CLIMATE CHANGE

Past and Future Global Biospheric Productivity

Large changes in global ecosystem productivity are set in motion by CO; rise and climate change
Corinne Le Quéré and Nicolas Mayot

The response of terrestrial and marine ecosystems to rising CO, levels and climate change is one of the
key scientific questions of our times. Ecosystems are responsible for storing vast amounts of carbon,
which, if destabilized, could amplify climate change (1). Ecosystems also provide multiple services to
society, from food and shelter to recreation and wellbeing. Changes in ecosystems and their productivity
at the global scale could have fundamental implications for society. On page XXX of this issue, Yang and
al. (2) reconstruct changes in global biosphere productivity during the past eight glaciations, providing
unique insights into the sensitivity of global ecosystems to CO; levels and climate change.

Several processes influence the productivity of terrestrial and marine ecosystems. For terrestrial
ecosystems, the concentration of CO; in the atmosphere is a major limiting factor (3). At higher CO,
levels, plants become more efficient at using water because their stomata need to open less to capture
the CO, needed for photosynthesis. Eventually as CO; rises, this “CO; fertilization” effect becomes less
important as other resources become limiting, in particular water and nutrients. At lower CO; levels, CO;
fertilization acts in the reverse direction, decreasing productivity (see the figure). It has been difficult to
qguantify globally the exact extent of CO, fertilization in recent decades because it is difficult to separate
the fertilization effect from the regrowth of vegetation following the abandonment of agricultural land
and other management processes (4, 5). For the ocean, there is no widespread CO, fertilization effect
because marine ecosystems are primarily limited by nutrients, although ecosystems respond to ocean
acidification resulting from rising CO; in ways that are not fully understood (6).

Climate change also affects terrestrial and marine ecosystems and their productivity in multiple
different, and often opposing, ways (7). On land, changes in temperature, rainfall, and associated
changes in weather and land cover regulate nutrient cycling, ecosystem composition and productivity,
and ultimately the carbon stored in biomass and soils (4, 8). In the ocean, the uptake of CO; by the
oceans today mainly results from the dissolution of CO; in the ocean surface and its transport to the
deep ocean (9). However, changes in temperature, winds, and rainfall influence ocean circulation,
surface stratification, nutrient cycling and availability, marine productivity, and ultimately changes in the
storage of carbon in the deep ocean (10, 11). The effect of climate change can be profound, but because
climate influences so many processes it has been difficult to quantify (1, 12). The effect of climate
change on the storage of carbon in the land and oceans is one of the largest sources of uncertainties for
the projection of future climate change.

Glacial cycles offer a natural laboratory to study the large-scale response of ecosystems to changing CO;
levels and climate. Glacial cycles have been triggered by small changes in the Earth’s orbit that led to
increased snow and ice coverage, more reflected sunlight, colder oceans storing more carbon, and lower
CO; levels in the atmosphere causing further cooling. Much of our knowledge on glacial cycles is known



from measurements of air trapped in ice cores and from the analysis of marine sediments. These natural
archives provide unique opportunities for understanding what we today call “Earth System” processes,
referring to processes that involve complex exchanges between the natural environment, including the
storage of carbon in the land and ocean, and climate.

Yang et al analyzed the isotopic signature of oxygen in ancient air bubbles trapped in ice cores over the
past 800,000 years covering eight glacial cycles. They use the oxygen isotopes to reconstruct past
changes in global gross primary productivity (GPP) — the amount of atmospheric CO, absorbed (or O,
produced) during photosynthesis by the oceanic and terrestrial ecosystems combined. Heavy isotopes
are discriminated against during photosynthesis because of their mass, and leave a specific signature
behind. However, the biological signal is compounded by exchanges between the troposphere and the
stratosphere, where the isotopic signature also differs from that of background air at the Earth’s
surface. Yang et al. isolated the influence of photochemical reactions in the stratosphere from the
biological signal induced by the past global biosphere productivity using two simple models that differed
in the formulation of the stratospheric effect. Their analysis suggests large decreases in productivity
during glacial periods, estimated between 55% and 87% of the present global GPP.

The reduced productivity inferred by Yang et al. during glacial periods is for the terrestrial and marine
productivity combined (13). However, the timing of the decrease in global productivity cannot be strictly
explained by processes that were operating in the ocean at that time. During glacial periods, some
marine photosynthesizers were limited by a reduction in the supply of essential nutrients induced by
reduced ocean ventilation. Meanwhile, the increase in atmospheric dust deposition was a large source
of iron (a limiting nutrient) to the ocean, although it was limited to the Southern Ocean in the later
stages of the glaciations (14). By using several local records of past marine biosphere productivity, Yang
et al. confirmed the diversity of responses of the oceanic biosphere to the glacial climates, and they
exclude the ocean as the main cause of the large decreases in GPP inferred from oxygen isotopes.

In contrast, the changes in productivity inferred by Yang et al. occurred systematically in response to
changes in atmospheric CO, concentration, pointing to the effect of CO; fertilization on the terrestrial
biosphere. The coinciding changes in productivity and atmospheric CO, between glacial and interglacial
periods were also observed within glacial periods thanks to their new high-temporal-resolution index of
the past global GPP. During glaciations, CO; fertilization acted as a negative (damping) feedback,
because productivity decreased as atmospheric CO; levels decreased, leading to less uptake of CO, by
the biosphere and leaving more CO; in the atmosphere where it reduced the initial effect. Yang et al.
tested the CO; fertilization hypothesis using GPP reconstructed with a process model output from an
Earth System Model over the Last Glacial Maximum. The model results confirm that the inferred GPP
changes during glaciations are consistent with estimates based on current knowledge of plant
physiology and their responses to changes in CO; fertilization. Moreover, the reduced atmospheric CO;
fertilization effect on the terrestrial biosphere productivity during glacial periods was supported also by
pollen records from Europe and SE Africa. Finally, the global GPP increases observed at mid-glacial
stages could also be explained by an enhanced terrestrial productivity due to the CO; fertilization and,
secondly, increases in the tropical precipitation.



CO2 emissions from human activities causing a rise in atmospheric CO2. The fertilizing effect of CO2
leads to an increase in terrestrial productivity and carbon storage (4) which will continue some time in
the future (1), providing a strong negative feedback that greatly slows down the rate of climate change.
The analysis of Yang et al. confirms its importance and provides constraints on its size. Deforestation, in
addition to releasing the carbon stored in existing biomass, also reduces the sink potential from this
important CO, fertilization effect (15). The comparison between glacial and future changes in
productivity has limits, because glaciations do not provide information on the level at which CO,
fertilization ceases, which depends on the limitation by water, nutrients and on physiological factors.
More importantly, the growing and pervasive warming of the climate system caused by human activities
are known to cause positive (amplifying) feedbacks as the terrestrial biosphere and the ocean respond
to a changing climate. Although many uncertainties remain, it is already clear that the damping feedback
of CO; fertilization will decrease while the amplifying feedback of climate on carbon storage will grow in
the future.

REFERENCES

1. J. G. Canadell, P. M. S. Monteiro, M. H. Costa, L. da Cunha, P. M. Cox, A. V. Eliseev, et al., in Climate
Change 2021: The Physical Science Basis. Contribution of Working Group | to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change.

2. Y. lJi-Woong, Brandon, Margaux, Landais, Amaélle, Global biosphere primary productivity changes
during the last eight glacial cycles. Science.

3. P.J. Franks, M. A. Adames, J. S. Amthor, M. M. Barbour, J. A. Berry, D. S. Ellsworth, G. D. Farquhar, O.
Ghannoum, J. Lloyd, N. McDowell, R. J. Norby, D. T. Tissue, S. Caemmerer, Sensitivity of plants to
changing atmospheric CO ; concentration: from the geological past to the next century. New Phytol.
197, 1077-1094 (2013).

4. P. Friedlingstein, M. W. Jones, M. O’Sullivan, R. M. Andrew, D. C. E. Bakker, J. Hauck, C. Le Quéré, G.
P. Peters, W. Peters, J. Pongratz, S. Sitch, J. G. Canadell, P. Ciais, R. B. Jackson, S. R. Alin, P. Anthoni,
N. R. Bates, M. Becker, N. Bellouin, L. Bopp, T. T. T. Chau, F. Chevallier, L. P. Chini, M. Cronin, K. I.
Currie, B. Decharme, L. Djeutchouang, X. Dou, W. Evans, R. A. Feely, L. Feng, T. Gasser, D. Gilfillan, T.
Gkritzalis, G. Grassi, L. Gregor, N. Gruber, O. Giirses, |. Harris, R. A. Houghton, G. C. Hurtt, Y. lida, T.
Ilyina, I. T. Luijkx, A. K. Jain, S. D. Jones, E. Kato, D. Kennedy, K. Klein Goldewijk, J. Knauer, J. I.
Korsbakken, A. Kértzinger, P. Landschitzer, S. K. Lauvset, N. Lefevre, S. Lienert, J. Liu, G. Marland, P.
C. McGuire, J. R. Melton, D. R. Munro, J. E. M. S. Nabel, S.-I. Nakaoka, Y. Niwa, T. Ono, D. Pierrot, B.
Poulter, G. Rehder, L. Resplandy, E. Robertson, C. Rédenbeck, T. M. Rosan, J. Schwinger, C.
Schwingshackl, R. Séférian, A. J. Sutton, C. Sweeney, T. Tanhua, P. P. Tans, H. Tian, B. Tilbrook, F.
Tubiello, G. van der Werf, N. Vuichard, C. Wada, R. Wanninkhof, A. Watson, D. Willis, A. J. Wiltshire,
W. Yuan, C. Yue, X. Yue, S. Zaehle, J. Zeng, “Global Carbon Budget 2021” (preprint, Antroposphere —
Energy and Emissions, 2021), , doi:10.5194/essd-2021-386.

5. D. Schimel, B. B. Stephens, J. B. Fisher, Effect of increasing CO ; on the terrestrial carbon cycle. Proc.
Natl. Acad. Sci. 112, 436-441 (2015).

6. C.L.Hurd, A. Lenton, B. Tilorook, P. W. Boyd, Current understanding and challenges for oceans in a
higher-CO2 world. Nat. Clim. Change. 8, 686—694 (2018).

7. Y. Malhi, J. Franklin, N. Seddon, M. Solan, M. G. Turner, C. B. Field, N. Knowlton, Climate change and



10.

11.

12.

13.

14.

15.

ecosystems: threats, opportunities and solutions. Philos. Trans. R. Soc. B Biol. Sci. 375, 20190104
(2020).

X. Morin, L. Fahse, H. Jactel, M. Scherer-Lorenzen, R. Garcia-Valdés, H. Bugmann, Long-term
response of forest productivity to climate change is mostly driven by change in tree species
composition. Sci. Rep. 8, 5627 (2018).

J. Hauck, M. Zeising, C. Le Quéré, N. Gruber, D. C. E. Bakker, L. Bopp, T. T. T. Chau, O. Giirses, T.
llyina, P. Landschiitzer, A. Lenton, L. Resplandy, C. Rodenbeck, J. Schwinger, R. Séférian, Consistency
and Challenges in the Ocean Carbon Sink Estimate for the Global Carbon Budget. Front. Mar. Sci. 7,
571720 (2020).

L. Kwiatkowski, O. Torres, L. Bopp, O. Aumont, M. Chamberlain, J. R. Christian, J. P. Dunne, M.
Gehlen, T. llyina, J. G. John, A. Lenton, H. Li, N. S. Lovenduski, J. C. Orr, J. Palmieri, Y. Santana-Falcdn,
J. Schwinger, R. Séférian, C. A. Stock, A. Tagliabue, Y. Takano, J. Tjiputra, K. Toyama, H. Tsujino, M.
Watanabe, A. Yamamoto, A. Yool, T. Ziehn, Twenty-first century ocean warming, acidification,
deoxygenation, and upper-ocean nutrient and primary production decline from CMIP6 model
projections. Biogeosciences. 17, 3439-3470 (2020).

M. B. Osman, S. B. Das, L. D. Trusel, M. J. Evans, H. Fischer, M. M. Grieman, S. Kipfstuhl, J. R.
McConnell, E. S. Saltzman, Industrial-era decline in subarctic Atlantic productivity. Nature. 569, 551—
555 (2019).

L. Bopp, L. Resplandy, J. C. Orr, S. C. Doney, J. P. Dunne, M. Gehlen, P. Halloran, C. Heinze, T. llyina,
R. Séférian, J. Tjiputra, M. Vichi, Multiple stressors of ocean ecosystems in the 21st century:
projections with CMIP5 models. Biogeosciences. 10, 6225-6245 (2013).

C. B. Field, M. J. Behrenfeld, J. T. Randerson, P. Falkowski, Primary Production of the Biosphere:
Integrating Terrestrial and Oceanic Components. Science. 281, 237-240 (1998).

K. E. Kohfeld, C. L. Quéré, S. P. Harrison, R. F. Anderson, Role of Marine Biology in Glacial-Interglacial
CO ; Cycles. Science. 308, 74—78 (2005).

W. A. Obermeier, J. E. M. S. Nabel, T. Loughran, K. Hartung, A. Bastos, F. Havermann, P. Anthoni, A.
Arneth, D. S. Goll, S. Lienert, D. Lombardozzi, S. Luyssaert, P. C. McGuire, J. R. Melton, B. Poulter, S.
Sitch, M. O. Sullivan, H. Tian, A. P. Walker, A. J. Wiltshire, S. Zaehle, J. Pongratz, Modelled land use
and land cover change emissions — a spatio-temporal comparison of different approaches. Earth
Syst. Dyn. 12, 635-670 (2021).

ACKNOWLEDGEMENTS

C.L.Q. and N.M. are funded by the Royal Society (grant no. RP\R1\191063) and the UK Natural
Environment Research Council (grant no. NE/V011103/1).



CO,-PRODUCTIVITY-CLIMATE INTERACTIONS

During glaciations, global productivity decreased because of the effect of low CO; fertilization on
terrestrial ecosystems. The ongoing rising CO, from human activities fertilize global ecosystems but has
limits, while climate change reduces global ecosystem productivity and amplifies warming.
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