steinke, University of East Anglia, and J. Stefels,
Dept. of Plant Physiology, University of Groningen). The compound DMS is often sto-
red in micro-algae as a buoyancy-regulating agent, and is released in the water when the
algae are grazed upon, by marine protists or by small copepods. Release of DMS might
potentially trigger search behaviour in copepods, which was tested with Temora longi-
cornis, a copepod common in the North Sea. The 1 mm sized animals were tethered to
a thin glass pipette and mounted in a setup for flow visualization and quantitative flow
analysis The results showed that release of DMS in concentration comparable to a natur-
al algal bloom indeed induces typical search behaviour in the copepods in which they
somersault for repetitive sampling of the vicinity for concentration gradients or poten-
tial directional information of the odour signal. This indicated the use of olfactory infor-
mation during food search behaviour in T. longicornis and probably most copepods. The
results were published in Limnology & Oceanography (vol. 51 issue 4, 2006) and pre-
sented on several symposia.

S. Nauwelaerts, E.J. Stamhuis.
The project on scaling effects in the interactions between (marine) animals and their
environment, experiments were started and conducted on the filtering activity of the ske-
leton shrimps Caprella mutica and Caprella linearis (S. Nauwelaerts, guest researcher).
The animals make a swaying motion with the anterior half af their body during which
the setose antennae filter particles from the water column. The animals (see picture, left
part) were filmed during active feeding and the motions were mapped in high temporal
and spatial resolution.
Motion analysis was complemented by analysis of the flow through the antennal region
during experiments with treated anterior halfs of C. mutica on a rotating needle mimic-
king the natural speed and motion. Tracing of individual particles in laser illuminated
planes showed that flow indeed passes through the antennae and that there exists a velo-
city gradient inversely related to the distance from the antennae or between the setae.
Publication is in progress.
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L. Flynn, E.J. Stamhuis
From october 2006 onwards, mr Louis Flynn is working in our department on a presti-
gious Fullbright fellowship. Mr Flynn is developing an apparatus for testing hydro- en
aerofoils and wing- and fin-shapes, within the ongoing project on mapping the flow and
revising the understanding of the aerodynamics of birds and hydrodynamics of fins. As
a starting model, we used the wing shape of a Indonesian swiftlet, that we also use in
other setups for dynamic tests on flapping flight. With the new system we will be able
to measure forces developed by the hydro- or aerofoil in water and in air, simultaneous
with mapping the flow in 2D or in 3D around the moving foil using our home-develo-
ped Digital Particle Image Velocimetry setup. That will allow us to verify the hydro- and
aeromechanics of fins and wings. First experiments showed so far that unsteady flow
phenomena enhance the flow greatly and potentially increase the created dynamic for-
ces with a factor 2 compared to previous assumptions and hypotheses. This has quite
some impact on our understanding of the relation between leading edge shape and
hydro-/aerodynamics of lunate fins or wings. Prelimenary results have already been pre-
sented on international symposia and mr. Flynn plans to finish his experiments and start
publishing the results before the end of his appointment in June 2007.

E.J. Stamhuis
In the project on the aerodynamics of bird wings , a cooperation with the Universities of
Wageningen, Leiden and Lund (Sweden) and the Technical University of Delft, has lead
to a series of experiments in the Delft low speed wind tunnel. Variation of the sweep,
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Figure 6. Caprella mutica. Left: picture of an adult animal, about 15 mm in size, with the 2
pairs of antennae sticking up and to the left. Right: Anterior half of a dead C. mutica mounted
on a needle and moving through a laser light sheet to map the flow around the filtering setae
(animal coloured black to reduce reflections).
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the angle of attack and the windspeed around sets of carefully fixed real swift wings
resulted in a large data set that allowed integration in a glide performance model. This
model predicts the bird’s gliding behaviour from its wing performance envelope.
Comparisson with real bird data from the Lund radar measurements showed that the
model is a good predictor for swift glide performance. It also showed that increase of
sweep may also be used by the bird to prevent damage due to high wing loading (see
picture below). This dramatically increases our understanding of bird flight and in par-
ticular bird gliding behaviour. The manuscript has been submitted to a high impact
journal for publication in 2007.
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Figure 7.Windtunnel measurements swift wings in TU Delft windtunnel. Left: overview of
measuring section of the windtunnel during a test cycle. Right: set of swift wings with low
sweep during testing in the windtunnel.

E.J. Stamhuis
Within the project of aerodynamics of bird wings, a cooperation with the TU Darmstadt
(Germany) has been established to test artificial goose wings on a flapping goose robot
in their large low speed wind tunnel facility. The flow in the vicinity of the wing and on
the wing has been mapped during a series of stages in the flapping cycle, at a number of
wind speeds. Parallel to the wind-tunnel work, flapping wing experiments have been
performed in our departmental water tunnel facility at physical circumstances compara-
ble to normal flight. Here we used a transparent artificial wing mimicked after the
Indonesian swiftlet, at a variety of flow speeds and flapping cycle characteristics.
Results from both experiment series compare very well and indicate that unsteady aero-
dynamics govern the flow on the wing during flapping at higher angles of attack, that is
especially during low speed flight, take-off and landing. Lift may potentially be twice as
high as when assuming conventional flow over the wing. During high speed flight the
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angle of attack is small and conventional aerodynamics govern flow on the wing. By
mapping series of 2D planes close to one another we were able to map the full 3D flow
pattern on and around the flapping wings and calculate force balances and (mechanical)
flight energetics from the spatial momentum flux. This work will hopefully be submit-
ted for publication in 2007.

E.J. Stamhuis in coop. with C.K. Hemelrijk, Theor. Biol. CEES
Many fish species show some level of schooling behaviour, during their adult life or
during their juvenile stage as well. This schooling behaviour has been modelled with
relatively simple algorithms based on virtual attraction, repellence and alignment forces
(C.K.H., Theor. Biol.). We have an on-going series of experiments with single-species
schools of different sizes in our large circular tank in which we map the positions of all
fish in the school in a 3D environment. Comparisson of the results with the models
shows that on average the model do fit reasonably welll but that the fish modulate and
vary continuously along the predicted ideal line. By using different fish species with dif-
ferent rigidities in schooling behaviour, the modulations are partially explainable.
Experiments with more school sizes and more species are carried out with the help of
MSc-students to make progress in understanding schooling behaviour and further vali-
dating and adapting the models.

Marine trophic interactions
M.K. de Boer, A.G.J.Buma

The focus of the postdoc project on harmful algae, which was also presented in the dis-
sertation “Maze of Toxicity” (M.K. de Boer, October 2006) is the ecology of the mari-
ne raphidophyte Fibrocapsa japonica, with particular attention to the causes and conse-
quences of its ichthyotoxicity. Another purpose of the PhD research was to find the com-
bination of environmental conditions that is likely to induce raphidophyte blooms along
our Dutch coasts. Most attention was paid to F. japonica because this particular species
has been observed frequently in Dutch coastal waters since 1991 and because this rap-
hidophyte had earlier caused fish mortality in other areas such asJapanese coastal
waters. A major conclusion of the PhD project was that F. japonica is able to develop in
Dutch coastal waters and that the environmental conditions in this region are conducive
to blooms that can be harmful for marine organisms. It is therefore highly relevant to
gain more insight in the mechanism of toxicological activity of F. japonica.
In the follow-up project (post-doc project ALW-Open, M.K. de Boer) the ichthyotoxici-
ty of Fibrocapsa is further studied by means of a range of techniques that were recent-
ly implemented in our laboratory (ELISA, ELA). Cultures with variable toxicity will
then subsequently be transferred to IMARES IJmuiden where all life cycle stages of the
common sole (Solea solea) are available almost year round for the project. At IMARES
ecotoxicological tests will be carried out using all life stages of sole, but starting with
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egg and larval stages. Preliminary tests that were carried out in 2006, did not show sig-
nificant changes in larval behaviour and viability. Further experimentation will be requi-
red to optimise algal toxicity screening, followed by extensive toxicity tests using larval
and other stages of sole.

Polar ecosystems
Peter Boelen, Ika A. Neven, Babette M. Bontes, Anouk Piquet, Anita G. J. Buma and
Hein J. W. de Baar

ANWO/NPP project was started in February 2006. This research project is a cooperation
between the CEES departments Plant Physiology (Neven) and Ocean Ecosystems
(Boelen) and the department Biological & Chemical Oceanography of the Royal
Netherlands Institute for Sea Research (Bontes). The project is focusing on plankton eco-
logy of the Southern Ocean in a High-CO2 World by experiments mimicking the CO2 of
glacial/interglacial periods of past >400,000 years, the modern CO2 of today, and the dou-
ble CO2 of 2050A.D. The carbon metabolism in at least four relevant phytoplankton spe-
cies will be studied and consequences of different CO2 scenarios for species performan-
ce and dominance will be followed. Mesocosm experiments will be conducted with natur-
al phytoplankton communities during an Antarctic field campaign with the aim to follow
consequences of different CO2 pressures on phytoplankton community structure. Finally
results of both laboratory as well as field experiments will be incorporated in a model
(SWAMCO) with the objective to predict shifts of the planktonic ecosystem, concomitant
shifts of atmospheric CO2 and DMS and hence feedback effects on global climate.
In this first year a two month working visit was made to the research lab of Dr John
Beardall in Melbourne (Boelen). Here consequences of different CO2 scenarios on car-
bon metabolism (carbonic anhydrase activity, Rubisco activity, internal inorganic carbon
concentration) were investigated in two strains of the temperate phytoplankton species
Emiliania huxleyi.
In the laboratory a semi-continuous set-up (Fig. 8) was built where Antarctic cultures
can be cultured at 2 ºC under four pCO2 conditions (190, 270, 370 and 750 ppm).
Therefore a system was developed to aerate cultures with sterile synthetic air containing
the appropriate amount of CO2. Test runs were made with the Antarctic phytoplankton
species Chaetoceros brevis and Pyramimonas. Growth, viability, photosynthetic
performance and carbon metabolism were followed during the experiment. The first
results indicate that these algae can adapt quickly to new CO2 scenarios and that carbon
concentrating mechanisms are activated within a few days under low CO2 conditions.
This can imply that in a future high CO2 world a once evolutionary advantageous trait
as a carbon concentrating mechanism might become redundant, shifting present phyto-
planktonic communities.
Substantial progress was made in the project “Marine microbial communities from polar
regions”(Anouk Piquet, Henk Bolhuis (formerly at Dept. of Microbial Ecology), Anita
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G. J. Buma). In the polar regions, primary productivity is mainly driven by phytoplank-
ton that photosynthesize CO2 into organic carbon. Predicted climate related changes in
the form of increased temperatures, enhanced glacial melting, enhanced seawater strati-
fication are likely to affect phytoplankton and bacterial production. In addition to these
temperature shifts the yearly recurring enhanced springtime ultraviolet radiation might
increase the stress already experienced by the microbial community, especially in sys-
tems where the enhanced stratification of the water column limits the vertical mixing
depth of phytoplankton. In order to predict and understand the effects of climate chan-
ge on marine microbial communities from the polar regions, two field campaigns were
conducted. After the first Antarctic campaign in 2002/2003 field work was conducted in
2005 at Ny-Alesund research station on Spitsbergen. The Kongs- and Krossfjorden are
two semi-open fjords that share a common mouth to the sea. This system is strongly inf-
luenced by the warm water from theWestspitsbergen Current, providing this region with
very mild temperatures in spite of the high latitude. Many glaciers feed the fjords with
large quantities of freshwater and sediments, this presents a good model system for the
effects of seawater stratification on natural microbial communities. The temporal study
revealed a stable eukaryotic community, whereas the prokaryotic community appeared
to shift in correlation with sediment concentrations. The DGGE patterns obtained for the
eukaryotic and prokaryotic communities revealed strong spatial differences. The
Krossfjorden and Kongsfjorden proved to harbour different communities. This suggests
that the communities are under the pressure of outflowing glacial meltwater. The relati-
ve abundance of species showed a strong correlation with sediment concentration.
In 2006 several IPY proposals were approved, among which a project will will further
investigate climate change effects on marine microbial communities in Arctic fjords.
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Figure 8. Experimental set-up for studying Antarctic microalgal performance under controlled
pCO2.
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This project start in September 2006 and equipment for high quality equipment for accu-
rately stydying under water chemical-physical environment was purchased. An applica-
tion fro two field campaign in Ny Aalesund, Spitsbergen (for 2007 and 2008) was sub-
mitted and approved, so that the 2007 field campaign could be prepared.

Publications 2006

Doctorate granted by the institution, prepared within the institution

Alderkamp, A.-C., 2006. Carbohydrate production by phytoplankton and degradation
in the marine microbial food web. Promotores: Prof.dr. W.H. Wolff, prof.dr. G.J.
Herndl, prof.dr. W.W.C. Gieskes, University of Groningen

Hazelaar, S., 2006. Nanoscale architecture: The role of proteins in diatom silicon bio-
mineralization. Promotores: Prof.dr. W.W.C. Gieskes, prof.dr.ir. H.J.W. de Baar; co-
promotor dr.ing. E.G. Vrieling, University of Groningen

Doctorate granted by the institution, prepared at another institution

Reinthaler, T., 2006. Prokaryotic respiration and production in the open ocean.
Promotor: Prof.dr. G.J. Herndl, University of Groningen

Publications in journals

Blokker, P., Boelen, P., Broekman, R., Rozema, J., 2006. The Occurrence of p-couma-
ric Acid and Ferulic Acid in Fossil Plant Materials and their Use as UV-proxy. Plant
Ecology 182: 197-207

Boelen, P ., de Boer, M. K., de Bakker, N., Rozema. J., 2006. Outdoor studies on the
effects of solar UV-B on bryophytes: overview and methodology. Plant Ecology 182:
137-152

Bowie, A.R., Achterberg, E.P., Croot, P.L., Baar, H.J.W. de, Laan, P., Moffett, J.W.,
Ussher, S., Worsfold, P.J., 2006. A community-wide intercomparison exercise for the
determination of dissolved iron in seawater. Marine Chemistry 98: 81-99

Buma, A.G.J., Wright, S.W., Enden, R.van den, Poll, W.H. van den, Davidson, A.T., 2006.
PAR acclimation and UVBR-induced DNA damage in Antarctic marine microalgae.
Marine Ecology Progress Series 315: 33-42
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Cartaxana, P., Mendes, C.R., Leeuwe, M.A. van, Brotas, V., 2006. Comparative study
on microphytobenthic pigments of muddy and sandy intertidal sediments of the Tagus
estuary. Estuarine, Coastal and Shelf Science 66: 225-230

Hoving, H.J.T., Goud, J., Gittenberger,E., Videler, J.J., 2006. A male squid,
Architeuhtis spec. (Cephalopoda, Architeuthidae) from the Fladen Ground in the nort-
hern North Sea. Basteria 70: 153-160

Hoving, H.J.T., Roeleveld, M.A.C., Lipinski, M.R., Videler, J.J., 2006. Nidamental
glands in males of the oceanic squid Ancistrocheirus lesueurii (Cephalopoda:
Acistrocheiridae) – sex change or intersexuality? Journal of Zoology 269: 341-348

Jonge, V.N. de, Elliot, M., Brauer, V.S., 2006. Marine monitoring: Its shortcomings
and mismatch with the EU Water Framework Directive’s objectives. Marine Pollution
Bulletin 53: 5-19

Joux, F., Agogué, H., Obernosterer, I., Dupuy, C., Reinthaler, T., Herndl, G.J., Lebaron,
P., 2006. Microbial community structure in the sea surface microlayer at two contras-
ting coastal sites in the northwest Mediterranean Sea. Aquatic Microbial Ecology 42:
91-104

Klaassen, W., Sogachev, A., 2006. Flux footprint simulation downwind of a forest
edge. Boundary-Layer Meteorology 121: 459-473

Van Leeuwe, M.A., L.A. Villerius, J. Roggeveld, R.J.W. Visser and J. Stefels, 2006.
An optimized method for automated analysis of algal pigments by HPLC. Marine
Chemistry 102: 267-275

Parada, V., G.J. Herndl, M.G. Weinbauer, 2006. Viral burst size of heterotrophic proka-
ryotes in aquatic systems. J. Mar. Biol. Ass. UK 86: 613-621

Poll, W.H. van de, Alderkamp, A.-C., Janknegt, P.J., Roggeveld, J., Buma, A.G.J.,
2006. Photoacclimation modulates excessive photosynthetically active and ultraviolet
radiation effects in a temperate and an Antarctic marine diatom. Limnology and
Oceanography 51: 1239-1248

Reinthaler, T., Aken, H. van, Veth, C., Aristegui, J., Robinson, C., Williams, P.J.l.B.,
Lebaron, P., Herndl, G.J., 2006. Prokaryotic respiration and production in the meso-
and bathypelagic realm of the eastern and western North Atlantic Ocean. Limnology
and Oceanography 51: 1262-1273
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Rijkenberg M.J.A., L.J.A. Gerringa, I. Velzeboer, K.R. Timmermans, A.G.J. Buma,
H.J.W. de Baar, 2006. Iron-binding ligands in Dutch estuaries are not affected by UV
induced photochemical degradation. Marine Chemistry 100: 11-23

Rozema, J., P. Boelen, M. Doorenbosch, S. Bohncke, P. Blokker, C. Boekel, R. A.
Broekman, M. Konert, 2006. A Vegetation, Climate and Environment Reconstruction
Based on Palynological Analyses of High Arctic Tundra Peat Cores (5000–6000 years
BP) from Svalbard. Plant Ecology 182: 155-173

Rozema, J., Peter Boelen, Bjørn Solheim, Matthias Zielke, Alwin Buskens, Marieke
Doorenbosch, Ruben Fijn, Jelger Herder, Terry Callaghan, Lars Olof Björn, Dylan
Gwynn Jones, Rob Broekman, Peter Blokker, Willem van de Poll, 2006. Stratospheric
Ozone Depletion: High Arctic Tundra Plant Growth on Svalbard is not Affected by
Enhanced UV-B after 7 years of UV-B Supplementation in the Field. Plant Ecology
182: 121-135

Sintes, E. & G.J. Herndl, 2006. Quantifying substrate uptake of individual cells of
marine bacterioplankton by catalyzed reporter deposition fluorescence in situ hybridi-
zation combined with microautoradiography. Appl. Environ. Microbiol. 72: 7022-7028

Sogin, M.L., H.G. Morrison, J.A. Huber, D.M. Welch, S.M. Huse, J.M. Arrieta & G.J.
Herndl, 2006. Microbial diversity in the deep sea and the under-explored “rare biosp-
here”. Proc. Natl. Acad. Sci. USA 103: 12115-12120

Teira, E., H.M. v. Aken, C. Veth & G.J. Herndl, 2006. Archaeal uptake of enantiomeric
amino acids in the meso- and bathypelagic waters of the North Atlantic. Limnol.
Oceanogr. 51: 60-69

Teira, E., P. Lebaron, H.M. v. Aken & G.J. Herndl, 2006. Distribution and activity of
Bacteria and Archaea in the deep water masses of the North Atlantic. Limnol.
Oceanogr. 51: 2131-2144

Wuchter, C., B. Abbas, M.J.L. Coolen, L. Herfort, J. van Bleijswijk, P. Timmers, M.
Strous, E. Teira, G.J. Herndl, J.J. Middelburg, S. Schouten & J.S. Sinninghe Damsté,
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Administrative Staff
secretary
G. Ferber RUG 0.5

Guests
dr. G. Kerth University of Lausanne 1.0 050601-060501

Introducing the group

Most of the models developed in the Theoretical Biology group address research
questions in ecology, evolution, and behavioural biology. We see it as one of our main
tasks to bridge the gap between theoretical and empirical research. The group intends to
contribute to this task in three ways. First, our models are framed in terms of “concrete”
variables and parameters with a clear biological meaning. In other words, the models are
more “mechanistic” and less phenomenological than is standard in theoretical research.
Second, we strive to include slightly more complexity in the models than is typical for
the “toy models” that are often used to illustrate conceptual ideas. Overly complex
models do not inspire much insight, while overly simplistic models may be misleading
when applied to particular real-world situations. With models of intermediate com-
plexity, we hope to achieve a good balance between conceptual simplicity and analyti-
cal tractability on the one hand, and realism and testability on the other. Third, the model
predictions are systematically confronted with real-world situations. In close collabora-
tion with colleagues from various biological disciplines, the group tries to test its model
predictions both in the lab and in the field. With the modelling approach indicated
above, we address questions in three interrelated research areas:

Dynamics of ecological interactions
It is a major challenge, both from a fundamental and from an applied point of view, to
obtain a better understanding of the dynamics of multi-species interactions. Even seem-
ingly “simple” interactions, like competition for nutrients, tend to be highly complex
when more than three or four species are involved. However, systems that appear chao-
tic and unpredictable at the micro-level may look regular and predictable when viewed
from a higher-level perspective. It is one of our goals to unravel whether, and in what
sense, the “micro” view of population ecology is consistent with the “macro” view of
community ecology. On our way to achieve this goal, we are currently working on a con-
ceptual unification of the resource-based approach of competition theory and the energy-
based approach of the metabolic theory of ecology. A second, independent goal is to find
out whether, and to what extent, ecological insights are affected when approached from
an evolutionary perspective. Ecologists tend to treat ecological parameters as fixed and
externally given, even though these parameters are the result of an evolutionary process.
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Many parameter combinations considered by ecologists are not “reasonable” from an
evolutionary point of view, since they are not evolutionarily stable. Hence evolutionary
arguments can be used to delimit the “relevant” part of parameter space. By doing this
we expect to obtain important new insights into the nature and dynamics of ecological
interactions.

Evolutionary ecology of sex
As indicated above, ecology may learn a lot from evolutionary theory. The converse is
also true. The fitness parameters of selection models are, for example, usually derived
in an ad hoc way from plausibility considerations. The resulting model populations
grow or decline exponentially and are obviously not “ecologically stable”. This is pro-
blematic, since ecological factors (like density-dependence) may strongly affect the
course and the outcome of evolution. It is therefore one of our goals to follow an eco-
evolutionary approach where evolutionary parameters, like fitness, are derived syste-
matically from mechanistic and ecological considerations. In parallel, we develop new
analytical tools that allow to cope with the increased complexity of the resulting models.
This mechanistic approach is applied to a variety of research questions. Many of these
questions are related to the causes and consequences of sexual reproduction. In close
collaboration with empirical biologists, we try to contribute to the solution of questions
like: Why are sex determining systems so diverse and rapidly evolving? What explains
the enormous diversity of gamete recognition proteins? Why are sex ratios often close
to unity, while theory predicts extreme sex ratios varying with local circumstances?
How is sexual selection affected by sexual antagonism and the genetic basis of traits
related to mating? Is sexual selection the key to understanding sympatric speciation?

Self-organization of social systems
In many biological systems, the understanding of patterns and processes is enhanced by
the explicit consideration of different levels of organization. Seemingly well-understood
phenomena at a higher level of organization can often in a surprising way be re-inter-
preted as emergent properties from the interactions among units at a lower level. For
instance, in a model of groups of individuals that perform dominance interactions, a dif-
ference in a single parameter (intensity of aggression) affects the social structure in such
a way that the society switches from the many characteristics of a despotic society to
that of an egalitarian society. Thus, complex differences between societies may be cau-
sed by a difference in a single trait at a lower level, and the evolution of social systems
may, correspondingly, reflect the evolution of a few individual traits. By applying prin-
ciples of self-organization, we aim at a better understanding of the emergence and the
evolution of complex structures in terms of lower-level processes. By applying evolu-
tionary principles to these lower-level processes, those patterns and processes will be
singled out that are evolutionarily stable. The integration of an evolutionary and a self-
organization approach is a major challenge and one of the central goals of the
Theoretical Biology research programme.
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Overview of Academic Results

In the year 2006, our relatively young group continued to grow steadily. Wouter Vahl
and Martijn van de Pol both finished their doctorate study with a successful defence of
their thesis. Martijn’s defence was awarded the qualification “cum laude”, and he also
obtained one of the Rubicon-grants awarded by the Dutch Science Organisation (NWO)
to young postdocs in the field of ecology and evolution to continue his career at the
Population Biology Centre of the Norwegian University of Science and Technology.
Wouter Vahl was asked to deliver the annual “Verweij-lecture” of the research school
Functional Ecology, indicating that his thesis was among the best theses produced in the
Netherlands in the field of ecology and evolution.

The following four contributions give an impression of the work being done in the
Theoretical Biology group. Wouter Vahl comments on his work on interference compe-
tition from an evolutionary perspective. Martijn van de Pol presents highlights of his
study on state-dependent life-history strategies. Magdalena Kozielska and Ido Pen
report on some aspects of sex ratio selection and sex determination in the housefly. In
the final contribution, Charlotte Hemelrijk explains how complexity science may in-
crease our understanding of certain aspects of school formation in fish and how these
explanations can result in testable hypotheses for real fish.

Why do foragers fight for food? A unifying evolutionary perspective
Wouter Vahl, Sander van Doorn and Franz J. Weissing

In many species, the intake rate of foraging individuals is negatively related to forager
density due to agonistic interactions among the foragers. This so-called interference
competition has interested students of behavioural ecology and population biology for a
long time, mainly because of its potential importance for the spatial distribution and
population growth rates of both predators and their prey.
Several attempts have been made to model the interference process. The original models
were quite successful in providing a description of this process, but they did not address
the question as to why foraging animals interfere with each other. Recently, a variety of
models has been developed that do consider the adaptive value of interference beha-
viour, i.e. the question how interference behaviour is shaped by natural selection. These
evolutionary models combine ideas from evolutionary game theory with a mechanistic
state-based description of the foraging process.
Although the number of such evolutionary models is growing rapidly, a comprehensive
understanding of interference competition has not yet been achieved. Models that appear
to be very similar yield strikingly different predictions. Regarding the effect of forager
density, for instance, some models predict the frequency of aggressive conflicts to be
high when the encounter rate with competitors is high, whereas other models predict few
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such conflicts, and yet other models predict the frequency of aggressive conflicts to be
independent of the rate of competitor encounters.
We have attempted to unify approaches. We start by developing a coherent, event-based
description of the foraging process by a “decision tree” that visualizes the foraging game
(Figure 1). This framework helps to avoid model inconsistencies, and it allows to derive
fitness functions in a straightforward and systematic way. This is important, since the
various models differ largely in their assumptions on the fitness consequences of fora-
ging behaviour. For the analysis of evolutionary stability we rely on techniques from
Adaptive Dynamics theory that extend the ESS techniques used by most other evolutio-
nary models of interference competition.

Theoretical Biology
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Figure 1. The foraging game visualized by a decision tree that keeps track of all possible
events and actions that can occur to a focal forager. The decision tree starts with a forager in
the searching state (S) and accordingly, each of the 13 paths through the decision tree ends
when the forager re-enters the searching state. In the meantime, the forager may have been in
the handling (H) and / or the fighting (F) state. The dotted line in the conflict module indicates
that in a conflict opponents are assumed to choose an action (dare or be careful) simultaneous-
ly, without knowing the action of their opponent.
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Simple implementations of our general approach yield already interesting insights.
When assuming that each individual has an interference strategy consisting of two com-
ponents - a tendency to “dare (i.e. be aggressive) as a searcher” and a tendency to “dare
as a handler” - we recover the classical result that foragers should make their aggressive
behaviour dependent on the role they play in interactions (i.e. whether they enter a con-
flict as a searcher or as a handler). Moreover, alternative evolutionarily stable interfe-
rence strategies may coexist for the same parameter combinations (Figure 2).
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Figure 2. Trajectory plot showing how the tendency to dare as a searcher and as a handler
evolve, whereby thin black lines are examples of evolutionary trajectories. For the specific set
of ecological parameters used, three alternative evolutionarily stable interference strategies may
evolve (filled and open dots indicate stable and unstable outcomes of evolution, respectively):
depending only on the initial conditions regarding the tendency to dare (i.e. be aggressive) of
searchers and handlers, evolution either leads to the Hawk strategy (H), the Bourgeois strategy
(B), or the anti-Bourgeois strategy (X). In a population playing the Hawk strategy, animals dare
their opponent regardless of their behavioural state; with the Bourgeois and the anti-Bourgeois
strategy, the aggressive behaviour of foragers depends on whether they enter a conflict as a
searcher or as a handler.
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Interestingly, for a substantial range of ecological conditions evolutionarily stable inter-
ference strategies do not result in a negative relationship between intake rate and fora-
ger density (Figure 3), implying that interference effects on intake rate cannot be taken
for granted as the logical outcome of evolution.
In addition to making specific predictions, we use our systematic approach to clarify the
relationship between existing evolutionary models of interference competition. Most
importantly, our approach reveals that modelling interference competition is much less
straightforward than appears at first sight. For instance, it becomes apparent that earlier
models overlooked important evolutionary options and that they did not put sufficient
emphasis on the derivation of the fitness function. Proper account of these issues yields
an approach to modelling the evolution of interference behaviour that is much more
complete, but it also introduces the need for more sophisticated techniques of analysis
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Figure 3. Interference curves showing how the payoff to foraging depends on the rate at which
competitors are encountered, for each of the three outcomes of evolution in Figure 2. In popula-
tions playing the Hawk strategy, intake rate is a decreasing function of the rate at which compe-
titors are encountered. This strategy, however, is only predicted to evolve at high competitor
encounter rates (solid and dotted lines indicate those parts of the interference curves for which
the strategy played is, and is not among the stable outcomes of evolution, respectively). When
evolution leads to either the Bourgeois or the anti-Bourgeois strategy, no such interference
effects on intake rate can be expected.
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than those generally used by evolutionary models of interference competition. Together,
these improvements can drastically change ideas on the evolution of interference strategies.

Variation in habitat choice and delayed reproduction: Adaptive queuing strategies or
individual quality differences?
Martijn van de Pol, Ido Pen, Dik Heg and Franz J. Weissing

Why do some individuals delay reproduction beyond sexual maturity? Why do some
individuals choose to breed in low-quality habitat? These two questions played an
important role in the study of life-history evolution and in understanding the ecological
distribution of individuals. Traditionally, these two questions were addressed separately
until Ens, Weissing and Drent (1995, American Naturalist 146:625-650) argued that they
are two sides of the same coin. To this end, they introduced the “queue hypothesis” pro-
posing that individuals strategically delay reproduction (queue) to acquire better breeding
positions, instead of starting to reproduce in low-quality habitat almost immediately.
Qualitatively and quantitatively, the corresponding queue model provided a good fit for
a Dutch population of Oystercatchers.
After more than 10 years, the time is now ripe for a critical re-evaluation of both the
model and the data. New data have accumulated, and much progress has been made both
with respect to modelling life history evolution and to estimating the relevant model para-
meters. Most importantly, the more recent data suggest that queuing may be a condition-
al strategy: only individuals born on high-quality territories seem to queue for territories
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of high quality. For this and other reasons, we developed an improved version of the
Ens-Weissing-Drent model that, among other things, allows to include conditional stra-
tegies. One of the questions was whether queuing behaviour conditional on the quality
of the territory at birth could evolve even in the absence of phenotypic differences. In
the strict sense of the word, the answer is no: if the territory where a bird is born does
not have any effect on individual quality, the queuing strategy should be unconditional.
However, in a more practical sense of the word, the answer is yes: including even the
slightest competitive asymmetries will result in individuals using completely different
settlement strategies.
In addition to deriving such general insights, we put our model to the test by comparing
its quantitative predictions with 21 years of data on the settlement patterns of free-living
Oystercatchers. This endeavour had a mixed outcome. On a qualitative level, and some-
times also quantitatively, the fit between model predictions and data was surprisingly
good. But there are also many unexplained discrepancies, which may be caused by the
fact that the life history parameters of the Oystercatcher population changed dramati-
cally over the last 10 years. Hence, on the one hand our study is a nice example of how
theoretical work can help to understand empirical patterns and to guide future research,
but on the other hand it also demonstrates the difficulties encountered at confronting
simple models with a complex field situation.

Sex ratio selection and multi-factorial sex determination in the housefly
Magdalena Kozielska, Ido Pen, Leo W. Beukeboom and Franz J. Weissing

Sex determination is a fundamental developmental process in animals and plants and one
might therefore expect the underlying mechanisms to be conserved. Yet the opposite is
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Figure 4. Oystercatcher occupying high-quality habitat with in the back an observation hide.
Photo Dik Heg ©
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true: sex determining mechanisms vary considerably between closely related taxonomic
groups and evolutionary transitions from one system to another seem to occur frequent-
ly. It is still far from clear why sex determining mechanisms are so evolutionarily unsta-
ble and what forces are responsible for their rapid turnover rate. One reason for the lack
of this knowledge is presumably that sex determining (SD) mechanisms are usually
fixed in individual species, but the housefly (Musca domestica) is one of few exceptions.
In this species, several different SD mechanisms have been found to coexist in field
populations (Table 1). In the so-called standard XY strains, a male-determining factor
(M) is located on the Y chromosome and males are XY and females XX. The M factor
blocks the action of an autosomal F which is necessary for female development. In addi-
tion to the standard XY system, field populations have been discovered in which an M
factor is located on one or several of the five autosomes, or even on an X chromosome.
These autosomal (more precisely, non-Y) M factors seem to have appeared relatively
recently and may be spreading, replacing the standard XY system in many locations. In
most populations with autosomal M factors, an additional epistatic factor FD (FDominant)
occurs dictating female development, even in the presence of several M factors.
Whatever the causes for the variability and distribution of SD mechanisms in the natu-
ral populations the housefly, this organism is potentially very suitable for conducting
experimental studies on the evolution of sex determination, and we are currently embar-
king on such studies. However, in addition to carrying out experiments, it is useful to
obtain more theoretical insight into the behaviour of the housefly system.
We investigated the effect of sex ratio selection on the dynamics of the three-locus sex
determining system. The reason is that the selection for or against biased sex ratios is
thought to be, at least theoretically, an important contributing factor in evolutionary tran-
sitions between SD systems. We focused on the most basic mechanism where sons and
daughters differ in how much they “cost” to produce by the parents. Selection will then
act on genes affecting the sex ratio to favour overproduction of the “cheaper” sex.
We modelled the dynamics of a sex determination system consisting of three gene loci
on three different chromosomes, each locus having two possible alleles. The first locus
corresponds to the standard XY sex determination system, having an X “allele” and a Y
(male-determining) “allele”. The second locus has a male-determining M allele and a
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Table 1. Relation between genotype and sexual phenotype in the housefly. The female determi-
ning factors (F/FD) are located on chromosome IV; the male determining factors (M) can be
located on any chromosome. A “+” symbol indicates the wild type state (no M) and a dot the
presence or absence of M.

Autosomes Sex chromosomes
IV I-V XX XY

F/F +/+ ♀ ♂
F/F ●/M ♂ ♂
F/FD ●/● ♀ ♀
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neutral “+” allele. The third locus has an epistatic female-determining FD allele and a
standard F allele. We made a system of recurrence equations to analyze frequencies of
different genotypes in males and females under sex ratio selection. Where possible, we
used analytical methods to analyze the equations, but in most cases we had to use nume-
rical iterations. To investigate dependence on initial conditions, for each parameter com-
bination 200 random initial genotype frequencies were sampled.
If there are no cost differences between sons and daughters, it can be shown analytical-
ly that all equilibria of the system have an even sex ratio. Equilibrium is reached usual-
ly within 10 generations and frequencies of different sex determining factors depend on
their initial frequencies, but polymorphism of all of them is maintained.
When daughters are more costly and male-biased sex ratios are selectively favoured, sur-
prisingly, the equilibrium primary sex ratio is always even. The FD factor is always re-
moved from the population, since females with FD often produce female-biased sex ratios
and have a selective disadvantage. The system reduces to a population with a mixture of
X, Y and M (Figure 5), but without FD in the populations only males heterozygous for M
or Y stay in the population, which leads to a 50:50 sex ratio under Mendelian segregation.
When males are more costly, female-biased sex ratios are expected to be selectively
favoured and this is indeed what we found. However, the magnitude of the sex ratio bias
is relatively small compared to the expected values, even in situations where sons are
much more expensive to produce than daughters (Figure 5). Only a single male-deter-
mining factor can remain in the population (either M or Y), the one which was initially
present at a higher frequency. FD never reaches a frequency of 0.5 among females; hence
a fully female heterogametic system does not evolve.
We have shown that under many circumstances polymorphism on multiple sex determi-
ning loci is stable, therefore a wide variety of sex determining mechanisms in natural
populations of the housefly may represent an equilibrium state and not, as believed pre-
viously, a transient state between systems with only one sex determining factor. Our
results show also that stable sex ratio biases that are optimal under cost differences
between sons and daughters, are not feasible in the housefly sex determining system.
These results highlight the potential importance of the constraints imposed by genetic
mechanisms on the precision and magnitude of adaptation.
Little is known about the sex ratios and the importance of sex ratio selection in natural
populations of the housefly. It is possible that male-biased sex ratios are favoured since
adult females are larger than adult male houseflies and presumably need more food. On
the other hand, female-biased sex ratios are expected under inbreeding, which could
happen in local populations when they are decreased due to unfavourable climatic con-
ditions. However, in view of our results, it seems unlikely that sex ratio selection alone
can explain the observed frequencies of M and FD in natural housefly populations. In
most populations with non-standard sex determining systems M and FD co-occur at high
frequencies, which is consistent with our model predictions only if sons are more cost-
ly than daughters and M has a high initial frequency. Since the XY system seems to be
ancestral, high initial frequencies of autosomal M require additional mechanisms. These
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could include linkage with fitness-enhancing genes or meiotic drive factors, but their
incorporation in the model is left for the future.
Although at the moment it is hard to judge whether sex ratio selection has been an
important cause of the remarkable variation in housefly sex determining mechanisms,
the housefly can still serve as a useful model organism for experiments on the evolution
of sex determination. Our model and future theoretical work will be important for
designing and understanding the experiments.
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Figure 5. Equilibrium sex ratio compared to the theoretical expectations under maternal and
offspring control (A) and equilibrium frequencies of sex determining factors (B) as a function
of the relative cost of sons. The outcome depends partly on the relative initial frequencies,
which were here: p(Y)=0.225, p(M)=0.025, p(FD)=0.025.
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Understanding social behaviour with the help of complexity science
Charlotte K. Hemelrijk, Hanno Hildenrandt, Hanspeter Kunz

To get a better understanding of the complex phenomenon of coordination of fish in a
school individual-based models have often been used. These models have shown that
flexible coordination of individuals in a swarm may arise by self-organisation and that
no leader is required. In a group of completely identical individuals the following three
rules suffice to produce robust schooling behaviour:
Individuals are attracted to those further away (“cohesion”), and they align to those at
intermediate distance and, in addition, they avoid those close by.
Whereas many variations of this model result in flexible swarming, hardly any has been
tested by means of empirical data. Therefore, our recent model of swarming is aimed at
the generation of testable hypotheses (Hemelrijk & Hildenbrandt subm., Hemelrijk &
Kunz Behavioral Ecology 16:178-187). We direct our attention to two patterns, which
are supposed to protect against predation: the oblong shape of a school and its high frontal
density.
According to models designed by others both traits actually minimise predation: the
oblong shape diminishes the dangerous frontal area where predators attack most.
Furthermore, high frontal density reduces predation, because here individuals can hide
behind others. The question we try to solve is: how can fish organise themselves in this
way. If they form these grouping patterns intentionally, they must know both their own
location and that of others and they must coordinate the spatial distribution of individu-
als. This seems to tax their cognitive capacities too heavily. Therefore, we have investi-
gated in two individual-based models whether these patterns may arise by self-organi-
sation.
In both models, we have found that no extra rules are needed and that both patterns arise
as a side-effect of coordination. In the first model, the school becomes oblong, because,
if individuals fall back, they cannot accelerate to catch up with others. The density is
highest at the front, because individuals at the front are sometimes attracted a little more
to the left or to the right. Therefore, they wiggle more than their colleagues behind them.
Consequently, they slow down and a traffic jam builds up.
However, this model suffers from a number of shortcomings, which we have corrected
in the second model. First, speed had been fixed, with random error. Second, individu-
als perceived others over a fixed distance, independently of the density of others. Third,
the model was built up in two dimensions. Fourth, school size ranged up to 100 indivi-
duals only.
In the new (second) model, we have corrected these shortcomings as follows.
Individuals travel at a cruise speed from which they can deviate, by speeding up to catch
up with others and slowing down to avoid collision. Furthermore, the distance of per-
ception has been reduced when the density of surrounding individuals is high and in-
creased when it is low. Besides, individuals move in three dimensions, like real fish.
Also, we look at larger schools than anyone has so far (up to 2000 individuals).
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