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Meeting the grand challenges of ecology Technologies and infrastructures for integrative research



Jean-François Le Galliard CNRS – Institut Ecologie-Environnement CEREEP-Ecotron IleDeFrance (www.foljuif.ens.fr) Ecologie-Evolution (http:/jf.legalliard.free.fr/)



Facts and global predictions The environmental crisis



Global environmental changes: habitat loss Habitat destruction is associated with massive habitat loss, fragmentation and habitat degradation ~ 83 % land surface affected by human activities



Forest fragmentation (green area) in Finland from 1752 to 1990



Fahrig, L. 2003. Effects of habitat fragmentation on biodiversity. Annual Review of Ecology and Systematics 34:487-515.



Global environmental changes: habitat loss



Global environmental changes: climate change



+ 0.6 °C mean change during last century



+ 1.5 à 4.5 °C mean expected change during next 50 years



IPCC (2007) Climate Change 2007: Synthesis Report. Summary for Policymakers (eds R. K. Pachauri & A. Reisinger).



Global environmental changes: pollution



Image téléchargée sur le site web: www.ledictionnairevisuel.com



Biodiversity crisis Observed and predicted species loss (extinction per million species year)



Predicted extinction rates from models of climate and habitat changes • habitat loss • species-area curves



Observed, current extinction rates according to IUCN red lists



Leadley, P., H. M. Pereira, R. Alkemade, J. F. Fernandez-Manjarrés, V. Proença, J. P. W. Scharlemann, and M. J. Walpole. 2010. Biodiversity Scenarios: Projections of 21st century change in biodiversity and associated ecosystem services, Pages 132, Technical Series Montreal, Secretariat of the Convention on Biological Diversity.



“Tipping points”: towards the loss of entire biomes ? Predicted shift towards elimination of reef coral biomes in the next century



Strong thermal constraints on reef growth (bleaching and death predicted at + 2°C) and negative effects of ocean acidification on carbonate-based skeleton formation Predicted climate changes A – current situation B – predicted ecological change from modest scenarios C – predicted ecological change from extreme scenarios



Hoegh-Guldberg, O., P. J. Mumby, A. J. Hooten, R. S. Steneck, P. Greenfield, E. Gomez, C. D. Harvell et al. 2007. Coral reefs under rapid climate change and ocean acidification, Pages 1737-1742.



“Tipping points”: towards the loss of entire biomes ? Preserved coral reef



Mixed algal and coral reef



Extinct coral reef



Hoegh-Guldberg, O., P. J. Mumby, A. J. Hooten, R. S. Steneck, P. Greenfield, E. Gomez, C. D. Harvell et al. 2007. Coral reefs under rapid climate change and ocean acidification, Pages 1737-1742.



Deadly cocktail: interactive effects of global changes



Potential consequences for mankind



Millenium Ecosystem Assessment



Challenges for ecological research



Sustainable management « Adapt » our impact on ecosystems



« Ecosystems » Atmosphere



« Human societies »



« Optimize » ecological services provided by ecosystems



Biosphere



Living organisms are key players Biodiversity and biotic interactions are major players of the dynamics and evolution of ecosystems



From Robert A. Berner - GEOCARB



Bailey R M Proc. R. Soc. B doi:10.1098/rspb.2010.1750



Grand challenges in ecology Evaluate ecosystem responses to global anthropogenic changes  



Response of species, communities, ecosystems and biomes Spatial and temporal dynamics of natural systems



Comprehend the adaptive potential of ecosystems   



Mechanisms of adaptation: dispersal, plasticity and genetic change The pace of adaptation Feedbacks between ecological and evolutionary dynamics



Understand complex retroactions between ecosystem compartments  



Biosphere-atmosphere-geosphere-hydrosphere feedbacks Coupling between community dynamics and bio-geochemical cycles



Quantify and predict ecological services  



Determinants of water, soil and air quality Sustainable management of agro-ecosystems, forests and harvested populations



Microbial community in oceans



Atmosphere



Anthropogenic changes in air temperatures and atmospheric CO2



Global warming and acidification of oceans



Sediments



Ocean



Chris Bowler et al. Nature 2009



Complex microbial communities with up to millions of individuals per liter of water



?



?



Impact on the ecology and evolution of phytoplankton



Uptake of inorganic C in deep oceanic sediments (a major ecological service)



Need for integrated approaches in ecological sciences to tackle these environmental problems !



Critical issues in ecological sciences 



Ecosystems are inherently “complex”   



“It is composed of many parts who interact together in multiple ways” Biodiversity makes a collection of interacting agents differing in functional properties and intrinsic dynamics (heterogeneity) Processes are scale-dependent and interact across scales



Biodiversity of planktonic oceanic Eukaryotes



Tara Ocean Expedition, Special Science issue (2015)



Interaction networks in ecological systems Interaction networks in farmlands



Trophic network in a lake



Pocock et al. Science 2012



Merrcedes. Plos Comput Biol. 2005.



Critical issues in ecological sciences 



Ecosystems are inherently “complex”   







“It is composed of many parts who interact together in multiple ways” Biodiversity makes a collection of interacting agents differing in functional properties and intrinsic dynamics (heterogeneity) Processes are scale-dependent and interact across scales



Ecosystems can have non-linear dynamics   



Ecosystem properties are determined by many feedbacks between and within biotic and abiotic compartments Tipping points and thresholds are characteristics of dynamics at various scales from individuals to communities Driving factors can interact



Example of bistability in ecological systems Theoretical hysteresis curve



Mechanisms: positive feedback in the dynamic system involving domino effects among heterogeneous and connected agents in a complex network



Example of a hysteresis curve



Water eutrophication in lakes: positive through water anoxy on P recycling in sediments (faster at low O2 concentration) Scheffer. 2009.



Driving factors have non additive effects Meta-analysis of 171 marine ecology experiments Overall 26 % non additive 36% synergistic 38% antagonistic



Crain et al. Ecol Letters 2008



Critical issues in ecological sciences 



Ecosystems are inherently “complex”   







Ecosystems can have non-linear dynamics   







“It is composed of many parts who interact together in multiple ways” Biodiversity makes a collection of interacting agents differing in functional properties and intrinsic dynamics (heterogeneity) Processes are scale-dependent and interact across scales



Ecosystem properties are determined by many feedbacks between and within biotic and abiotic compartments Tipping points and thresholds are characteristics of dynamics at various scales from individuals to communities Driving factors can interact



Ecosystems have a history  



They start from a given situation They can evolve and adapt because living elements are “darwinian machines”



Meeting the challenges: combining infrastructures, measurement tools & models and sharing data



National and international infrastructures



Observations Temporal scale: from seconds to decades



Data



Complex coupled systems



Analytical tools and technologies



Spatial scale: from millimeters to global Earth



Approaches in ecology (and science) “Observational” approaches  



Documenting the state and dynamics of ecosystems: pattern-oriented research Exploring novel ecosystems and searching for unexpected patterns  







Measuring physical, chemical and biological quantities  







Measurement theory: defining traits and measuring them Accuracy and availability of technologies: sensors, molecular methods, lab-benched analytical tools, etc.



Can provide support for qualitative and quantitative predictions  







Exploration of biodiversity Exploration of extreme and remote environments



Comparing patterns with predictions from theories and models Explaining variation in nature (e.g., information-based approach)



Using past and present dynamics to predict the future  



Population dynamics of endangered or exploited species Range dynamics of species



Example of observational approach



Example of observational approach Temporal monitoring of common bird species (STOC program, MNHN)



A participative science program involving “amateur” birdwatchers all over France since 1989 Monitoring of bird populations with direct observations (STOC-EPS) and capture-recapture with nets (STOCCAPTURE) Around 1200 participants and 1700 sampling sites www.vigienature.mnhn.fr



Example of observational approach Example of community wide change in common bird species in France STOC program, MNHN (www.vigienature.mnhn.fr)



www.vigienature.mnhn.fr



Observational approaches: general philosophy Standardized protocol Professional and expensive tools e.g. sensors, analytical tools



Amateur and inexpensive tools e.g. “wildlife observation”



Strong accuracy Strong repeatability Needs calibration



Poor accuracy Poor repeatability Needs representativeness



Selected number of a few study sites with in-depth characterization of each site



Stratified sampling over a very large number of study sites with few measures per site



Collection of data in standardized databases and sharing of data Analysis of spatial-temporal trends – Meta-analyses Reports for users



Approaches in ecology (and science) “Experimental” approaches 



Document causal relationships in ecosystems: process-oriented research  







Explore novel conditions and unnatural systems   



 



 



Main effects: e.g. effects of nitrogen leakage into freshwater lakes on algal blooms Interactive effects: e.g. joint effects of temperature and CO2 on vegetation growth Unobserved future and past climate conditions Genetic or phenotypic engineering Novel species combination: life support models (e.g. Biosphere 2 Experiment, USA)



Quantify cause-effect relationships in ecosystems Often relies on the same tools (sensors, lab-benched techniques, etc) than observational approaches but requires some adaptations Proof or disproof of qualitative and quantitative predictions: strong causal inference Can be used to make predictions beyond the range of natural variation  



Example of extreme events in ecosystem sciences Example of ecological and evolutionary responses to future environmental conditions



Example of experimental approach



Large-scale experimental habitat destruction experiment in Brazil • 13 years and 23 patches of forest • 12 pristine forest patches • 11 isolated patches ranging in area from 10 to 600 ha Monitoring of the bird community and analysis with a statistical model to measure the patch turnover of species presence-absence during 10 years Ferraz et al.. Science. 2007.



Experimental approach: general philosophy Hypothesis to be tested Null statement



Alternative statements



Experimental design Selection of controls and treatments Definition of observation units Definition of replication units Observational design Definition of traits Standardization of protocols Measurement of traits Collection of data and statistical analyses Rejection of null hypothesis (or not) and quantification of effect size Understanding of mechanisms underlying the effect



Experimental approach: control and replication



Hurlbert, S. H. 1984. Pseudoreplication and the design of ecological field experiments. Ecology 54:187-211.



Pros and cons of observational approaches Observational approaches have the benefit that … 



Realistic and complex systems can be apprehended over large spatial scales and over long temporal scales enabling to resolve slow and large scale processes



Yet, observational approaches are undermined by …. 



Causal inferences are generally weak  







Poor understanding of processes   







Confounding effects can create spurious correlations Cause and effect relationships are difficult to tease apart Wrong mechanistic models can be supported by chance Alternative models may be difficult to distinguish Some difficulties to adapt to novel analytical tools and sensors



Difficulty to predict and understand the system beyond the natural range  



Non-linearity and regime shifts can occur and may be difficult to detect Unusual combinations of drivers of change are rare



Still, observational approaches are a hallmark of most sciences, including for example climatology, geological sciences or epidemiology where experiments can be difficult to conduct for practical or ethical reasons



Pros and cons of experimental approaches Experimental approaches have the advantage that … 



Strong causal inference can be achieved and processes underlying changes can be disentangled



Yet, experimental approaches are undermined by …. 



Potential problems with the artificiality of experimental conditions   







Small spatial scales  







Detection of weak, unimportant processes [but what is weak and unimportant?] Detection of spurious processes Border effects especially in small scale studies Dispersal and migration must be ignored Spatial heterogeneity and “biological complexity” is usually small



Short temporal scales  



Slow processes such as some biogeochemical or biological processes must be ignored Predictions beyond the temporal range of the experiment can be risky



Still, ecologists have developed ways to cope with some of these problems



Example of “large scale” ecological experiment BIODEPTH project BIOdiversity and Ecological Processes in Terrestrial Herbaceous ecosystems



Multisite analysis of the relationship between plant diversity and ecosystem functioning



http://www.biotree.bgc-jena.mpg.de/background/index.html



http://www.imperial.ac.uk/publications/reporterarchive/0084/news01.htm



Hector, A., B. Schmid, C. Beierkuhnlein, M. C. Caldeira, M. Diemer, P. G. Dimitrakopoulos, J. A. Finn et al. 1999. Plant Diversity and Productivity Experiments in European Grasslands, Pages 1123-1127, Science.



Example of “large scale” ecological experiment BIODEPTH project – results after 2 years of manipulation



Hector, A., B. Schmid, C. Beierkuhnlein, M. C. Caldeira, M. Diemer, P. G. Dimitrakopoulos, J. A. Finn et al. 1999. Plant Diversity and Productivity Experiments in European Grasslands, Pages 1123-1127, Science.



Example of “large scale” ecological experiment NutNet project – a global research cooperative: a replicated experiment on grassland productivity in > 30 sites with experimentation on NPK input (control, N, P, K, NP, NK, KP, NKP) and grazing (control fenced, NPK fenced) + one basal nutrient input at the start and every 3 years



http://www.nutnet.umn.edu/



Example of “long term” ecological experiment The Jena Experiment (Jena Institute of Ecology, Germany) since 2002



An exploration of the mechanisms underlying relationship between biodiversity and ecosystem functioning



http://www2.uni-jena.de/biologie/ecology/biodiv/index.html



Example of “long term” ecological experiment The Jena Experiment (Jena Institute of Ecology, Germany) since 2002



Plant species pool of 60 species of grass, herbs and legumes Treatments of 1, 2, 4, 8, 16 and 60 species Different management treatments



Measure of climate and soil parameters Trait-based analysis of plants Tracer experiments Joint experimental studies with greenhouses and Ecotron de Montpellier http://www2.uni-jena.de/biologie/ecology/biodiv/index.html



Observational infrastructures and tools



Observational infrastructures and tools



Global Earth, whole ecosystem approaches



Images and spectrometers



Remote sensing



Spectral signal from sensors onboard satellites, aircrafts or on the ground De-convolution of the signal to remove atmospheric effects Analysis of the de-convoluted signal, for example:  Habitat maps  Vegetation-type maps  Biodiversity maps Extremely useful for a wide range of ecological problems



Multispectral and hyper-spectral data Absorption of light by photosynthetic pigments Near-infrared reflectance



NDVI (Normal Diff Veg Index)



Shortwave infrared reflectance with absorption by water in green leaves, cellulose and lignin in dry leaves, etc



Remote sensing from the ground: NDVI NDVI Sensor – CNRS and University of Orsay (2 spectral bands) Custom made by Yves Pontailler and his group (200 € each)



Pontailler & Soudani – Sensors for ecology – CNRS - 2012



Remote sensing from satellites: vegetation maps SPOT-4 satellite, CNES – Remotely sensed landscape types (4 spectral bands) Map of Northern Amazonian basin from Gond et al., 2011



Remote sensing from satellites: ocean color SeaWiFS satellite, NASA – Phytoplanktonic groups (8 spectral bands) Map drawn with PHYSAT algorithm (Alvain et al. 2005, 2008)



Nanoeucaryotes – Prochlorococcus – Synechoccus-like cyanobacteria – Diatoms – Phaeophytin degradation product



Refined analysis with hyper-spectral data



A – “true” signal B – atmospheric signal C – sensor signal D – calibrated sensor E – de-convoluted sensor



Ustin, S. L., D. A. Roberts, J. A. Gamon, G. P. Asner, and R. O. Green. 2004. Using imaging spectroscopy to study ecosystem processes and properties. Bioscience 54:523-534.



Refined analysis with hyper-spectral data AVIRIS onboard an aircraft – Nacunan Biosphere Reserve (224 spectral bands) Airbone Visible and InfraRed Imaging Spectrometer (Asner et al. 2003)



Red = 100% photosynthetic vegetation Green = 100% non-photosynthetic vegetation Blue = 100% soil Intermediates as mixtures



Ustin, S. L., D. A. Roberts, J. A. Gamon, G. P. Asner, and R. O. Green. 2004. Using imaging spectroscopy to study ecosystem processes and properties. Bioscience 54:523-534.



Observational infrastructures and tools



Global Earth, whole ecosystem approaches



Imaging spectrometers



Regional, whole ecosystem approaches



Integrated platforms of



Continental ecosystems: forest, grasslands and lakes Oceanic ecosystems: coastal and pelagic



Physical - Chemical Biological sensors



Ecosystem observation: continental areas ICOS Infrastructure – Monitoring of greenhouse gazes and vegetation Integrated Carbon Observation System, Europe



http://www.ipsl.fr/fr/Actualites/Actualites-scientifiques/ICOS http://www.icos-infrastructure.eu/images/Ecosystem_measurements/INRA_Bray_4_EM.JPG



Ecosystem observation: continental areas National Ecological Observatory Network NSF Program USA



Ecosystem observation: continental areas National Ecological Observatory Network - NSF Program USA Importance of a coherent network of sites with shared procedures and data Intensively instrumented core site with standardized protocols Satellite sites with various amounts of instrumentation and monitoring Shared data bases and common governance and policy Standard measurements: climate and hydrology, biogeochemistry of carbon-nitrogenphosphorus, vegetation-atmosphere coupling, biodiversity



Ecosystem observation: oceanic areas Argo network – a float of CTD sensors (conductivity, temperature, depth) Temperature and salinity profiles in upper 2,000 m



http://www.argo.ucsd.edu/index.html



Stemman et al. – Sensors for ecology – CNRS - 2012



Ecosystem observation: oceanic areas Bio-Argo project – Hervé Claustre, CNRS, Villefranche-sur-Mer Additional measurements of biogeochemistry (fluorescence, oxygen and nitrate) Additional automated image analyses of zooplankton and particles Underwater Vision Profiler 4



Underwater Vision Profiler 5



Stemman et al. – Sensors for ecology – CNRS - 2012



Ecosystem observation: oceanic areas Example of vertical profiles of copepods and large particulate matters



Stemman et al. – Sensors for ecology – CNRS - 2012



Ecosystem observation: oceanic areas Use of marine mammals for oceanography in remote areas Christophe Guinet, CNRS, Chizé



Integrating ARGOS positioning and communication with bio-physical and animal movement sensors



http://www.lecerclepolaire.com/experts/guinet.html



Charrassin, J. B., M. Hindell, S. R. Rintoul, F. Roquet, S. Sokolov, M. Biuw, D. Costa et al. 2008. Southern Ocean frontal structure and sea-ice formation rates revealed by elephant seals. Proceedings of the National Academy of Sciences of the United States of America 105:11634-11639.



Observational infrastructures and tools



Global Earth, whole ecosystem approaches



Imaging spectrometers



Regional, whole ecosystem approaches



Integrated platforms of



Regional or local, biodiversity monitoring



Various platforms including



Continental ecosystems: forest, grasslands and lakes Oceanic ecosystems: coastal and pelagic



Taxonomic survey Population survey Whole-biodiversity survey



Physical - Chemical Biological sensors



Taxonomic-museum data Animal-borne sensors Genetic bar-coding



Biodiversity observation A burgeoning field with very disparate infrastructures and no shared procedures 



Data bases and programs in systematic, phylogeny and molecular ecology   







Data bases and programs in species monitoring  







Bird and bat surveys, plant surveys, fish surveys, etc E-infrastructures such as EU-Mon (Biodiversity Monitoring in Europe)



More specific programs on some species and some study areas   







Museum data, tissue and sample data, etc Trait-based data, life history data DNA libraries and other genomic resources



Freshwater systems and species Forest and grasslands, alpine and polar environments Protected areas



More technologically-oriented projects  



Bio-telemetry Bio-logging



Open data in ecological sciences



Experimental infrastructures and tools



Experimental infrastructures and tools



Global Earth, whole ecosystem approaches



Regional, whole ecosystem approaches



Continental ecosystems: forest, grasslands and lakes Oceanic ecosystems: no infrastructure



Local, whole ecosystem approaches



Organism-environment interactions Ecosystem dynamics and global changes Quantification of most biotic and abiotic processes



Impossible !



In natura sites



Physical - Chemical Biological sensors



Semi-controlled facilities Fully-controlled facilities



Experimental infrastructures: a matter of scale



Mostajir et al. – Sensors for ecology – CNRS - 2012



Experimental infrastructures: a matter of control In natura, uncontrolled set ups



“simple” bio-manipulation-type of experiments allow to address large scale and long term processes strong drift and background noise, difficult to replicate system-specific and resilient to technological improvements



In natura, semi-controlled set ups (controlled mesocosms)



more complex experiments allow to address smaller scale processes still over the long term less drift and background noise, easy to replicate system-specific but less resilient to technological improvement



Artificial, highly controlled set ups (Ecotrons)



very complex experiments allow to address small scale processes over the short term small drift and background noise, easy (but costly) to replicate not system-specific and less resilient to technological improvement



Ecotrons



Bringing ecosystems into the laboratory



Ecotrons: standard definitions



Mini world ecosystem analogues



Materially-closed system Highly controlled environment



Measurement of geochemical and biological processes



Replicated, standardized experimental system to “grow” and measure an entire terrestrial and aquatic ecosystem



G0: Silwood Park (Imperial College London, 1990) 1990-2012 (closed): NERC funded



Lawton et al. 1993 Philosophical Transactions of the Royal Society of London Series B-Biological Sciences, 341, 181-194.



G1: EcoCell Reno & CNRS Ecotron de Montpellier 1994-present: donation-NSF-USDA funds



2007-present: CNRS funded



G2: Ecotron IleDeFrance (under construction)



End result after prototype validation: Ecolab system Environmental cells (3 per Ecolab)



A 13 m3 closed chamber, lighting by LEDs / others, rainfall simulator, temperature controlled mesocosm, instruments and sensors on demand, in situ sampling on demand



Production unit



High performance heat pump



BICELL UNIT



MONOCELL UNIT



Laboratory



Instruments and sensors, centralized supervision, local data storage



Distribution units (2 per environmental cell)



Heat and cold, gas injection (several entries), gas extraction (CO2 absorption and O2/N2 substitution), pressure control (under test)



Protected in Europe by four patents with private companies



Psychometric charts: range of extreme values 70.00 90% RH



60.00 80% RH



Fog



50.00



70% RH



Silwood Park Ecotron - climate cell 60% RH



40.00 50% RH



Fog 30.00 40% RH



Silwood Park



ECOLAB PROTOTYPE Empty cell



30% RH



Specific humidity (g/kg



Ecotron IleDeFrance - Ecolab



20.00



Fog 20% RH



10.00



Fog 10% RH



0.00 -15



-5



5



15



25



35



45



55



Temperature (°C)



Prototype version, test 2011



Climate control: stable conditions Average bias : ~ 0.1 °C and ~ -5-2% HR Average accuracy (sd): 0.2-0.3°C, 0.5-1 % HR (> 0°C)



Prototype version, test 2010



Climate control: realistic daily variations



Aquatic ecosystem



Terrestrial



Aquatic



Prototype version, test 2010



Atmospheric gas control: CO2 vs. dynamical climates Average bias : 0.2-2 ppm Average accuracy : 1-3 ppm



Prototype version, test 2011



Summary: added value of Ecotron IleDeFrance Climate control



Wide range with accurate control Fast continuous time control



Multi-parameter control



Atmospheric gas + climate conditions Ecosystem temperature Light control



“Mesocosm” scale



Stainless steel containeer Optional light devices Rotation, translation and height control



Open access and dedicated staff



Five technical staff Regular call for projects Promotion of inter-disciplinary research



Ecological effects of climates



Ability to test contrasted climates Ability to test stressful events Threshold conditions for sustainability



Interactive effects of global changes



Main and interaction effects Realistic thermal gradients (soil-water)



Manipulation of small, model systems



Soil-plant systems Freshwater and marine communities From environmental genomics to ecosystem biology



Research and economic model



Economy of scale and long-term support Contribution to design and operation Limited access costs



Mesocosm experiments



In between laboratory and nature



A set of complementary tools short term



microcosms



Miniature sensors Compatible with Ecolab®



(liters to deciliters)



Control of turbulence, light, biotic factors



middle term



mesocosms (100 L to 20 m3)



long term



Floaters for environmental censoring



macrocosms (650 m3)



A set of complementary tools



A set of complementary tools



Watch out the videos
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