A Telecoupled World
Introduction
One of the hallmarks of the “Anthropocene biosphere” is the interconnectivity of human socioeconomic systems and environmental systems across local, regional and global distances, or telecoupling (See the papers by Liu in References).  Linked by flows of matter, energy and information, telecoupled systems blur the boundaries between developed and developing regions as global economic activity is dispersed across production networks that connect metropolitan areas of the world (Folke et al. 2021).  The telecoupling framework, also known as “CHANS,” or “coupled human and natural systems,” provides a conceptual and analytical basis for examining the dynamic relationships that characterize human and natural systems (Figure 1).   Since its introduction in 2014, telecoupling has been used to analyze many different human-natural systems, including ecosystem services, food and forest sustainability, conservation, energy sustainability, water and species invasion (Sun et al. 2017)
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Figure 1.  Coupled Human and Natural Systems (“CHANS”)

Telecoupled human and natural systems expands the original concept of linked human and natural systems to include systems connected over distances—local, regional, national and international.  Telecoupling combines concepts from natural sciences (“teleconnections”) and  social sciences (“globalization”) that already include interactions across distances (Figure 2).
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Figure 2.  Telecoupled systems are made up of flows of materials, energy, and information between coupled human and natural systems. Examples of telecoupled systems include the spread of invasive species or global food export, both which integrate intertwined socioeconomical and environmental factors over distances. Source: Liu et al. 2013

The framework of telecoupled human and natural systems was developed to facilitate quantitative analyses of such linkages (Figure 3).
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Figure 3.  Five major and interrelated components of the telecoupling framework. A telecoupled system consists of interacting coupled human and natural systems through flows. Each coupled system includes three interrelated components: causes, effects, and agents. Causes are reasons behind the flows, effects are consequences of the flows, and agents are decision-making entities that facilitate or hinder the flows. A system can be sending, receiving, and/or spillover systems, depending on the direction of a flow. For the sake of simplicity, local couplings within a coupled system are not shown. 
“Telecoupling is a way to express one of the often- overwhelming consequences of globalisation -- the way an event or phenomenon in one corner of the world can have an impact far away. In effect, systems couple -- connecting across space and time.” 
	Jack Liu, professor, Michigan State University, USA 

An elegant analysis by Carlson et al 2018 of the Peruvian anchoveta fishery illustrates the use of the telecoupling framework.  The sending, receiving and spillover systems are linked across distances by various flows, and impacted by fluctuations in the natural system (e.g., El Nino, La Nina). Figure 1 from Carlson’s paper provides a visual illustration of the telecoupled system; the components of the telecoupling system (Figure 3, previous page) are organized in tabular form (Appendix, page 38).
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The Peruvian anchoveta fishery illustrates how the telecoupling framework can be used to systematically assess the magnitude and diversity of local and distant fisheries interactions and thereby advance knowledge derived from traditional monothematic research approaches. Insights from the telecoupling framework provide a foundation from which to develop sustainable fisheries policy and management strategies across local, national, and international levels in a globalized world (Carlson, et al 2018).  
Telecoupling Case Study:  “Pork & Beans”
Soy, pork and land use change:  China, Brazil and the United States

· Consumption is increasingly coupled to distant production areas
· Nearly one third of global arable land use is connected to international trade 
· Tropical deforestation is the second largest source of anthropogenic  greenhouse gas emissions and a major driver of biodiversity loss.
· It is increasingly driven by international demand for agricultural commodities
· The demand for harvestable biomass (food, fiber, fuel) by a growing, wealthier, and increasingly urbanized global population is placing relentless pressure on Earth’s ecosystems (Nystrom et al. 2019)
· We are witnessing the conversion of intact ecosystems into global production ecosystems of agricultural commodities (Nystrom et al. 2019)
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In today’s example, we look at the relationship between pigs in China and soy production in Brazil, or what I call “Pork and Beans.”  China’s extraordinary economic growth has lifted hundreds of millions of people out of poverty, driving demand for poultry and pork. Chicken and pigs are fed soy, and China can’t meet its soy requirements from domestic production.  

Soybeans have been called the “crop of the century” by The Financial Times; they are the most traded agricultural commodity, accounting for over 10% of the value of agricultural trade.  Since the 1990’s, China accounted for most of the growth in global soybean imports.  A combination of changes in China’s domestic agricultural planning, tariffs and exchange rate, import quotas coupled with pent up demand for animal protein and edible oils led to an enormous surge in soybean imports.  Meat demand is associated with higher incomes and a shift-due to urbanization-to food consumption changes that favor increased proteins from animal sources in diets (https://data.oecd.org/agroutput/meat-consumption.htm).  Most meat consumed in China is produced domestically using feed made from soybean meal, grains, and other feed ingredients (Figure 1).  China is the world’s largest producer of pork, and has the largest number of pigs—406.5 million (!) in 2021. (https://www.statista.com/statistics/273232/net-pork-production-worldwide-by-country/)
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Source:  Gale et al 2019

China has turned to foreign suppliers for soy,  including the United States, Argentina, and most importantly, Brazil.  Beginning in the 1970’s, Brazil responded to both urgent domestic needs for resource development, economic expansion and food, as well as international demand for agricultural commodities, by converting vast areas of previously undisturbed forests, grasslands and savannah ecosystems to the production of soy, beef, corn and sugar cane. This conversion process has been very dynamic both temporally and spatially, resulting in enormous loss, fragmentation and degradation of these ecosystems, threatening their integrity, functionality and provision of ecosystem services.   



These conversion processes have resulted in widespread loss of tropical forests, first in the Amazon forest region of Brazil  but more recently have shifted to another, less appreciated but globally significant savannah ecosystem, the Cerrado, where soy production is centered. (Figure 1, 2).
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Figure 1.  Major biomes of Brazil, shaded areas indicate soy production; units metric tonnes [image: Chart, timeline, bar chart
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Figure 2.  Cerrado Biome
Source:  Gale et al 2019

Nearly 20% of the Amazon and 50% of the Cerrado have been lost to development. 



Development in the Brazilian Amazon—as seen in the 1970’s (by non-Brazilians)
Writing in 1973, geographer William Denevan predicted that “(w)ithin one hundred years, probably less, the Amazon rain forest will have ceased to exist…replaced, for the most part, by grassland and scrub savanna, with some secondary growth forest.” Denevan described the destruction of the tropical forests as a consequence of highway and other penetration roads into Amazonia, with subsequent settlement and farming, logging and other activities. NASA remote sensing imagery has documented the changes Denevan predicted.  
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These images from NASA (Earth Observatory) in 2000 (left) and 2012 (right) in the Brazilian state of Rondonia show the change in vegetation cover from undisturbed forest (dark green) to land converted to agriculture.  Note how the road networks create openings in the forest that then lead to smaller roads leading off on either side of the main road.  Road construction into undisturbed lands leads almost inevitably to rapid expansion of more and more roads, clearance, exploitation, etc.

However, during the same period, geologist Mary McNeil warned that many areas of Brazil were underlain by lateritic soils, which once deforested, quickly became rock-hard and useless. An exemplary environmental textbook, Ecoscience, which I used as an undergraduate at U.C. Berkeley (1973), assumed that the development of the Amazon being actively promoted by the Brazilian government, would “in all probability, merely net them a few harvests at the cost of irreversible destruction of the region.  Amazonia could be turned into the worlds’ largest parking lot.” (p. 627)


Question:  What did McNeil and world-famous scientists John Holdren, Anne and Paul Ehrlich  assume about the role of science and technology when they predicted agricultural development of the Amazon would result in disaster?  

Let’s see how China’s pork consumption has changed over time:
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China’s per capita consumption of pork 1990-2021; projections to 2026.  Drop in consumption due to rapid spread of devastating Asian Swine Flu, which resulted in the widespread culling of pigs.  Source:  https://data.oecd.org/agroutput/meat-consumption.htm#indicator-chart

Now let’s look at China’s consumption of soy:
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But China’s domestic soy production can’t meet this demand:
(Compare the figures in this chart with the consumption figures in the chart above)
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Question:  About how many times larger is China’s soy consumption than its domestic production in 2016?





	

Globally, nearly 80% of soy is used to feed animals, and this has grown explosively since 1990
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OK, so where does all the soy come from?
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In 1990, Brazil’s soy production reached 20 million tonnes; this was the same amount the U.S. produced in 1961.  Thirty years later, Brazil’s soy production had caught up with that of the U.S.  (Table 1)
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Brazil’s production of soy has shown astonishing increases:
Table 1
	Country
	1961
	2018
	Absolute Change
	Relative Change (%)

	Brazil
	271,488.00 t
	117.89 million t
	+117.62 million t
	+43,323%

	United States
	18.47 million t
	123.66 million t
	+105.20 million t
	+570%




Where does the soy go?
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60% of the world’s soy flows to China…
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And most of that comes from Brazil…
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Question:  What happened at the end of the last decade?  Why did China’s imports of soy from the U.S. plunge?

Let’s look at soy production in Brazil more closely.  First, think about a farmer’s choices regarding increasing crop yield.   There are two basic ways we can produce more food from land—we can produce more food from the same plot of land (“intensification”) and we can produce more food by putting more land into production (“extensification”).  This happens to be really important—global population is expected to increase by 1 billion in the next three decades—and that will require a lot more food.  How will this be accomplished?  

	Look at soy production in Brazil since 1980 for some answers:
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What does this chart tell us about extensification and intensification of soy production in Brazil?

Question:  Have yields improved since 1990?  Doubled? Tripled?

Question:  Has more area been harvested?    Doubled?  Tripled?

Question:  Soy production has increased about 7-fold since 1980; has production both extensified and intensified?

Where has this occurred?  

Land conversion has and continues to occur across many areas of Brazil’s vast interior (Figure 3).  In fact, deforestation rates in the Amazon have accelerated again after declining (Figure 4) due to many factors, including President Bolsonaro’s emphasis on development and exploitation of Brazil’s natural resources.  Let us focus on the state of Mato Grosso which includes both the Amazon and Cerrado biome, and is now the largest soy producing state in Brazil.  Accordingly, we will look closely at these changes, using CHANS as an organizational and analytical framework.
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Figure 3. Drivers of forest loss in the Brazilian Amazon 2001-2013.  Conversion to pasture land for beef production has been a primary driver; soy production was also significant, but declined after the Soy Moratorium 2006.  Source:  https://ourworldindata.org/soy

Figure 3.  Forest loss in the Amazon 2000-2013 was driven largely by conversion to pasture; soy-linked deforestation was significant, but the Soy Moratorium of 2006 greatly reduced land conversion.  Between 2001 and 2006, soybean fields expanded by one million hectares (Mha) in the Amazon biome, and direct conversion of forests to soy production contributed to record deforestation rates (https://evidenceproject.popcouncil.org/wp-content/uploads/2017/03/Case-Study-3-Amazon-Soy.pdf) The ‘Soy Moratorium’ was a campaign involving civil agencies and soybean companies, which stipulated that farmers who grew soy on illegal or legal deforestation areas would not be able to sell them to suppliers. Since 2009, satellite imagery has been used to help to identify soybean crops being grown on deforested areas. (https://ourworldindata.org/soy)
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Figure 4.  Tree cover loss in Brazilian Amazon 2000-2019.  Downward trends have reversed in recent years.  Source:  Mongabay, https://rainforests.mongabay.com/amazon/amazon_destruction.html


Let’s look at deforestation in Mato Grosso, where most of Brazil’s soy is produced: (Chrome browser seems to work best)
Go to: https://glad.earthengine.app/view/global-forest-change - dl=5;old=6;bl=off;lon=-51.316679927107145;lat=-15.32379602810834;zoom=4;

1.  Enlarge the image; you can see that the brown areas (forested areas degraded between 2000-2013 are dwarfed by post 2013 degradation (red)

2.  On the right side, under “Other Data Layers,” choose “2000 Percent Tree Cover”
      Now note the vast extent of bright green across Brazil in the year 2000.

3.  In the same drop-down box, choose “Intact Forest Landscapes Color.”  This map shows the intact forest area as of 2016.
What has happened to the bright green area?

4.  Click on “Satellite” at the top right of the screen and make sure the “Labels” box is checked.  
	Now click on this symbol [image: A picture containing text, first-aid kit, clipart

Description automatically generated] beneath Satellite to enlarge the image.  

5.  Using your cursor (“hand”), double click to enlarge the image and look for the “State of Mato Grosso” which is slightly south of the bright green Amazonia area
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6.  At the top right of the map, click on the “Layers” and move the slider for “Forest Lost Year” to the left and then back to the right in order to visualize the extent of loss (shown in red) since 2000.

7. Now Go to:   https://www.globalforestwatch.org/  and click on “Map” at the top left.

8.  Click on “Search” in the left-hand column near the bottom and type in “Mato Grosso” in “Find locations”  

9.  Turn off “Tree cover gain” (top) by clicking on “X”   Do the same for 
“Tree cover-2010” on bottom of column. 

10.  Under “Land Cover” toggle on “Soy planted area” and close the column

11.  Under “Forest Change” at the top of the left-hand column, open the drop down box and toggle on “Tree cover by dominant driver” all the way at the bottom, and then  toggle off “Tree cover loss.”  Then close the dropdown box.

12.   Click on “Legend” so you can interpret the different colored pixels. (You may have to zoom in or out until the red, yellow pixels appear; it may take a few seconds for your map to render) Your map should now look like this image.  I have moved the map with the little hand icon (cursor) so the + is just above Mato Grosso. (Blue)
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Using the Tree cover loss time-lapse button (>) at the bottom of the Legend, turn on the tree cover loss and watch the change in red pixels across Mato Gross from 2001-2019.  You can see the intensity of commodity driven deforestation intensify, surround, and overlap with the soy areas.  
13.  Click on “Analysis” to view the trend in deforestation in Mato Grosso and the drivers of deforestation.

OK, remote sensing reveals the spatial and temporal dynamics of land change, but we want to know where the commodities are going. 
Let’s follow the supply chain from Mato Grosso.

Go to https://supplychains.trase.earth/  and click on “Supply Chain” in red below the top line.
Now choose “soy” from the “Choose a commodity” screen, and then choose “Brazil” from the “Choose a country” screen and finally, choose “Brazil-Soy” at the bottom of “Choose a supply chain to explore” screen.

1.  Choose “Flow View”

2.  Just below the “Methods and data” on the top row, click “Municipality” and then select “State”
Now select “Mato Grosso” and the supply chain of soy from Mato Grosso is highlighted in red  

3.  At the bottom, choose Year and select 2004.  Hover over the Country tab on the right to view the amount of soy exported
Question:
Where was most of the soy going in 2004?



Now choose 2018.  
Question:
Where is the bulk of the soy going now?  




4.  Now go back to the “State” tab and click “Biome”

Click on each biome in order to answer these questions.Questions:
	1.  From which biome is the majority of the soy in Brazil being sourced? 
 
	2.  What about Amazonia?—Are you surprised by the results?

	3.  To which country is the majority of soy being exported?



4.  On the map side (left) of the page, click on the > to expand the map.  Then click on “Edit Map Layers” choose “Agricultural land used for soy” then under “Environmental Indicators” choose 
“Soy Deforestation.” At the top, choose “Contextual Layers” and choose “Biomes” and “States”
Finally, click “Save” at the bottom.  

5.  You can now see which Municipalities are contributing to deforestation by growing soy.  Move the cursor around and hover over the Municipalities on the map.  Find “Paranatinga[image: Map
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Hover over it and the percentage of land used for soy and the amount of deforestation associated with this will appear.

Collapse the map using the > and then click on Paranatinga under “Municipalities.”  You can now see the supply chain of soy; most of it flows to China.  China (and its importers) are exposed to the risk of soy deforestation.

Research by TRASE has identified which exporters/importers firms and importing countries are exposed to risks of deforestation.  If you return to the “Edit Map Layers” you can see that TRASE can also identify other environmental risk factors, including CO2 release and water use.  

More frequent and higher resolution satellite imagery now allows TRASE and other parties to document deforestation in near-real time, which can lead to on-site inspection of deforestation hot-spots, and (hopefully) prevention.  Linking deforestation on the ground to the growers, exporting and importer agents, and end-users will allow financial institutions, policy makers and the public to publicize those responsible for deforestation.

“The Amazon Soy Moratorium, adopted in 2006, contributed to a dramatic reduction in deforestation related to soy production in the Brazilian Amazon. By 2014, direct deforestation for soy had decreased to about 1% of expansion in the Amazon biome.
But for soy from the Cerrado, zero-deforestation commitments have not yet significantly reduced conversion linked to the production of exported agricultural commodities (Figure 5).  While many of these commitments are new and there has not yet been enough time to determine their impact, Trase data provides a powerful baseline for evaluating sectoral performance.” TRASE
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Figure 5.  2020 Deforetation in the Cerrado Biome.  Source:  Chain Reaction Research, March 2021.  “Key Cerrado Deforesters in 2020 Linked to the Clearing of More Than 110,000 Hectares”
Question:  Think back to the plunge in U.S. soy imports to China (page 14 ) and the rise in soy imports to China from Brazil to replace U.S. soy.  What was the most likely  and unanticipated consequence of the Trump administration’s trade war with China on Brazil’s soy deforestation?  How would telecoupling have helped in predicting this?


The Role of Science & Technology
Conversion of the Amazon and the Cerrado hasn’t resulted in the “parking lot” predicted in the 1970’s by many scientists (See page 8).  The  spectacular success of commodity production in these areas, particularly the Cerrado, has been achieved by solving the unique challenges presented by the soil and climatic conditions.  Brazil has become an agricultural powerhouse, and is a world leader in the production of soybeans, corn, sugar, meat, coffee, and ethanol.  Soy is Brazil’s most valuable agricultural commodity; in 2019 exports were valued at nearly $29 billion and approximately 1/3 of which comes from Mato Grosso, the largest producing state.  In 2020, Brazil’s soy production surpassed that of the U.S.  

Expansion of soy from the Amazon into the Cerrado faced the following problems (Hunke et al 2015)
· low soil pH
· deficiency in plant-essential soil nutrients (e.g., P)
· low soil-water retention capacity
· extended dry spells during the rainy season

Beginning in 1973, Brazil’s EMPRAPA research centers, in conjunction with scientists from many other countries,  world development organizations like the United Nations, and private sector partners (agrochemical companies like Monsanto)  developed a suite of solutions to the challenges of the Cerrado.

Solutions:
· improving soil pH by widespread addition of lime
· breeding tropically adapted soy cultivars (adapted to acidic soil conditions, tolerance to dry conditions)
· adoption of genetically modified soy (e.g., “Roundup Ready”) to be used in conjunction with glyphosate herbicide
· applying agrochemicals (pesticides; fertilizers)
· adoption of “ZT” (zero tillage) and a second crop (e.g., corn) to improve soil organic carbon prevent erosion, and increase yields


Mato Grosso As A Telecoupled System

Vast areas of Mato Grosso,  which include both the Amazon and Cerrado biomes, have been converted to production ecosystems (Figure 6).   One way of organizing and analyzing the connections and relationships in this system is to use the telecoupling framework.  In the table on page 26, we have filled in the various parts of the system.















































Figure 6.  Export-driven land use change in Mato Grosso, particularly export of soy to China 2001-2017.  
Kuschnig, Nikolas & Crespo Cuaresma, Jesus & Krisztin, Tamás, 2019. "Unveiling Drivers of Deforestation: Evidence from the Brazilian Amazon," Ecological Economic Papers 32, WU Vienna University of Economics and Business.


Telecoupling Framework
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Thinking About Land Use Change From A Telecoupling Perspective
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Using the template below, try filling in the Causes, Agents, Effects and Flows for Brazil, the sending system in our case study. Use the information on page 27.
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Some bigger questions—How should we think about ecosystems like the Amazon and Cerrado?

				Is this the Amazon? 
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		Mongabay, photograph by Rhett Butler, April 20, 2020
Or is this the Amazon?
[image: page1image34645552]
Source:  Soybeans in the Brazilian Amazon and the Case of the Brazilian Soy Moratorium, Daniel Nepstad and Joao Shimada, Earth Innovation Institute, 2018 International Bank for Reconstruction and Development, The World Bank.  www.worldbank.org
Is this the Cerrado?
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This vast semi-arid biome, Brazil’s “closed lands,” was once considered worthless and a wasteland. It is Brazil’s second largest biome, and contains remarkable biodiversity and ecosystem services.  
https://blogs.iadb.org/sostenibilidad/en/brazil-investment-plan-focuses-protecting-threatened-cerrado-biome/  Angeladepaula – Wikimedia – CC BY SA 3.0
Stretching over 200 million hectares (ha), the size of Germany, France, England, Italy, and Spain combined, the Cerrado is a wooded grassland that provides critical ecosystem services to the world. It protects biodiversity, stabilizes regional climate, and regulates watersheds that provide 40 percent of Brazil’s fresh water. It contains 5 percent of all biodiversity in the planet, with 1,600 animal species and 12,000 plant species—of which nearly half are found only in the Cerrado. Its deep root systems act as a critical carbon sink, estimated to store 13.7 billion tons of carbon underground. The Cerrado is also the most productive agricultural region in Brazil, which has resulted in deforestation and land clearing that are destabilizing the ecosystem. 
Source:  Key Cerrado Deforesters in 2020 Linked to the Clearing of More Than 
110,000 Hectares Mongabay March 2021






Or is this the Cerrado?
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Source:  Mongabay, July 10, 2019


The Cerrado as a food production ecosystem:


Dr. Borlaug, who is credited with saving more than one billion lives as the Father of the Green Revolution, called the development of the Cerrado “one of the great achievements of agricultural science in the 20th century, which has transformed a wasteland into one of the most productive agricultural areas in the world.”2006 World Food Prize winners opened Brazil's "closed lands"
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Source:  https://www.worldfoodprize.org/

Apparently these agricultural and soil scientists viewed the Cerrado as a “wasteland,” perhaps because it didn’t have the apparent value of the verdant Amazon.  The Cerrado’s biotic diversity and richness,  ecosystem resources and services went unrecognized and largely unstudied and unappreciated until relatively recently.  

More than half of the Cerrado has been converted to a production ecosystem, with deforestation rates exceeding those of the Amazon itself.  
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Source:  https://rainforests.mongabay.com/cerrado/



How do we balance the ecosystem services of these biomes against both global and national demands for their resources?  This is one of the fundamental challenges of the Anthropocene.





Can we use CHANS framework to help us solve these challenges?
Can it help us to “Think Big” when addressing the challenges of the Anthropocene and the role of geoscience in understanding and solving them?

1.  Deforestation and land use change involves what sorts of changes to the Earth system?  Look back at the Telecoupling table on page 24; what “spheres” of the Earth system (e.g., lithosphere, hydrosphere, etc) are involved when intact forest, grassland and savanna biomes are drastically altered?

2.  How would you illustrate these changes using a flow chart?

3.  Think Big:  Refer to the Planetary Boundaries concept: 
Which Planetary Boundaries are involved with the conversion of the Amazon and Cerrado biomes?
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Source:  J. Lokrantz/Azote based on Steffen et al. 2015.
https://stockholmresilience.org/research/planetary-boundaries.html

4.  Many scientists are concerned about the possibility of the Amazon reaching a “tipping point,” where the rainforest would change, fairly rapidly, to a savanna—very much as described in the box on page 6.  What types of Earth system 
changes do you think would cause this “regime change?”  How would this type of change affect this vast region’s ability to act as a carbon sink or carbon source?
How would the hydrological cycle change?

Think about this image from a recent paper:
[image: Diagram
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Source: Mongabay, Bigger is badder when it comes to climate impact of farms in the Amazon by Claire Asher on 17 June 2021

5.  Consider the following scenario:  A vast grassland ecosystem, encompassing 170 million acres, inhabited by many different indigenous peoples, believed to have been one of the most biodiverse ecosystems on Earth.  Herds of large herbivores numbering in the millions roamed these grasslands.  In about one hundred years, this vast grassland was reduced to 1% of its original extent, its indigenous peoples dispersed and greatly reduced in number, and its enormous biodiversity and ecosystem services eliminated.  Where vast herds of herbivores roamed, cows, pigs, corn, soy and wheat now flourish.  In other words, this vast biome was converted to a production ecosystem.

This brief description of the conversion of the North American Great Plains grassland ecosystem could serve as a counterpoint to the discussion regarding the Brazilian agricultural and resource development, and settlement of the Amazon and Cerrado.  Why shouldn’t Brazil follow our example?  Are President Bolsonaro’s attitudes towards indigenous peoples and resource exploitation any different than those which characterized America’s westward expansion?  Are the impacts of Brazil’s development path more important or consequential now than those arising from the American experience a century ago?  To whom do the biomes of the Amazon and Cerrado belong?    


6.  What are the key questions geoscientists should be trying to answer about the ongoing conversion of the Amazon and Cerrado?  What do you think are the critical issues that geoscience can help address?
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Fig. 1. Telecouplings among sending, receiving, and spillover systems in the Peruvian anchoveta fishery. Arrows denote flows among
systems, each of which have natural and human components. Peru is the sending system for fishmeal, fish oil, people (e.g.,
commercial fishers, students), and publications delivered to receiving systems such as China and Germany. Peru is the receiving
systems for money, knowledge, and “distant water” fishers from other countries. The United States, Chile, China, and Germany are
examples of spillover systems, nations that affect, or are affected by, flows involving sending and receiving systems.
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How Soybeans Are Used in China

Imported soybeans are crushed in processing plants that extract oil used for cooking and
soybean meal used to add protein to animal feed. Each 1,000 kg of imported soybeans yields
approximately 800 kg of meal and 180 kg of oil, and the profitability of imports is calculated by
weighing the value of meal and oil against the cost of soybeans (Irwin, 2017). Nearly all of the
soybean meal and oil produced from imported soybeans is consumed in China.

China’s domestically produced soybeans are used mainly to produce foods such as tofu, soybean
milk, soy sauce, and nutritional supplements. Consumption of these products has also grown but
not as fast as consumption of edible oils and soybean meal.
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China's estimated domestic consumption of soybean meal and soybean oil, 1990-2028
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Soybean production

Soybean production is measured in tonnes.
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The World’s Soy: is it used for Food, Fuel, or Animal Feed?

Shown is the allocation of global soy production to its end uses by weight. This is based on data from 2017 to 2019.
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Soybeans: are they used for food, feed or fuel?, World

Data at the national level is based on soybean uses after trade (which is soybean production minus exports plus
imports).
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Figure 1
Leading soybean exporters and destinations during 2016/17

Note: Chart shows production of soybeans by United States, Brazil, and Argentina during 2016/17. Width of arrows
represents volume of exports. mmt = million metric tons.

Source: ERS analysis of customs data from IHS Global Insight, Global Trade Atlas.
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Imports of soybeans, 1990-2028
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China soybean imports: Shares supplied by United States and Brazil, 1995-2019
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Soy production, yield and area harvested, Brazil
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Drivers of forest loss in the Brazilian Legal Amazon

Annual forest loss includes permanent conversion of forest to other land uses (deforestation) and temporary forest

loss (degradation). This is measured in hectares.
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Tree cover loss and primary forest loss in the Brazilian Amazon, 2002-19
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Component Type Example
Systems Sending • Brazil



Receiving •China
Spillover • United States, some unknown countries



Flows Material/Energy • soybeans
• money
• fossil fuels in transportation



Information • prices
• agricultural techniques



Agents • farmers
• governments
• companies



Causes Economic • China’s demand for soybeans
Political • government interest in investment
Technological • improved tropical agricultural technology
Environmental • differences in climate
Cultural • cultural preference for soybeans



Effects Environmental • loss of biodiversity and ecosystem services
• CO2 emissions
• unknown effects in spillover systems



Socioeconomic • intensive land use
• displacement of local people
• farmers’ gain / loss of income from soybeans
• unknown effects in spillover systems
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Recent native vegation clearance in the Cerrado. Photo by Jim Wickens, Ecostorm / Mighty Earth.
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Edson Lobato's research at the EMPRAPA Cerrado
Research Center contributed to dramatically
transforming Brazil's once infertile Cerrado region
into 40 million hectares of highly productive
farmland. His extension efforts enhanced soil quality
and counteracted water stress, contributing to
farmers obtaining greatly increased yields in food
and fiber production

Colin McClung, working with the Rockefeller IRI
Research Institute, discovered the precise
combination of lime and fertilizers that could
eliminate the aluminum toxicity of the soil in Brazil's
infertile Cerrado region. This would eventually
transform 40 million hectares into highly productive
farmland, with a potential for a 200 percent increase
in crop yields.

Alysson Paolinelli as Brazil's Minister of Agriculture,
provided critical leadership in transforming Brazil's
vast, once infertile Cerrado region into 40 million
hectares of highly productive farmiand. He
developed policies and established research
institutions and infrastructure that facilitated the
efforts of farmers to open the Cerrado to crop
production.
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An estimated 50% of all rainfall in the Amazon is generated from water evaporating from the leaves of
plants. Deforestation for large-scale agriculture means lower vegetation cover, and hence less

evaporation, leading to higher temperatures and less rainfall. Image courtesy of Eduardo
Maeda/University of Helsinki.
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Table 1. Summary of systems, flows, agents, causes, and effects associated with telecouplings in the Peruvian anchoveta fishery. FMFO

= fishmeal and fish oil.

Components of the telecoupling framework

Examples related to Peruvian anchoveta

Systems Sending
(units in which humans and (origins/sources/donors)
nature interact)

Receiving
(destinations/recipients)

Spillover
(systems that affect/are affected by sending-
receiving system interactions)

Flows

(movements of material,
information, people, etc.,
between systems)

Agents

(autonomous decision-making
entites that directly or
indirectly facilitate or hinder
telecouplings)

Causes Environmental
(factors that influence
emergence or dynamics of

telecouplings)
Economic
Political
Technological
Cultural/humanitarian
Effects Environmental
(impacts or consequences of
telecouplings)
Socioeconomic
Before collapse
After collapse

Peru (FMFO); China, Denmark, Germany, Norway, Peru, Spain, United
States (money); Peru (knowledge); Peru, Soviet Union (people);
Galdorisi and Kaufman (2001), Orlic (2011), Avadi et al. (2014), Fréon
etal. (2014)

China, Denmark, Germany, Norway, Spain, United States (FMFO);
Peru (money, knowledge); Peru (people); Galdorisi and Kaufman (2001),
Orlic (2011), Avadi et al. (2014), Fréon et al. (2014)

Chile, United States (FMFO); aquaculture and animal agriculture
markets, global wheat market, Northern Humboldt Current System
(money); Chile (knowledge); countries Peruvian travelers visit,
economies they support (people); Glantz (1979), Barber and Chavez
(1983), Orlic (2011), Fréon et al. (2014)

FMFO; money; knowledge (e.g., fishing vessel design, fish harvesting
and processing, fishery sustainability strategies, military development
strategies); people (e.g., Peruvian and foreign fishers, Peruvian students);
Roemer (1970), Berrios and Blasier (1991), Orlic (2011), Fréon et al.
(2014), Osterblom and Folke (2015)

Fishing companies and commercial fishers (Peruvian); subsistence
fishers (Peruvian); governments and political leaders (Peruvian, foreign);
“distant water” fishers (foreign); foreign producers (FMFO, aquaculture,
animal agriculture); World Bank, United Nations FAO, Inter-American
Development Bank; news media outlets, academic journals, book
publishers; Glantz (1979), Lemay (1998), Gréboval and Munro (1999),
Aguilar Ibarra et al. (2000), McPhaden (2003), Orlic (2011), Osterblom
and Folke (2015)

Climate (Pacific Decadal Oscillation, El Nifio, La Nifia), anchoveta-
sardine dynamics; Barber and Chavez (1983), Cury et al. (2000), Norton
and Mason (2005)

Demand for aquaculture/animal agriculture feed, fish oil; Orlic (2011),
Avadi et al. (2014)

Profit-seeking mentality; desire to occupy South America (Soviet
Union); Berrios and Blasier (1991), Aguilar Ibarra et al. (2000), Orlic
(2011), Osterblom and Folke (2015)

Improved fishing and fish processing technology; Orlic (2011)

Protein preference (chicken over anchoveta), desire to feed people; Orlic
(2011), Fréon et al. (2014)

Stock collapse (1972); Gréboval and Munro (1999), Bertrand et al.
(2004), Orlic (2011)

Revenue, fishery development, employment, coastal development;
Aguilar Ibarra et al. (2000), Orlic (2011)

Debt, inflation, unemployment, malnutrition, poverty, decreased wheat
demand (United States), wheat scarcity (spillover), international
maritime law, paradigms of sustainability, corporate responsibility;
Borlaug (1973), Glantz (1979), McPhaden (2003), Orlic (2011)
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