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Abstract. Concern is growing that global climate change will have widespread impact on the
world’s terrestrial ecosystems, but future impacts are imperfectly constrained by ecosystem
models and direct observations. All available data, including records of past ecological change,
need to be utilized to assess the range of potential future outcomes. Here we show that pervasive
ecosystem transformations occurred in response to warming and associated climatic changes
during the last glacial-to-interglacial transition, which was of comparable magnitude to climatic
change projected to occur in the next 100 to 150 years under high-emission scenarios. We used
data from 596 published paleoecological records to examine compositional and structural
changes in global terrestrial vegetation since the last glacial period, and to project the magnitude
of ecosystem transformations under different emission scenarios in the future. Our results
indicate that terrestrial ecosystems are highly sensitive to temperature change, and suggest that
without major reductions in greenhouse-gas emissions to the atmosphere (i.e., in line with those
targeted in the 2015 Paris Agreement), most terrestrial ecosystems worldwide are at risk of major
transformation, with accompanying disruption of ecosystem services and impacts on

biodiversity.

A crucial question facing policymakers in addressing climate change is how different
levels of global greenhouse-gas (GHG) emissions to the atmosphere might translate into
ecosystem transformations worldwide. Terrestrial-ecosystem function is governed largely by
composition and physical structure of vegetation (/-3), and climate-change impacts on
vegetation can potentially cause disruption of ecosystem services and loss of biodiversity (4,5).
It is critical to assess the likely extent of ecosystem transformation as GHG emissions increase
(6), and to understand the full potential magnitude of impacts should current GHG emission rates

continue unabated.

Ecosystem transformation generally involves replacement of dominant plant species or
functional types by others, whether recruited locally or migrating from afar. Observations from
around the globe indicate that climate change may already be driving substantial changes in
vegetation composition and structure (3). Ecosystem change is accelerated by mass mortality of
incumbent dominants (7,8), and widespread dieback events and other large disturbances are

already underway in many forests and woodlands (9-117), with further mortality events predicted



under increasing temperatures and drought (3,9,10,12). Replacement of pre-disturbance
dominants by other species and growth-forms has been documented in many places (8,13,14). In
addition, evidence is accumulating for geographic range-shifts in individual species, and climate
change is interacting with invasive species, fire regimes, land-use, and CO> increase to drive

vegetation changes in many regions (15, 16).

Beyond observations of recent and ongoing change, modeling studies indicate ecosystem
transformation under climate projections for the 21* Century. These models include dynamic
global vegetation models (3,17), species-distribution models (/8), and comparison of the
multivariate climate distance between biomes with that between modern and future climates
(19). However, capacity for assessing the magnitude of ecosystem transformation under future
climate scenarios is limited by the difficulty of evaluating model performance against empirical

records, particularly when projected climate states are novel (/9,20).

Paleoecological records of past ecological responses to climate change provide another
means, independent of modern observations and model projections, for gauging the sensitivity of
ecosystems to climate change. Several high-precision time-series studies have shown that local
and regional ecosystems can shift rapidly, within years to decades, under abrupt climate change
(21-23), but sites with such detailed chronologies are scarce. Here we pursue an approach based
on a global network of radiocarbon-dated paleoecological records of terrestrial vegetation
composition and structure since the Last Glacial Maximum (LGM), ca. 21,000 yr BP. Most
postglacial warming happened between 16,000 and 10,000 yr BP, although it commenced earlier
in parts of the Southern Hemisphere (24,25). Global warming between the LGM and the early
Holocene (10,000 yr BP) was on the order of 4-7° C, with more warming over land than oceans
(25,26). These estimates are roughly comparable to the magnitude of warming the Earth is
projected to undergo in the next 100 to 150 years if GHG emissions are not reduced significantly
(27). The magnitude of change in vegetation composition and structure since the last glacial
period provides an index of the magnitude of ecosystem change that might be expected under
warming of similar magnitude in the coming century (28). Although the rate of projected future
global warming is at least an order of magnitude greater than that of the last glacial-to-

interglacial transition (25), a glacial-to-modern comparison provides a conservative estimate of



the extent of ecological transformation to which the planet will be committed under future

climate scenarios (See Supplementary text).

We compiled and evaluated paleoecological (pollen and macrofossil) records from 596
sites worldwide (fig. S1) to determine the magnitude of post-glacial vegetation change. We
adopted an expert-judgment approach, in which paleoecologists with relevant regional
experience compiled published records (table S1), and made informed judgments on the
magnitude of the difference between glacial-age and Holocene ecosystems (see Methods). For
the purposes of our analyses, we defined the last glacial period (LGP) as the interval between
21,000 and 14,000 yr BP. Although postglacial warming was underway in many regions by
16,000 yr BP (24), continental ice-sheets were still extensive 14,000 yr BP, and some climate
regimes remained essentially ‘glacial’ in nature, particularly in the Northern Hemisphere (29).
Extending the LGP window to 14,000 yr BP provides a larger array of records for the
assessment, both in glaciated and unglaciated terrains, and renders our analysis more
conservative (i.e., climatic and vegetation contrasts with the Holocene are likely to decrease

between 21,000 and 14,000 yr BP).

For each record, experts were asked to judge the magnitude of compositional change and
structural change since the LGP as large, moderate, or low, and to provide detailed justification
for their judgment (see Methods) (table S2). For sites that experienced moderate to large
ecological change, experts were also asked to assess the role of climate change (large, moderate,
or none) in driving the observed vegetation change. For each of these four judgments, experts
were asked to state their level of confidence as high, medium, or low. In assessing the role of
climate change, experts were asked to focus specifically on whether climate change since the
LGP was sufficient to drive the observed changes, acknowledging that other factors (e.g., human
activity, post-glacial COz increase, megafaunal dynamics) may have also played important roles.
For sites with a long history of human land-use), experts used Holocene records predating

widespread land clearance as a benchmark for comparison with the LGP records.

Our results indicate that the magnitude of past glacial-to-interglacial warming was
sufficient at most locations across the globe to drive changes in vegetation composition that were
moderate (26% of sites) to large (72%), as well as moderate (28%) to large (67%) structural

changes (Fig. 1, table S3). These changes were particularly evident at mid- to high latitudes in



the Northern Hemisphere, as well as in southern South America, tropical and temperate southern
Africa, the Indo-Pacific region, Australia, Oceania, and New Zealand (Fig 1a). Compositional
change at most sites in the Neotropics was moderate to large, but three sites showed little or no
compositional change, all with medium to high confidence (fig. S2). Shifts in vegetation
structure were also moderate to large at mid-to high-latitude sites, although a few sites showed
low change (Fig. 1b). The Neotropics had nine sites with little or no structural change (Fig. 1b),
all with high-confidence assessments (fig. S2). These sites have been occupied by tropical forest
ecosystems since the LGM, although most have undergone moderate to large compositional
change (30,31). For nearly all sites that experienced moderate or large ecological change,
climate change since the LGP was judged as sufficient to explain the observed changes with high
confidence (table S4). Atmospheric CO; concentrations also increased from 190 to 280 ppm
during the deglaciation, interacting with and in some cases modulating ecological responses to
climate change. However, CO2 changes alone cannot account for postglacial vegetational

changes (Supplementary Text).

Independent of the expert-judgment process, we used the estimated anomaly in mean
annual temperature between the LGM and the present (pre-industrial) as a proxy for the overall
magnitude of climate change since the LGP. LGM temperature estimates were derived using an
assimilated proxy-data/model integration (26). Low-change sites were largely concentrated in
regions where the estimated temperature anomaly was relatively small (Fig. 1). To explore this
relationship further, we plotted the frequency distribution of the difference between estimated
LGM and present-day mean-annual temperatures for individual sites in each of the three
ecological-response categories. Nearly all sites with low compositional change between the LGP
and today are associated with small projected temperature anomalies (median 2.4°C), whereas
sites with moderate to high compositional change have larger temperature anomalies (Fig. 2a).
Results for structural changes are similar, although a greater number of sites with low structural
change include larger temperature anomalies (Fig. 2b). This difference is not surprising, because
compositional change in vegetation can occur without an accompanying change in vegetation
structure (Fig. 1). Europe and eastern North America experienced unusually large temperature
changes since the LGM, owing to depressed temperatures near the large ice sheets, and these
regions show significant compositional and structural changes since the LGP. However, results

from other parts of the globe indicate that widespread ecosystem changes were driven by much



smaller temperature changes (fig. S3). We repeated our analysis using the TraCE-21ka model
simulations (32,33), which yield lower magnitude of LGP-to-Holocene climate change (34);
despite the potential conservative bias, results for compositional and structural change (fig. S4)
were similar to those in Fig. 2. Temperature differences between LGP and the present were
significantly greater for sites with large ecological change than those with low to moderate

change, using both paleoclimate estimates (26, 32) (table S2).

We also used our database of ecological change since the LGM to assess the global
distribution of the probability of large compositional and structural change given GHG emission
scenarios (Representative Concentrations Pathways (RCP) 2.6, 4.5, 6.0 and 8.5, each as
simulated by the CCSM4 coupled climate model) (35). The range of LGM-to-present
temperature changes (Fig. 2) overlaps with the range of temperature changes projected for the
coming century under these scenarios (Fig. 3a; fig. S5). We quantified the relationship between
temperature and ecological change using a logistic spline regression with ordered categories
(36). We fit models for compositional and structural change using the temperature change since
the LGM as the independent predictor variable. In both models, LGM-to-modern temperature
change is a significant predictor of ecosystem change (p < 0.001). We then used these models to
predict the risk of large change for the future range of projected global temperature changes (Fig.
3b) and to map the probability of large change under RCP 2.6 and RCP 8.5 (Fig. 3¢-3f) at the
end of the 21* century (see fig. S6 for RCP 4.5 and RCP 6.0). Under RCP 2.6 the probability of
large compositional change is less than 45% over most of the globe (Fig. 3¢) and the probability
of large structural change is generally less than 30% (Fig. 3e). In contrast, under the business-as-
usual emissions scenario, RCP 8.5, the probability of large compositional change and large
structural change are both greater than 60% (Fig. 3d, 3f). Analyses using the TraCE-21ka model
yielded similar patterns (fig. S7).

Our study uses a single variable, mean annual temperature, as a metric for the broader
array of climatic changes that can drive vegetation change, and it compares vegetation and
climate states separated by 10,000-20,000 years. Future climate change, like that in the past, will
be multivariate, involving shifts in seasonal temperatures, seasonal precipitation, climate
extremes, and variability regimes. As mean annual temperature increases, other ecologically

important variables will change, often in complex or counterintuitive ways (20,37,38), and



ecological responses will often be episodic or non-linear (8, /3-15). Although the temperature
increases since the LGP provide crude analogs for ongoing and future climate changes — for
example, boundary conditions and forcings are different now (25,39,40) — our results
nevertheless provide concrete evidence that vegetation composition and structure are sensitive to
changes in mean annual temperature of the magnitudes forecast for the coming century, and that
vegetation transformations will become increasingly extensive as temperatures increase. Under
the RCP8.5 scenario, the rate of warming will be on the order of 65 times greater than the
average warming during the last deglaciation (25). Although many ecological processes (e.g.,
species migration, colonization, succession) will likely lag climate changes, ecosystem
transformations will probably be accelerated by disturbance and mortality events, land use, and

invasive species (7-15).

We therefore conclude that terrestrial vegetation over the entire planet is at substantial
risk of major compositional and structural change in the absence of dramatically reduced GHG
emissions. Much of this change could occur during the 21* century, especially where vegetation
disturbance is accelerated or amplified by human impacts (7). Many emerging ecosystems will
be novel in composition, structure, and function (4/), and many will be ephemeral under
sustained climate change; equilibrium states may not be attained until the 22" Century or
beyond. Compositional transformation will affect biodiversity, via disintegration and
reorganization of communities, replacement of dominant or keystone species, pass-through
effects on higher trophic levels, and ripple effects on species interactions (/6,42). Structural
transformation will have particularly large consequences for ecosystem services (4), including
achievement of nature-based development solutions under the United Nations’ Sustainable

Development Goals (https://sustainabledevelopment.un.org/sdgs). Structural changes will also

influence biodiversity, driving alterations in habitats and resources for species at higher trophic
levels. Compositional and structural changes may also induce potentially large changes to
carbon sources and sinks, as well as to atmospheric moisture recycling and other climate
feedbacks. Our results suggest that impacts on planetary-scale biodiversity, ecological
functioning, and ecosystem services increase substantially with increasing GHG emissions,

particularly if warming exceeds that projected by the RCP2.6 emission scenario (i.e., 1.5°C).


https://sustainabledevelopment.un.org/sdgs

. F.S. Chapin III, P.A. Matson, H.A. Mooney. Principles of Terrestrial Ecosystem Ecology.
(Springer, New York, NY, 2002).

S. Diaz et al., The plant traits that drive ecosystems: Evidence from three continents. Journal
of Vegetation Science 15, 295-304 (2004).

. J. Settele et al., “Terrestrial and inland water systems” in Climate Change 2014: Impacts,
Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working
Group 11 to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change,
C.B. Field et al., Eds. (Cambridge Univ. Press, 2014), pp 271-359.

. Millennium Ecosystem Assessment. Ecosystems and Human Well-Being: Synthesis. (Island
Press, 2005).

. B.J. Cardinale et al., Biodiversity loss and its impact on humanity. Nature 486, 59-67 (2012).
. United Nations Framework Convention on Climate Change (UNFCC) (1992).

. J.T. Overpeck, D. Rind, R. Goldberg, Climate-induced changes in forest disturbance and
vegetation. Nature 343, 51-53 (1990).

. C.D. Allen, D.D. Breshears. Drought-induced shift of a forest-woodland ecotone: rapid
landscape response to climate variation. Proceedings of the National Academy of Sciences
95, 14839-14842 (1998).

. C.D. Allen, D. D. Breshears, N.G. McDowell, On underestimation of global vulnerability to
tree mortality and forest die-off from hotter drought in the Anthropocene. Ecosphere 6, 1-55

(2015).

10. W.R.L. Anderegg, J.M. Kane, L.D.L. Anderegg, Consequences of widespread tree mortality

triggered by drought and temperature stress. Nature Climate Change 3, 30-36 (2013).

10



11

12.

13.

14.

15.

16.

17.

18.

19.

G.F. Midgley, W.J. Bond, Future of African terrestrial biodiversity and ecosystems under
anthropogenic climate change. Nature Climate Change S, 823-829 (2015).

G.P. Asner et al., Progressive forest canopy water loss during the 2012-2015 California
drought. Proceedings of the National Academy of Sciences 113, E249-E255 (2016).

J.F. Johnstone et al., Changing disturbance regimes, ecological memory, and forest
resilience. Frontiers in Ecology and the Environment 14, 369-378 (2016).

C.H. Guiterman, E.Q. Margolis, C.D. Allen, D.A. Falk, T.W. Swetnam, Long-term
persistence and fire resilience of oak shrubfields in dry conifer forests of northern New
Mexico. Ecosystems DOI: 10.1007/s10021-017-0192-2 (2017).

C.I. Millar, N.L. Stephenson, Temperate forest health in an era of emerging
megadisturbance. Science 349, 823-826 (2015).

C. Parmesan, M.E. Hanley, Plants and climate change: complexities and surprises. Annals of
Botany 116, 849-864 (2015).

I.C. Prentice et al., “Dynamic global vegetation modeling: quantifying terrestrial ecosystem
responses to large-scale environmental change” in Terrestrial Ecosystems in a Changing
World, J.G. Canadell, D.E. Pataki, L.F. Pitelka, Eds. (Springer, Heidelberg, 2007), pp. 175-
192.

G.E. Rehfeldt, N.L. Crookston, M.V. Warwell, J.S Evans, Empirical analyses of plant-
climate relationships for the western United States. International Journal of Plant Sciences
167, 1123-1150 (2006).

J.W. Williams, S.T. Jackson, J.E. Kutzbach, Projected distributions of novel and
disappearing climates by 2100 AD. Proceedings of the National Academy of Sciences 104,

5738-5742 (2007).

11



20. S.T. Jackson, J.W. Williams, Modern analogs in Quaternary paleoecology: here today, gone
yesterday, gone tomorrow? Annual Review of Earth and Planetary Sciences 32, 495-537
(2004).

21. J.R.M. Allen, W.A. Watts, B. Huntley, Weichselian palynostratigraphy, palacovegetation
and palaeoenvironment; the record from Lago Grande di Monticchio, southern Italy.
Quaternary International 73/74, 91-110 (2000).

22. J.W. Williams, D.M. Post, L.C. Cwynar, A.F. Lotter, A.J. Levesque, Rapid and widespread
vegetation responses to past climate change in the North Atlantic. Geology 30, 971-974
(2002).

23. A. Correa-Metrio et al., Rapid climate change and no-analog vegetation in lowland Ccentral
America during the last 86,000 years. Quaternary Science Reviews 38, 63-75 (2012).

24. J.D. Shakun, A.E. Carlson, A global perspective on Last Glacial Maximum to Holocene
climate change. Quaternary Science Reviews 29, 1801-1816 (2010).

25. V. Masson-Delmotte et al., “Information from Paleoclimate Archives”, in Climate Change
2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change, T.F. Stocker et al., Eds.
(Cambridge Univ. Press, 2013). pp. 383-464.

26. J.D. Annan, J. C. Hargreaves, A new global reconstruction of temperature changes at the
Last Glacial Maximum. Climate of the Past 9, 367-376 (2013).

27. M. Collins et al., 2013: “Long-term climate change: Projections, commitments and
irreversibility” in Climate Change 2013: The Physical Science Basis. Contribution of
Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate

Change, T.F. Stocker et al., Eds. Cambridge University Press, 2013), pp. 1029-1136.

12



28

29.

30.

31.

32.

33.

34.

35.

36.

37.

. J. Guiot, W. Cramer. Climate change: the 2015 Paris Agreement thresholds and
Mediterranean basin ecosystems. Science 354, 465-468 (2016).

P.U. Clark et al., The last glacial maximum. Science 325, 710-714 (2009).

P.A. Colinvaux, P.E. De Oliveira, J.E. Moreno, M.C. Miller, M.B. Bush. A long pollen
record from lowland Amazonia: Forest and cooling in glacial times. Science 274, 85-88
(1996).

M.B. Bush, P.E. De Oliveira, P.A. Colinvaux, M.C. Miller, E. Moreno. Amazonian
paleoecological histories: one hill, three watersheds. Palaeogeography Palaeoclimatology
Palaeoecology 214, 359-393 (2004).

Z. Liu et al., Transient simulation of last deglaciation with a new mechanism for Bglling-

Allergd warming. Science 325, 310-314 (2009).

F. He, “Simulating transient climate evolution of the last deglaciation with

CSM3,” dissertation, University of Wisconsin, Madison, WI (2011)

Z. Liu et al., The Holocene temperature conundrum. PNAS 111, E3501-E3505 (2014).
G.A. Meehl et al., Climate system response to external forcings and climate change
projections in CCSM4. Journal of Climate 25, 3661-3683 (2012).

S.N. Wood, N. Pya, B. Saefken, Smoothing parameter and model selection for general

smooth models. Journal of the American Statistical Association. http://arxiv.org/abs/1511.

03864 (2016)
S.T. Jackson, J.T. Overpeck, Responses of plant populations and communities to
environmental changes of the Late Quaternary. Paleobiology 26 (Supplement), 194-220

(2000).

13


http://arxiv.org/abs/1511

38. S.T. Jackson, J.L. Betancourt, R.K. Booth, S.T. Gray, Ecology and the ratchet of events:
climate variability, niche dimensions, and species distributions. Proceedings of the National

Academy of Sciences 106: 19685-19692 (2009).

39. D.L. Hartmann et al., “Observations: Atmosphere and surface”, in Climate Change 2013:
The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change, T.F. Stocker et al., Eds. (Cambridge
Univ. Press, 2013). pp.159-254. Cambridge University Press, Cambridge, United Kingdom
and New York, NY, USA.

40. P.U. Clark et al., 2016. Consequences of twenty-first-century policy for multi-millennial
climate and sea-level change. Nature Climate Change 6, 360-369 (2016).

41. R.J. Hobbs, E.S. Higgs, C. Hall, editors. Novel Ecosystems: When and How Do We
Intervene in the New Ecological World Order? (Wiley-Blackwell, Chichester, 2013).

42. C. Bellard, C. Bertelsmeier, P. Leadley, W. Thuiller, F. Courchamp, Impacts of climate
change on the future of biodiversity. Ecology Letters 15, 365-377 (2012).

43. K. Feegri, J. Iversen. Text-Book of Pollen Analysis. Third Revised Edition. (Munksgaard,
Copenhagen, 1975).

44.T. Webb III, J.H. McAndrews J.H. Corresponding patterns of contemporary pollen and
vegetation in central North America. Geological Society of America Memoir 145, 267-299
(1976).

45.T. Webb III, R.A. Laseski, J.C. Bernabo. Sensing vegetational patterns with pollen data:
choosing the data. Ecology 59, 1151-1163 (1978).

46. H.J.B. Birks, H.H. Birks. Quaternary Palaeoecology. (University Park Press, Baltimore,

MD, 1980).

14



47.

48.

49.

50.

51.

52.

53.

54.

55.

I.C. Prentice. Pollen representation, source area, and basin size: toward a unified theory of
pollen analysis. Quaternary Research 23, 76-86 (1985).
B.H. Huntley & T. Webb, IIl. Vegetation History. (Kluwer, Dordrecht, The Netherlands,

1988).

S.T. Jackson, S.T. Pollen and spores in Quaternary lake sediments as sensors of vegetation
composition: theoretical models and empirical evidence. Sedimentation of Organic
Farticles, A. Traverse, Ed. (Cambridge University Press, 1994), pp. 253-286.

S.T. Jackson, J.T. Overpeck, T. Webb III, S.E. Keattch, K.H. Anderson. 1997. Mapped
plant macrofossil and pollen records of Late Quaternary vegetation change in eastern North
America. Quaternary Science Reviews 16, 1-70 (1997).

H.A. Binney et al. The distribution of late-Quaternary woody taxa in northern Eurasia:
evidence from a new macrofossil database. Quaternary Science Reviews 28, 2445-2464
(2009).

S. Sugita. Theory of quantitative reconstruction of vegetation I: pollen from large sites
REVEALS regional vegetation composition. Holocene 17, 229-241 (2007).

S. Sugita. Theory of quantitative reconstruction of vegetation II: All you need is LOVE.
Holocene 17, 243-257 (2007).

A. Dawson et al. Quantifying pollen-vegetation relationships to reconstruct forests using

19'"_century forest composition and pollen data. Quaternary Science Reviews 137:156-175
(2016).

S. Brewer, S.T. Jackson, J.W. Williams. Paleoecoinformatics: applying geohistorical data to

ecological questions. Trends in Ecology and Evolution 27, 104-112 (2012).

15



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

J.W. Williams et al. 2018. The Neotoma Paleoecology Database: a multi-proxy,
international community-curated data resource. Quaternary Research 89,156-177 (2018).
S.T. Jackson, Representation of flora and vegetation in Quaternary fossil assemblages:
known and unknown knowns and unknowns. Quaternary Science Reviews 49, 1-15 (2012).
H.J.B. Birks, H.H. Birks, B. Ammann. The fourth dimension of vegetation. Science 354,
412-413 (2016).

K.J. Edwards, R.M. Fyfe, S.T. Jackson. The first 100 years of pollen analysis. Nature Plants

3, 17001 (2017). http://www.nature.com/articles/nplants20171.

H.H. Birks., “Plant macrofossils”, in Tracking Environmental Change Using Lake Sediments.
Developments in Paleoenvironmental Research, Vol 3, J.P. Smol, H.J.B. Birks, W.M. Last,
R.S. Bradley, K. Alverson, Eds. (Springer, Dordrecht, Netherlands, 2002), pp. 49-74.

H.H. Birks, “Plant macrofossil introduction”, in Encyclopedia of Quaternary Science, Second
Edition, S.A. Elias, C.J. Mock, Eds. (Elsevier, Amsterdam, 2013), pp. 593-612.

S.T. Jackson, R.K. Booth, “Validation of pollen studies”, in Encyclopaedia of Quaternary
Sciences, S.A. Elias, Ed. (Elsevier, Amsterdam, 2007), pp. 2413-2422.

S.T. Jackson et al., Inferring local to regional changes in forest composition from Holocene
macrofossils and pollen of a small lake in central Upper Michigan, USA. Quaternary
Science Reviews 98, 60-73 (2014).

J.L. Betancourt, T.R. Van Devender, P.S. Martin, Eds. Packrat Middens: The Last 40,000
Years of Biotic Change. (University of Arizona Press, Tucson, AZ, 1990).

Lyford, M.E., S.T. Jackson, S.T. Gray & R.J. Eddy. 2004. Validating the use of woodrat
(Neotoma) middens for documenting natural invasions. Journal of Biogeography 31:333-

342.

16


http://www.nature.com/articles/nplants20171

66.

67.

68.

69.

70.

71.

72.

73.

74.

M.R. Lesser, S.T. Jackson. Reliability of macrofossils in woodrat (Neotoma) middens for
detecting low-density tree populations. Paleobiology 37, 603-615 (2011).

R.S. Bradley. Paleoclimatology: Reconstructing Climates of the Quaternary, Third Edition.
(Academic Press, Oxford, UK, 2014).

H.E. Wright, Jr. et al., Eds. Global Climates Since the Last Glacial Maximum. (University
of Minnesota Press, Minneapolis, 1993).

J. Kutzbach et al. Climate and biome simulations for the past 21,000 years. Quaternary
Science Reviews, 17, 473-506 (1998).

MARGO Project Members, Constraints on the magnitude and patterns of ocean cooling at
the Last Glacial Maximum. Nature Geoscience 2, 127-132 (2009).

J.D. Shakun et al., Global warming preceded by increasing carbon dioxide concentrations
during the last deglaciation. Nature 484, 49-54 (2012).

Bartlein, P. J., et al., Pollen-based continental climate reconstructions at 6 and 21 ka: a
global synthesis. Climate Dynamics 37, 775-802 (2011).

Stocker, Thomas F., et al., "Technical summary." Climate Change 2013: The Physical
Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. T.F. Stocker et al., Eds. (Cambridge Univ.
Press, 2013). pp.33-115. Cambridge University Press, Cambridge, United Kingdom and New
York, NY, USA.

S.N. Wood, Fast stable restricted maximum likelihood and marginal likelihood estimation of
semiparametric generalized linear models. Journal of the Royal Statistical Society (B) 73, 3-

36 (2011).

17



75.

76.

7.

78.

79.

80.

1.

82.

83.

W.J. Bond, G.F. Midgley. A proposed CO»-controlled mechanism of woody plant invasion in

grasslands and savannas. Global Change Biology 6, 865-869 (2000).

F.J. Bragg et al. Stable isotope and modelling evidence for CO> as a driver of glacial—

interglacial vegetation shifts in southern Africa. Biogeosciences 10, 2001-2010 (2013).

G.D. Farquhar, J.R. Ehleringer, K.T. Hubick. Carbon isotope discrimination and
photosynthesis. Annual Review of Plant Physiology and Plant Molecular Biology 40, 503-

537 (1989).

G.D. Farquhar, K.T. Hubick, A.G. Condon, R.A. Richards. “Carbon isotope fractionation and
plant water-use efficiency”, in Stable Isotopes in Ecological Research, P.W. Rundel, J.R.

Ehleringer, K.A. Nagy, Eds., (Springer New York, NY, 1989), pp. 21-40.

H.W. Polley. Implications of rising atmospheric carbon dioxide concentration for rangelands.

Journal of Range Management 50, 562-577 (1997).

J.R. Petit et al. Climate and atmospheric history of the past 420,000 years from the Vostok

ice core, Antarctica. Nature 399, 429-436 (1999).

E. Monnin et al. Atmospheric CO; concentrations over the last glacial termination. Science

291, 112-114 (2001).

T.R. van Devender, J.L. Betancourt, M. Wimberly. Biogeographic implications of a packrat
midden sequence from the Sacramento Mountains, south-central New Mexico. Quaternary

Research 22, 344-360 (1984).

Y. Garcin, A.Vincens, D. Williamson, J. Guiot, Wet phases in tropical southern Africa

during the last glacial period. Geophysical Research Letters 33, L07703 (2006.)

18



84.

85.

86.

87.

88.

9.

90.

91.

C.A. Holmgren et al. Evidence against a Pleistocene desert refugium in the Lower Colorado

River Basin. Journal of Biogeography 41, 1769-1780 (2014).

S. Lim, B.M. Chase, M. Chevalier, P.J. Reimer, 50,000 years of vegetation and climate
change in the southern Namib Desert, Pella, South Africa. Palaeogeography,

Palaeoclimatology, Palaeoecology 451, 197-209 (2016).

B.M. Chase, M. Chevalier, A. Boom, A.S.Carr, The dynamic relationship between temperate
and tropical circulation systems across South Africa since the last glacial maximum.

Quaternary Science Reviews 174, 54—62 (2017).

S.I. Higgins, S. Scheiter. Atmospheric CO; forces abrupt vegetation shifts locally, but not

globally. Nature 488, 209 (2012).

T.M. Shanahan et al. CO> and fire influence tropical ecosystem stability in response to

climate change. Scientific Reports 6, 29587 (2016).

K. Izumi, A.M. Lézine, Pollen-based biome reconstructions over the past 18,000 years and
atmospheric CO> impacts on vegetation in equatorial mountains of Africa. Quaternary

Science Reviews 152, 93-103.

C.I. Millar, N.L. Stephenson, S.L. Stephens, Climate change and forests of the future:

managing in the face of uncertainty. Ecological Applications 17, 2145-2151 (2007).

B. Bereiter et al., Revision of the EPICA Dome C CO; record from 800 to 600 kyr before

present. Geophysical Research Letters 42, 542-549 (2015).

19



92. A. Staal, S.C. Dekker, M. Hirota, E.H. van Nes, Synergistic effects of drought and
deforestation on the resilience of the south-eastern Amazon rainforest. Ecological

Complexity 22, 65-75 (2015).

93. D.H. Urrego, B.A. Niccum, C.F. La Drew, M.R. Silman, M.B. Bush, Fire and drought as
drivers of early Holocene tree line changes in the Peruvian Andes. Journal of Quaternary

Science 26, 28-36 (2011).

94. B.G.Valencia, D.H. Urrego, M.R. Silman, M.B. Bush, From ice age to modern: a record of

landscape change in an Andean cloud forest. Journal of Biogeography 37, 1637-1647 (2010).

Acknowledgments. This research was supported by the National Science Foundation (DEB-
1241851, AGS-1243125, EAR-1304083) and by the Department of the Interior Southwest
Climate Science Center. Research in northeast Siberia was funded by Russian Academy of
Sciences, FEB (15-1-2-067) and the Russian Foundation for Fundamental Research (15-05-

06420). The paper benefitted from thoughtful comments of three anonymous reviewers.

STJ, CN, and JTO designed project; all authors collected data; CN analyzed data with advice
from JTO, STJ, SB, and JT; STJ, CN, and JTO wrote paper with text contributions in
Supplementary Materials from BMC, MBB, MEE, JLB, BH, YL, and SI, and further

contributions from all authors.

20



A. Composition B. Structure

o

mperature anomaly (°C)

-20 2

. Large |:| Moderate DLow .Large |:|Moderate I:]Low

Fig. 1. The degree of estimated compositional (a) and structural change (b) between the last
glacial period and the present. Each square represents an individual paleoecological site, and the
color density indicates the extent of vegetation change since the last glacial period (21,000-
14,000 yr BP). Background shading denotes the estimated temperature anomaly between the last

glacial maximum (LGM) 21,000 years ago and today, based on assimilated proxy-data and

model estimates (26).
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Fig. 2. Box plots of the estimated mean-annual temperature differences between the last glacial
maximum and today in each of the three vegetation-change categories (low, moderate, large), for
(a) composition and (b) structure. Sites showing low vegetational change are associated largely
with relatively small temperature anomalies, while moderate and large changes are associated with
larger post-LGM temperature differences, indicating that magnitude of temperature change plays an
important role in the magnitude of vegetation change. The glacial temperature anomalies are based

on (26). Analyses using the TraCE-21ka simulation show similar patterns (fig. S4).
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Fig. 3. (a) Box plots of the estimated mean-annual temperature differences between today and
future-climate simulations for individual sites (using the nearest grid-point). Most sites show
relatively small temperature change under the low-emissions scenario (RCP2.6), with substantially
higher change under the high-emission scenario (RCP8.5). (b) Probability of large change in
vegetation composition (orange) and structure (green) as a function of temperature change. (c-f)
Estimated probability of large compositional and structural change by the end of the 21* century
(average of 2081-2100) under RCP 2.6 (c,e) and RCP 8.5 (d,f). Probabilities (b-f) are estimated
from a logistic-spline regression model fit using LGM-to-modern temperature change as a
predictor variable and observed LGP-to-modern vegetation changes (large versus not-large) as
the response variable. Future temperature increases are calculated as an average of 2081-2100
under the model scenarios, minus an average of 1985-2005 from the CCSM4 historical

simulation. Analyses using the TraCE-21ka simulation show similar patterns (fig. S7).
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Materials and Methods

Paleoecological Inference and Expert Judgment

Sources of paleoecological inference concerning terrestrial ecosystem properties are
diverse, and vary in level of detail, quality, and geographic coverage. For this study, we used
pollen and plant macrofossil assemblages, which are widely applied, robust proxies that provide
direct evidence for composition and structure of terrestrial vegetation. Our use of fossil pollen,
plant macrofossils, or both, collectively provides broad geographic coverage within and among
the vegetated continents and islands. Here, we discuss the characteristics of the paleoecological
data we use, and justify our application of a transparent process of expert judgment that builds on
more than a century of community experience in paleoecological inference and causal
attribution. We describe specific procedures and protocols in the following section.

Pollen and plant macrofossil data derive from a wide variety of depositional settings,
ranging from sediments of lakes and wetlands to land-surfaces buried under glacial and fluvial
deposits to rodent middens stashed in caves. Pollen data can usually be expressed in a single
numerical currency (percentages of a terrestrial taxon sum), but pollen percentages are
influenced by site-specific processes (dependent on basin size, depositional environment, local
vegetation, and regional topography, among others), and by differential pollen productivity and
dispersal among taxa (43-49). Pollen accumulation rates and plant macrofossils, when available,
can help inform and constrain interpretation of pollen percentages. Plant macrofossil data
themselves lack a single universal currency beyond ‘presence’, so numerical comparisons among
assemblages or sites are difficult and rare (50,51). No formal algorithm currently allows
incorporation of information from macrofossils, pollen accumulation rates, or depositional
context into interpretation of pollen percentages, and many macrofossil assemblages, particularly
from buried land surfaces and rodent middens, lack associated pollen data. Numerical methods
and formal tools have been developed to support vegetational inferences from paleoecological
data, particularly pollen percentages (20,47,48,52-54). However, most of these tools are best
suited for relatively uniform data and site types, and most require calibration or reference data
sets from comparable modern sites. Such reference data sets do not exist in many regions.
Furthermore, although the development of global databases for paleoecological inference is
rapidly advancing (55,56), raw data for many sites and some entire regions remain unavailable,
further hampering global application of numerical analyses.

The sole universal approach for inferring past vegetation composition and structure from
these diverse data types remains the informed judgment of experts with relevant training and
experience. Such expert judgment involves examining the available data with a particular
question in mind, and weighing the evidence in context of broader knowledge and experience to
arrive at a conclusion. Although often aided by formal numerical analyses, expert judgment is
also informed by site-specific knowledge (basin morphometry, depositional environment,
relevant taphonomic processes), region-specific knowledge (flora, vegetation, topography,
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comparative modern pollen/vegetation datasets), taxon-specific knowledge (taphonomic and
assemblage-representation properties), and general knowledge of the vegetation-sensing
properties of fossil assemblages, including potential biases and distortions (49,57).

Attainment of expertise in paleoecology involves immersion in understanding the
processes that intervene between source vegetation and fossil assemblages, in mastering the
literature of paleoecological interpretation, and in identifying the idiosyncracies of individual
sites and regions. Interpretation of fossil pollen percentages is based on a century of intensive
study (20,48,58,59), and paleoecologists draw on a rich literature of theoretical and empirical
studies to guide their interpretations (43-49,52-54,57). Interpretation of plant macrofossil
assemblages from lakes, peatlands, and other ‘wet’ sites is also founded on theoretical and
empirical understanding of the physical processes by which these assemblages are formed and
what they do and do not record (50,51,60-63). Plant macrofossils in rodent (Neotoma and other
genera) middens represent a particular case in which the behavior and foraging preferences of the
animals need to be considered (64-66), along with other factors (57).

In the current study, scientists with experience in the various regions and data sources
provided their best judgments concerning the degree of vegetational change between LGP and
today for each site and their confidence in those judgments (see below). To ensure transparency
and consistency, each expert also provided explicit justification for each assessment they made,
noting the specific features of the LGP pollen or macrofossil assemblages, contrasting them with
modern assemblages or modern vegetation, and identifying potential sources of uncertainty (e.g.,
taxonomic smoothing, depositional or dispersal processes). Judgments of the type used in this
study are thus the same as those incorporated into the discussions and conclusions of virtually
every paper in the paleoecological literature. Those judgments are often supported by numerical
or other analytical tools, but they ultimately draw on skills and knowledge built on a century of
paleoecological inquiry. Such informed judgment is at the heart of scientific inference, and
applying it in our study allows us to maximize global coverage, using multiple data sources from
diverse depositional settings, drawing on expertise from every region of the globe for which
suitable pollen or macrofossil data exist.

Compilation of Last Glacial Period (LGP) paleoecological records

Teams of regional experts (Table S1) compiled 596 published paleoecological records
(pollen, plant macrofossil, or both) from all vegetated continents and oceanic islands with data
within the period 21,000-14,000 yr BP (Figure S1, Additional Data table S1), which we
operationally define as the Last Glacial Period (LGP). The sole criterion for inclusion was that a
site have pollen or macrofossil data (or both) reliably dating to the period between 21,000 and
14,000 yr BP.

Assessment of ecological change
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Regional experts compared LGP records from each site with ‘modern’ vegetation or
palaeoecological data. Magnitude of vegetational change in terms of composition and structure
from LGP to ‘modern’ was qualitatively assessed as large, moderate, or low for each site. For
596 sites (85% of total), vegetational or paleoecological (pollen, macrofossil) data from the past-
two centuries were used as the benchmark for comparison. In some cases, human land-use or
lack of suitable paleoecological data required an earlier benchmark. The late Holocene (past
2000-3000 yr) was used for 57 sites (10% of total), and 33 sites (5% of total) used
paleoecological data from the early or mid-Holocene. Typically, benchmark data from the same
paleoecological site were used in the comparison, but experts also employed their knowledge of
modern or natural vegetation of the respective region. If paleoecological data from a site did not
extend into the Holocene, experts often used Holocene paleoecological data from other,
comparable sites in the same region. No relationship was observed between the assessment of
ecological change and the temporal benchmark used; each of the benchmarks used (modern, late
Holocene, early-mid-Holocene) yielded a mix of low, moderate, and large changes in vegetation
composition and structure.

The degree of confidence in the assessments of ecological change was rated as high,
medium, or low. All assessments were based on the definitions in Table S2 and the instructions
in the Instructions for Assessors (see Other Supplementary Materials). Authors provided
succinct but informative justifications for each individual assessment of compositional and
structural change, sufficient to allow a paleoecologically literate reader to understand the
empirical basis for their assignment. A complete list of sites with accompanying metadata,
assessments, and justifications, is provided in Additional Data table S1.

Attribution of Vegetational Change

Climate change is among many mechanisms potentially capable of driving vegetational
change. For each site where ecological changes were assessed as moderate or large, the role of
climate in driving those changes was also assessed (large, moderate, or none). For this decision,
expert judgment drew from multiple considerations, including understanding of modern
ecosystems and communities and their controls, independent paleoclimatic evidence from
multiple proxies (paleontological, geochemical, lithological) deriving from multiple sources (ice-
cores, marine sediments, lake sediments, paleosols, glacial deposits, fossil groundwater,
boreholes) (67) and climate-model simulations (68,69). The inclusion of ‘none’ as a choice,
although rarely used, was to ensure that experts considered alternatives to climate as a primary
driver (including succession, neutral assembly, ecological drift, human activities, soil
development, biogeochemical changes, migration, and evolution). The degree of confidence in
assessments of the role of climate was rated as high, medium, or low.

Estimates of temperature change since LGP

Site-level changes in mean annual temperature since LGP were estimated based on two
different datasets: the model/proxy integration of Annan and Hargreaves (2013) (26) and the
TraCE-21ka transient climate model run (32). For each dataset the estimate of temperature
change for the single closest grid box to each site was used. The distribution of temperature
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changes is shown in box plots, in subsets according to degree of assessed ecological change
(figure 2, figure S4).

The main paleoclimate dataset used is the last glacial maximum (LGM) temperature
anomaly reconstruction from Annan and Hargreaves (2013) (26). This reconstruction uses fully
coupled GCMs from the PMIP3/CMIP5 set of models run with LGM boundary conditions and
proxy data in a multiple linear regression framework to obtain an estimate of the surface air-
temperature anomaly from LGM to pre-industrial on a 2.5° x 2.5° grid. The proxy data include
marine sea-surface temperature reconstructions from Multiproxy Approach to Reconstructing
Global Oceans (70), the multiproxy deglaciation synthesis (71), and pollen-derived LGM
temperatures from selected continental sites (72).

Estimated LGM-to-preindustrial temperature change based solely on the models is 3.1-
5.9°C (26). With the data constraints, the final resulting LGM cooling estimate relative to
preindustrial temperatures is 4.0+0.8°C. Application of the proxy data in this framework reduced
uncertainty by arbitrating disagreements between the nine individual models and by improving
spatial skill (26). The influence of proxy data on the mean estimates of temperature change
between LGP and the preindustrial period was very small (26).

As an independent check on the temperature estimates and analyses, we also used the
TraCE-21ka (simulation of the transient climate evolution over the last 21,000 years) (32,33), a
21,000 year run of the National Center for Atmospheric Research’s Community Climate System
Model version 3 (CCSM3) with time-evolving forcing including atmospheric CO>
concentrations, insolation, and land ice sheets. This is the only fully-coupled, moderately high-
resolution transient simulation of the LGM to Holocene climate evolution. We estimated the
LGP to late Holocene temperature change from TraCE by subtracting the average temperature
for 0-6ka from the average temperature from 14-21ka. These large windows were chosen with
the intention of smoothing out noise in the transient simulation and getting a coarse estimate of
temperature change at each grid point. The estimate of LGM-to-late-Holocene temperature
change from TraCE at the grid point nearest to each paleoecological site is plotted in figure S4,
an expanded version of Figure 2.

The boxplots suggest a relationship between the degree of ecosystem change and
temperature change. We tested for statistical significance of this relationship using the Wilcoxon
rank-sum test. The temperature change experienced by sites with Large ecological change was
statistically significantly different from that at sites with Moderate and Low ecological change
(table S3). The temperature differences between sites with Moderate versus Low ecological
change were not statistically significant. Results were similar for the paleo-temperature estimates
from the Annan and Hargreaves reconstructions and from TraCE (Table S3).

Projections of future temperature change

For each LGP paleoecological site we also obtained estimates for the projected future mean
annual temperature change under various emissions scenarios. We used the difference between
the average temperature for the last 20 years (2081-2100) of the future simulations under four
different representative concentration pathway (RCP) scenarios and the average temperature for
the last 20 years of the historical simulations (1985-2005) at the nearest grid point using
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simulations of the Community Climate System Model version 4 (CCSM4) run for CMIP5 and
included in IPCC ARS (35,73). All four RCPs — RCP 8.5, 6.0, 4.5, and 2.6 (also known as RCP

3.0-PD) — were used in our analysis.

These RCPs represent net radiative forcing of 8.5, 6.0, 4.5, and 2.6 W/m? at the end of the
21st century (35). RCP 8.5 is a “business-as-usual” scenario that ends up with ~1370 ppm CO
equivalent and global average temperature increase of approximately 5°C. RCP 6.0 is a
stabilization scenario where radiative forcing is stabilized shortly after 2100. The CO-
equivalent at 2100 is 936 ppm and the resulting global average temperature increase is 3-4°C.
The RCP 4.5 and 2.6 scenarios represent aggressive emissions cutting. RCP 4.5 results in 650
ppm CO2 equivalent and a global average temperature increase of 2.4°C by 2100. This scenario
represents aggressive emission stabilization without overshoot. The most aggressive mitigation
pathway is RCP 2.6. This scenario results in 490 ppm CO2 equivalent and a global average
temperature increase of 1.5°C at 2100. The emissions in this scenario peak at a radiative forcing
of 3.0 W/m? in the mid-21% century and decline to 2.6 W/m? by 2100 (35).

The distributions of projected temperature change at our LGP paleoecological sites are
shown as box plots in main text figure 3A and figure S5.

Estimating risk of future ecological change

We used our database of LGM-to-modern ecological change and associated temperature
change to project the risk of future ecosystem transformation under different emission scenarios
(see above). We developed a regression model between temperature change and ecological
change using a logistic spline regression, also known as a generalized additive model (GAM).
These models were fit in R using the mgcv package (36,74). We fit one model for compositional
change and one for structural change. For both models the independent variable was the
temperature change from the LGM to present at the closest grid box to each site from Annan and
Hargreaves 2013 (Fig. 3) or TraCE-21ka (fig. S7). Ecological change served as the dependent
variable. We used the ordered categorical family of GAMs where Small/No change is coded as
1, Moderate change is coded as 2, and Large change is coded as 3. The smooth terms of both
models are highly significant (p<0.001).

We used these regression models to predict the probability of large, moderate, and low
compositional and structural change for the full range of LGM-to-present temperature changes
(0-30°C) and for the full range of future projected temperature changes (0-12°C) (fig. S7). The
results in figure S7 are from the same GAM plotted on different x-axes. We also mapped these
probabilities spatially for all of the representative concentration pathways (Figure 3, fig. S6).
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Supplementary Text

Confidence by region

In fig. S2 we plot the confidence (low, medium, high) for assessment of compositional
and structural change for the entire data set and for each individual region. Confidence for large
compositional and structural change was high for nearly all regions; confidence was lower for
sites assessed as having moderate and (especially) low change. The lower confidence associated
with moderate to low change derived largely from poor taxonomic resolution in pollen
assemblages, and from uncertainties associated with long-distance pollen transport, which may
respectively mask vegetational changes and confound interpretations (43-49). These pollen
considerations also resulted in moderate confidence for many high-latitude Northern Hemisphere
pollen sites (Northern Eurasia, North America). (In unforested vegetation (particularly tundra,
but also some grassland and steppe) low pollen productivity (low NPP, prevalence of insect-
pollinated plants with poor pollen dispersal) renders pollen assemblages susceptible to high
relative influx of pollen (particularly tree pollen) from distant sources. Vegetation in such
regions is also often dominated by grasses (Poaceae), sedges (Cyperaceae), composites
(Asteraceaea), chenopods (Chenopodiaceae), and other taxa that cannot be differentiated
palynologically below the family level.)

Many North American sites were assessed as having medium confidence for structural
change (in contrast to high confidence for compositional change); most of these were rodent-
midden sites from the western United States. Middens primarily sample floristic composition,
not relative or absolute abundance, and are thus more reliable indicators of vegetation
composition than structure (57,65).

Temperature change by region

In fig. S3 we plot the frequency distributions of the estimated mean-annual temperature
differences between the last glacial maximum and today for each region of the globe (26), in
each of the three LGP-to-modern vegetation-change categories (low, moderate, large) for
composition and structure. Although some regions (North America, Europe, New Zealand,
Japan) have very high sampling density (figs. S1, S2), they do not dominate the patterns
observed in Figure 2. Furthermore, although regions in proximity to continental ice sheets
(North America, Europe) have many sites with extreme temperature anomalies (>10°C) between
LGM and today, large vegetation changes are associated at many sites (typically further from ice
sheets) with smaller temperature anomalies. Observed vegetational changes at sites near ice
sheets may have occurred with much smaller temperature differences.

Comparing estimates of LGM-to-modern temperature change
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In fig. S4 we plot the frequency distributions of the mean-annual temperature change
from LGM to present vs. vegetation change using two different products for the temperature
change: Annan and Hargreaves 2013 (26) and TraCE-21ka (32), as described above.

The Annan and Hargreaves estimate may overestimate the temperature change required to
drive the observed ecological changes, because not all the paleoecological records extend to
LGM. Our temperature-change estimates using TraCE (LGP to late Holocene) provide an
independent check, with a bias opposite that of Annan and Hargreaves 2013. TraCE may
underestimate the temperature change necessary to drive the observed vegetation change because
of its cold Holocene bias (34) and because of the broad time ranges used to estimate the
temperature change (particularly including the post-LGM warming trend observed in many
regions between 21,000 and 14,000 yr BP). TraCE is based solely on climate model forcings and
physics, and thus provides independent validation of our inferences, free of any possible bias
from pollen and other paleoclimate proxy data. (As noted above, such bias is small even for the
Annan and Hargreaves 2013 dataset.)

The range of temperature estimates and the general pattern in which greater vegetation
change is associated with higher temperature change are consistent between the two LGM
temperature products (fig. S4; table S3)). We repeated the GAM modeling of ecological change
as a function of estimated temperature change using the TraCE temperature-change estimates.
Results were consistent with those obtained using the Annan & Hargreaves 2013 estimates (fig.
S7).

Role of climate and confidence

For all cases in which compositional or structural change were judged to be moderate or
large, assessors were asked to judge the role of climate in driving the observed changes, as well
as their confidence in that judgment (table S4). Climate was assessed with high confidence to
have played a large role in the observed changes in composition and structure for 85% of the
sites, and was judged as having a large role with medium or high confidence for 88% of sites.
Climate was assessed to have played a low role in driving ecological change at less than 1% of
sites (6 out of 584 for composition and 1 out of 566 for structure).

Role of Carbon Dioxide in Forcing Vegetational Changes

Some studies suggest that atmospheric CO2 concentrations may be a primary driver of
vegetation change, particularly in savanna and grassland regions (75), even overriding changes in
climate (76). This hypothesis is based on advantages conferred by increased CO> concentrations
on C3 plants relative to Cs plants in terms of quantum yield, wherein reduced transpiration raises
soil moisture and water-use efficiency (77-79), increases woody-plant resprouting rates (75), or
both.

Global temperature and atmospheric CO> concentrations are strongly linked (80); both
increase significantly across the last glacial-interglacial transition (87), and both are predicted to
rise in the future (73). Our conclusion that substantial changes in vegetation are likely to occur in
the future does not require that the relative importance of these two controls be disentangled. The
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spatial scale of our study does, however, allow for some degree of insight regarding the role of
CO2 versus climate in driving vegetation changes observed in the past.

At the global scale, atmospheric CO; levels are essentially homogeneous; when CO; rises
in one part of the globe, it rises everywhere else proportionally. In contrast to CO2, climate
change is much more heterogeneous; increasing global temperature may manifest itself
climatically in any number of ways across the globe (39), and climatic changes since the LGM
have been spatially heterogenous (25). Although temperatures have increased globally since the
LGM - and as a result the hydrological cycle has been invigorated, resulting in wetter conditions
in many regions - the degree of change varies significantly between regions, and in some parts of
the world the LGM was in fact more humid than the Holocene (82-86). Thus, although certain
ecosystems may be particularly sensitive to CO; forcing (87), or may exhibit threshold responses
to changing CO: levels (88), if CO2 was a dominant global driver of postglacial vegetation
change, it would be expected to override, or strongly modify, climatic influences, and a
widespread deglacial trend towards more arboreal taxa would be observed.

Paleoecological records indicate, however, that several regions show a clear decline in
arboreal taxa during the deglacial period, in spite of increasing CO-, but consistent with
increasing drought stress as a result of reduced precipitation and/or increasing temperatures (fig.
S8). In other regions, where a deglacial increase in arboreal taxa is recorded, the variability
observed is much more tightly coupled to changes in hydroclimate than CO> (fig. S8; see also
(89)). These disparities do not mean that CO» is unimportant in vegetation change, but suggest
instead that CO> changes may modulate vegetational responses to climate change, rather than
being the sole or dominant driver.

Rate-of-Change Differences Between the Past and the Future

Although the last deglaciation included periods of rapid global, regional, and local
climate change, the future rates of climate change projected under RCP 4.5, 6.0, and 8.5 are far
greater, by at least an order of magnitude (25). We focus on the past and future magnitude of
change, which is more directly comparable. Our analysis indicates that, all else being equal, the
magnitude of climate change anticipated in coming decades under high-emission scenarios is by
itself sufficient to effectively ‘lock in’ major vegetational transformations over most of the globe.
Thus, our analysis may represent a relatively conservative estimate of the magnitude of
ecological change expected in the future, owing to the anticipated higher rate of future climate
change, and to the compounding factors of land-use, human disturbance, landscape
fragmentation, invasive species, and other contemporary influences.

We acknowledge some critical differences between past and future. The warming
between LGP and the Holocene occurred within the range of previous glacial/interglacial
temperatures, while projected future changes will exceed those experienced over the past 2
million years (25). Also, under higher rates of environmental change, migration lag and
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ecological disequilibrium are likely to be more severe than in the past. Even in the past,
migrations have sometimes lagged climate change, and some ecosystems have been in transient
disequilibrium with climate (e.g., 38). Habitat fragmentation, invasive species, harvesting,
biogeochemical disruptions, and other novel factors will also play important roles in the future
(41). However, our study demonstrates that the magnitude of projected global temperature
change is sufficient to drive large ecological changes. Undoubtedly, inertial processes
(incumbency, local seed sources, ecological legacies) will allow many ecosystems to at least
temporarily ‘resist’ effects of climate change (90). But climate extremes and widespread
mortality events (/5) are likely to accelerate ecosystem transformation, and other factors
(fragmentation, invasives, harvesting, etc.) are likely to amplify and accelerate, rather than
dampen, ecological change.

Our primary goal is to provide an independent perspective on climate-driven ecological change
that complements other approaches such as real-time observations and modeling efforts. Our
approach is built on an entirely different combination of assumptions, strengths, and
shortcomings than the other approaches, and convergent predictions of these various approaches
strengthens the inference that projected climate changes will drive major ecosystem
transformations.
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Comparison of the estimated temperature change obtained from the Annan and Hargreaves 2013
data and the TraCE simulations, in each of the vegetation-change categories. The Annan and
Hargreaves 2013 plots are as in Figure 2; the corresponding TraCE-21ka estimates are plotted for
comparison. The TraCE plots show smaller temperature differences than the Annan and
Hargreaves 2013 plots, but show a similar pattern of increasing magnitude of vegetational
change with increasing temperature change.
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Box plots of the estimated mean-annual temperature differences between today and future-
climate simulations for individual sites (using the nearest grid-point). RCP2.6 and RCP8.5 are as
in Fig. 3a; this figure includes RCP4.5 and RCP6.0 for comparison. Projected temperature
changes generally increase with higher radiative forcing.
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Fig. S6

Estimated probability of large compositional and structural change by the end of the 21* century
(average of 2081-2100) under the four representative concentration pathway (RCP) scenarios:
RCP2.6, RCP4.5, RCP6.0, and RCP 8.5. Results for RCP2.6 and RCP8.5 are as in Fig. 3c;
RCP4.5 and RCP6.0 are added for comparison. Global risk of large vegetational change
increases with magnitude of radiative forcing.
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Probability of large change in vegetation composition and structure as a function of temperature
change, based on the generalized additive models (GAMs) using two sets of temperature-
difference estimates as the independent variable: Annan and Hargreaves 2013 LGM to pre-
industrial temperature change (as in Fig. 3b), and the TraCE-21ka LGP to late Holocene
temperature change. Although the shape of the function differs between the two data sets, both
show sensitivity of vegetation change to temperature change. Upper figure shows the model
within the range of projected future temperature change for the 21* century. Lower figure shows
results of the same models with an expanded x-axis to show the entire range of temperatures
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used in developing the model. The excursion for ‘Structure-TraCE’ response between 10 and 18
is driven by several sites in Europe within this temperature range that were assessed as having
moderate compositional change.
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Fig. S8

Comparison of atmospheric CO> concentrations as measured from Antarctic ice cores (a) (91)
with a selection of records that highlight the relative importance of CO; and climatic factors as
drivers of vegetation change. At Lake Bosumtwi, Ghana, §'*C data (woody C3 plants versus Ca
grasses) indicate an increase in forest cover since the Last Glacial Maximum (LGM) (b, c) (88).
While this is not inconsistent with the broad changes in atmospheric CO», vegetation change is
much more tightly linked to changes in hydroclimate, as indicated by 6D data (rainfall
amount/intensity) from the same site. While the late Holocene persistence of forest at the site
may be enabled by high CO:> levels (88), it may also, or alternatively, be related to a mid-
Holocene establishment of a stable forest state that is naturally resistant to perturbation (92). At
Pella, on the southern margin of the Namib Desert, fossil pollen data indicate that arboreal
vegetation was dominant during the LGM, contrary to predictions based on CO; forcing, and
grasses became an important feature of the vegetation only during the CO»-rich Holocene (d, e)
(85). A similar pattern is observed in the North American southwest, with macrofossil data from
the Lower Colorado River Basin revealing that significant C4 grass cover only became
established during the Holocene, with the decline of extra-local arboreal taxa (f, g) (84). In South
America, records from the Andes indicate no significant change in forest cover at higher
elevations sites such as Consuelo, and vegetation change at lower elevations is driven by climatic

drivers, with no post-glacial increase in forest cover that can be clearly linked to changes in CO>
(h) (93,94).
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Table S1. Team members responsible for compilation and assessment of specific regions.

REGION TEAM MEMBERS
North America Jackson, Nolan, Betancourt, Overpeck
Neotropics Bush, Gosling

Subtropical South America

Latorre

Southern South America

Moreno

Europe

Huntley, Allen

Northern Eurasia

Tarasov, Muller, Binney

Japan Takahara, Momohara

Beringia Edwards, Lozhkin, Anderson, Binney
China Y. Liu, Xu, Zheng, Shen, K.B. Liu, Weng
Middle East Djamali, Cheddadi, Brewer

North Africa Cheddadi, Djamali, Brewer

East and Tropical Africa

Ivory, Lezine, Marchant, Vincens

South Africa and
Madagascar

Chase

Indo Pacific and Oceania

Stevenson, Hotchkiss, Soo-Hyun

Australia

Kershaw, Haberle, Dodson
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New Zealand

McGlone
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Table S2.

Working definitions used in assessments of paleoecological records.

Term

Definition

Composition

The species composition of the dominant vegetation in the record
(Note: Although pollen records do not support species level
discrimination, species turnover can be inferred from genus- and
family-level changes)

Physiognomy/Structure

The physical structure of the dominant vegetation (e.g. coniferous
forest, grassland, steppe, deciduous woodland, etc)

Large change

Complete or nearly complete replacement of dominant species or
growth forms. (Note: does not imply complete biogeographic
turnover; former dominants may remain in region, but not as
dominants. Conversely, current dominants may be present at LGM ,
but not as dominants)

Moderate change

Partial replacement of dominant species or growth forms

Small change Little or no replacement; dominant species and growth forms of
today are unchanged at LGM
High confidence Few or no substantial uncertainties, high quality data, inferences

clear and unequivocal

Medium confidence

Some substantial uncertainties related to questions of data quality or
clarity of inference

Low confidence

Significant uncertainties in the quality or interpretation of the data
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Table S3.

Summary of the results of the Wilcoxon rank sum test for statistically significant difference in
temperature change from LGM to modern between different levels of ecological change. The
table shows the test statistic, W, and the p-values for different pairs of ecological change groups

using two different estimates of the temperature change from LGM to modern.

Ecological® EcologicalThangel | Climatel wa P-Valuef

ChangeGroupAl Group2 Variablel

Largel Moderatel Annan@nd® | 209850 4.108e-1201

Composition[ Composition[ Hargreaves[

Largel Moderatel TraCEQR 229160 4.479%e-90

Composition? Composition

Largel Lowf Annan@ndl | 1015.5@ 0.0036120

Composition[ Composition[ Hargreavesp

Largel Low( TraCER 1275.50 0.0030050@

Composition? Composition

Moderatel Low@ Annan@ndB® | 769.50 0.2924R

Composition? Composition Hargreaves@

Moderatel Low(® TraCER 754.50 0.25230

Composition? Composition

Ecological® EcologicalThangel | Climate[ wa P-Valuel

ChangeGroupAl Group® Variablel

LargeBtructure® [ ModerateBtructure@ | Annan@nd@ | 22174 2.39e-100
HargreavesQ

LargeBtructure® | ModerateBtructurel | TraCEH 247200 9.501e-70

LargeBtructurel | LowBtructurel Annan@ndl | 32880 4.052e-50
Hargreaves[

LargeBtructured | LowBtructurel TraCEQ 3735.5 0.0062690

Moderatel Low(@ Annan@ndl@ | 22750 0.39770

Structuref Structuref Hargreavesp

Moderatel Low0 TraCER 2309.51 0.467601

Structurel? Structuref?
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Table S4.

Summary of assessments, ordered by confidence, of the role of climate in driving observed
moderate or large compositional change (top) or structural change (bottom). Columns represent
the assessed role of climate in driving the observed ecological changes. Rows are the confidence
assigned to those judgments by the assessors. The numbers are the number of sites in each
combination of role of climate and confidence. The role of climate was not assessed for sites for
which the ecological change was assessed as low (12 sites for composition and 30 sites for
structure).

Compositionf? Roleggi(:n mite Moderatel Low( N/AR
HighR
Configence 5140 11 0 oa
Medium@ 390 130 10 0al
Low( 3 1 2 0
N/AO 0 0 0 12
Total@ 5560 250 30 120
Structuref Large(m Moderate( Low( N/AR
Role®fTlimatel
HighR
Configence 502 8 0 (1]
Medium@ 210 260 0@ 0a
Low( 5 3 1 0
N/AB 0 0 0 30
Total@ 5280 370 10 300
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Instructions for Assessors

The following document was sent to all assessment team members, along with templates for data

compilation and submission.

Assessment:

Based on expert evaluation of all available and reliable paleoecological records from
individual sites, in all regions of the planet.

Our primary focus is on climate-driven vegetational change. Vegetation has, of course,
been altered greatly by human activities in many regions. Thus, an important subsidiary
question is whether substantial vegetational changes happened (or would have happened)
in the absence of human activities.

Assessments in this initial analysis will be based on “expert judgment” by paleoecologists
who have experience in collection, analysis, and interpretation of the relevant data.
Assessment will be qualitative, based on judgment of degree of contrast between glacial-
age vegetation states and modern or Holocene vegetation states

Assessments will be categorical, typically involving three classes (see below)
Assessments will require judgment of confidence (also three classes)

Central Operational Questions (to be asked for each individual record):

1.

What has been the magnitude of vegetational change, in terms of vegetational
composition, since the last glacial period? Choose from three outcomes:

a. Large
b. Moderate
c. None

What is the level of confidence for this assessment? Choose from three outcomes:

a. High confidence

b. Medium confidence

c. Low confidence
If the answer to Question 1 was “Large” or “Moderate”, what role did climate change
since the last glacial period play in driving change of this magnitude? Choose from three

outcomes:
a. Large
b. Moderate
c. None

What is the level of confidence for this assessment? Choose from three outcomes:
a. High confidence
b. Medium confidence
c. Low confidence
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5. What has been the magnitude of vegetational change, in terms of vegetation
physiognomy, since the last glacial period? Choose from three outcomes:

a. Large
b. Moderate
c. None

6. What is the level of confidence for this assessment? Choose from three outcomes:
a. High confidence
b. Medium confidence
c. Low confidence
7. If the answer to Question 5 was “Large” or “Moderate”, what role did climate change
since the last glacial period play in driving change of this magnitude? Choose from three

outcomes:
a. Large
b. Moderate
c. None

8. What is the level of confidence for this assessment? Choose from three outcomes:
a. High confidence
b. Medium confidence
c. Low confidence

N.B. concerning Questions 3 and 7: Assessments should focus on judging whether climate
change since the last glacial period was sufficient to drive vegetation change of “large”
magnitude. Climate change as an explanation of high-magnitude vegetational change is not
mutually exclusive of other processes (e.g., human activity, post-glacial CO» increase,
megafaunal decline, etc.). In some regions with a strong human signature (e.g., Europe),
judgment can be facilitated by examining the magnitude of change that is recorded before
extensive human land-clearance. Thus, comparison of glacial-age with early Holocene
assemblages may be useful in many cases.

N.B. concerning coverage: In some regions, some sites with temporal coverage to >14 ka may
occur on land surfaces formerly occupied by continental or montane ice-sheets. These sites
should be included in the analysis, as long as they have records extending more than ~1000
years dafter site inception. Thus, for example, a lake on glaciated terrain with basal pollen
assemblages dating to 17 ka might be included, whereas a lake with basal sediments dating to
14.5 ka should be excluded. The purpose of the 1000-year rule is to ensure that sufficient time
elapses after deglaciation to allow primary successional processes to play out.
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Provisional Operational Definitions:

Vegetation terms:

Composition: The species composition of the dominant vegetation in the record. Although most

pollen records do not support species-level discrimination, species turnover can of
course be inferred from genus- and family-level changes. Macrofossils can also
support such inferences, particularly among dominant types.

Physiognomy: The physical structure of the dominant vegetation (e.g., coniferous forest,

grassland, steppe, tundra, deciduous woodland, etc.).

Magnitude of vegetation change:

Large:

Moderate:

None:

Complete or nearly complete replacement of dominant species or growth-forms.
(This does not imply complete biogeographic turnover; former dominants may
remain in the region, but not as dominants. Conversely, current dominants may
have occurred at the locale during LGM, but not as dominants.)

Partial replacement of dominant species or growth-forms

Little or no replacement; dominant species or growth-forms today are unchanged

Role of climate change:

Large:

Moderate:

None:

Climate change since the last glacial period is by itself sufficient to explain the
magnitude of observed vegetation change. (Other factors may well have played a
role, but in the absence of those factors, a similar magnitude of vegetation change
would have been observed.)

Climate change since the last glacial period explains at least part of the observed
magnitude of vegetation change. (Other factors, in addition to climate change, are
necessary to explain the magnitude of vegetation change).

Climate change is entirely insufficient to explain the magnitude of vegetation
change observed since the last glacial period. Other factors are wholly
responsible for the magnitude of change.

Level of confidence:

High:

Medium:

Low:

Few or no substantial uncertainties; high-quality data, inferences clear and
unequivocal

Some substantial uncertainties arising from questions of data quality or clarity of
inferences from the data

Significant uncertainties in quality or interpretation of data
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Additional Data table S1 (separate file)
List of paleoecological sites used in analysis with data and metadata:

Region:

Site:

Sitelats:

Sitelons:
CompChange:
CompConf:
CompClim:
CompClimConf:
StructureChange:
StructureConf:
StructureClim:
StructureClimConf:
Complustification:
assessment
StructureJustification:
assessment
Sitetemps_ah:
Sitetemps_tracel:

Region in fig. S1, S2, S3, and Table 1.

Site name

Latitude

Longitude

Compositional change since LGP

Confidence of compositional change assessment

Role of climate change since LGP in driving compositional change
Confidence of climate-change role for composition

Structural change since LGP

Confidence of structural change assessment

Role of climate change since LGP in driving structure change
Confidence of climate-change role for structure

Description of the ecological change the underlies the composition change

Description of ecological change that underlies the structure change

Temperature difference since LGM (Annan&Hargreaves2013)
Temperature change since LGP (TraCE21ka)

Sitetemps_ccsmércp8S: Projected temperature change (RCP8.5)
Sitetemps_ccsmércp26: Projected temperature change (RCP2.6)
Sitetemps_ccsmércp4S: Projected temperature change (RCP4.5)
Sitetemps_ccsm4rcp60: Projected temperature change (RCP6.0)
ReferenceDOI: Digital Object Identifier (DOI) for the site’s reference

Reference:

Citation for paleoecological site
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