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Climate remains an important driver of post-European
vegetation change in the eastern United States
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The influence of climate on forest change during the
past century in the eastern United States was evalu-
ated in a recent paper (Nowacki & Abrams, 2014)
that centers on an increase in ‘highly competitive
mesophytic hardwoods” (Nowacki & Abrams, 2008)
and a concomitant decrease in the more xerophytic
Quercus species. Nowacki & Abrams (2014) con-
cluded that climate change has not contributed sig-
nificantly to observed changes in forest composition.
However, the authors restrict their focus to a single
element of climate: increasing temperature since the
end of the Little Ice Age ca. 150 years ago. In their
study, species were binned into four classifications
(e.g., Acer saccharum — ‘cool-adapted’, Acer rubrum —
‘warm-adapted’) based on average annual tempera-
ture within each species range in the United States,
reducing the multifaceted character of climate into a
single, categorical measure. The broad temperature
classes not only veil the many biologically relevant
aspects of temperature (e.g., seasonal and extreme
temperatures) but they may also mask other influ-
ences, both climatic (e.g., moisture sensitivity) and
nonclimatic (e.g., competition).
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Understanding the primary drivers of forest change
is critically important. However, using annual tem-
perature reduces the broad spectrum of climatic
influence on forests (e.g., Jackson & Overpeck, 2000;
Jackson et al., 2009) to a single variable. Tsuga canad-
ensis illustrates one example of the complex interac-
tion between trees and temperature. In the southern
part of its range, Tsuga canadensis growth is weakly,
but positively correlated with early growing-season
temperature. However, this relationship becomes
stronger and shifts to later in the season toward the
northern part of its range (Cook & Cole, 1991). More-
over, Tsuga canadensis growth is significantly and
negatively correlated with just May temperatures
during the current growing season in the northeast-
ern United States (Cook, 1991; Cook & Cole, 1991;
Vaganov et al., 2011), while in the southeastern Uni-
ted States it is strongly and negatively correlated
with summer (June-August) temperatures (Hart et al.,
2010). Trees can also be sensitive to diverse and often
interacting climate variables at various stages of their
life cycles (Jackson et al., 2009). Interactions between
precipitation and temperature are clearly important
(Harsch & Hille Ris Lambers, 2014; Martin-Benito &
Pederson, accepted), and often lead to counterintui-
tive responses. For example, some plant species that
would have been expected to move north and ups-
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lope with increasing temperature have in fact moved
south during periods of warming, both recently and
in the Holocene (Webb, 1986; Jackson & Overpeck,
2000; Crimmins et al., 2011; Harsch & Hille Ris Lam-
bers, 2014).

We argue here that moisture availability has strongly
influenced forest dynamics and suggest that elimina-
tion of climate as a driver of recent forest change in
eastern North America is premature. Important to this
discussion is the fact that our current reference point,
the late 20th century, is among the wettest periods since
1500 CE over much of the eastern United States (Peder-
son et al., 2013) (Fig. 1).

Multiple lines of evidence indicate that moisture
availability has been and continues to be a critical factor
in forest dynamics of eastern North America. Early
growing-season moisture availability is critical for seed-
ling germination and establishment, particularly for
fall-dispersed species, with spring drought events often
filtering species based on germination phenology (De
Steven, 1991). Mature trees can persist in the canopy for
decades to centuries in the face of significant tempera-
ture increases, inhibiting replacement by other trees
and imparting substantial inertia (Davis & Botkin, 1985;
Loehle, 2000). Severe and repeated drought has been
shown to increase tree mortality and open the canopy
(Clinton et al., 1993; Parshall, 1995; Pedersen, 1998;
Jackson & Booth, 2002; Klos et al., 2009; Shuman ef al.,
2009; Booth et al., 2012; Cavin et al., 2013; Pederson
et al., 2014). Responses of mesic forests to changes in
effective moisture span multiple time scales. For exam-
ple, dendroecological and forest inventory data reveal
tree growth and forest compositional responses from
years to decades (e.g., Pederson et al., 2012; Gustafson
& Sturtevant, 2013), and parallel trends in Holocene
water-level and pollen records reveal that forest com-
position closely tracked effective moisture changes over
centuries to millennia (e.g., Booth et al., 2012; Marsicek
et al., 2013). The similarities of findings across time
scales support the importance of moisture as a control
on forest processes whether they apply over decades or
millennia. Drought-induced mortality creates opportu-
nities for canopy accession by understory trees, includ-
ing species that were not canopy dominants before the
drought.

For canopy trees, moisture is widely documented as
an important control of tree growth (Davis, 1912; Dou-
glass, 1920; Lyon, 1936; Fritts, 1962; Cook, 1991; Stahle
& Cleaveland, 1992; Orwig & Abrams, 1997; Rubino &
McCarthy, 2000; Tardif et al., 2006; Kardol et al., 2010;
Leblanc & Terrell, 2011; Anning ef al., 2013; Brzostek
et al., 2014; Clark et al., 2014; Voelker et al., 2014). Even
trees in mesic settings show growth responses to mois-
ture variability at interannual to decadal timescales
over the last 200 years (Pederson et al., 2012). For
mesophytes like Acer rubrum or Liriodendron tulipifera,
growing-season moisture is the most important climatic
driver of growth (Hart ef al., 2012; Martin-Benito &
Pederson, accepted). In comparison to Quercus, grow-
ing-season moisture is generally more important for the
growth of mesophytic species (Pederson et al., 2013;
Brzostek et al., 2014; Clark et al., 2014; Maxwell et al.,
2014; Martin-Benito & Pederson, accepted with minor
revision). Moisture may be the strongest climate-related
driver of forest dynamics not only in eastern North
America, but in most regions of the globe (Allen ef al.,
2010).

In their evaluation of forest change in the transition
from the Little Ice Age to the present, Nowacki &
Abrams (2014) focus exclusively on an inferred
increase in annual temperature. However, multiple
paleoclimatic records indicate an increase in moisture
availability during this same transition that could be
as ecologically important as warming (Stahle et al.,
1988, 2013; Stahle & Cleaveland, 1992; Cook et al.,
2010; Hubeny et al., 2011; McEwan et al., 2011; Peder-
son et al., 2013; Newby et al., 2014). The long-term
trend of increased moisture has persisted to the pres-
ent in most areas (Fig. 1b); for example, regional-scale
water table levels in the northeastern United States are
at their highest since the 1950s (Weider & Boutt, 2010).
The North American Drought Atlas (Cook & Krusic,
2004) shows that 1930-2005 is one of the wettest peri-
ods since 1500 CE over much of the eastern United
States (Fig. 1a). The frequency of moderately to extre-
mely wet years (PDSI value >2) is unusually high
during this 75 year period despite significant droughts
in the central region (1930s, 1950s, and 1980s), the
1960s drought in the Northeast, and recent drying in
the Southeast (Fig. 1b).

Fig. 1 Panel (a): Probability density functions of PDSI over the last 500 years (Cook & Krusic, 2004; Pederson et al., 2013). Purple = dis-
tribution since 1930; Gray = long-term distribution. PDSI values > 2 are significantly different from the 20th century mean of 0. Upper
MRV = Upper Mississippi River Valley; Northeast = eastern NY State and western New England; Lower MRV = Lower Mississippi
River Valley; Carolinas = Coastal North and South Carolina. Panel (b): A stack of 500 years of reconstructed PDSI for each region ana-
lyzed above. Each curve is an adaptation of the annual reconstruction smoothed with an 11 year spline. The long-term mean is set at
the 20th century mean of zero. The year 1930 is denoted by the light-gray, vertical line. Periods above the 20th century mean are filled
blue and indicate wetter conditions. Periods below that line are filled red and indicate drier conditions.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12779



0.25
1

Density
0.15
1

0.05
|

16th Cen. Upper MRV | ] Northeast
17th Cen. -
18th Cen.
19th Cen.
20th Cen.
> 1929

Density
025 0.35
1 I

0.15
I

0.05
I

Carolinas

-4

Upper MRV

o = N W

| Northeast

Reconstructed PDSI

|
N bR W N =
L

.
1

| Lower MRV

-1

-2

' Carolinas

1500 1600 1700 1800 1900 2000

Year

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12779

LETTER 3



4 N.PEDERSON etal.

A long-term, broad-scale increase in moisture should
favor species with physiological affinities for moisture.
Indeed, many of the traits used to characterize the fire
sensitivity of mesophytic species are traits that make
them vulnerable to drought (Abrams, 1990, 1996; Bond
& Midgley, 2001; Hallik et al., 2009). Liriodendron tulipif-
era experienced higher mortality than Quercus during
the short, but severe 1980s drought in the southeastern
United States (Elliott & Swank, 1994). Conversely, the
strong response of mesophytic species to moisture
would confer a competitive advantage over Quercus
during times of sufficient moisture.

Nowacki & Abrams (2014) assert that global-change
forecasts largely predict reduction and contraction of
mesophytic species and increase and expansion of
drought-tolerant species and that so far, observed
trends are opposite. They also identify the need for
such models to include better ecophysiological
requirements and disturbance to improve their pre-
dictive power and relevance. We agree on the latter
count, and note that many such improvements are
already being implemented (Iverson et al., 2011; Mat-
thews et al., 2011; Xu et al., 2012; Gustafson & Sturte-
vant, 2013; Brandt ef al., 2014). In addition, Gustafson
& Sturtevant (2013) find that drought-induced mortal-
ity can be detected in the region from forest inven-
tory data. Other considerations are required for the
lack of predicted habitat loss for mesophytic species.
First, the southeastern United States has experienced
little warming outside of the cool season (Melillo
et al., 2014). In fact, temperatures from 1971 to 2000
during the growing season were cooler vs. 1911-1940
over a most of the eastern United States (fig. 3 in
McEwan et al., 2011). If warming had occurred dur-
ing the growing season, we might have expected
greater change in the Southeast because the growth
of broadleaf species are more limited by high sum-
mer temperatures than populations to the north
(Martin-Benito & Pederson, accepted). Warmer win-
ters and a lack of warming during the growing sea-
son would have likely benefited, not aggravated, the
growth of mesophytic species in the southern portion
of the eastern United States (Martin-Benito & Peder-
son, accepted). Second, physiological drought and
extreme events are projected to become increasingly
frequent and severe across the eastern United States
by middle of the 21st century (Melillo et al., 2014).
Third, these projected droughts and extreme events
have been largely absent since the 1930s (Fig. 1).
Finally, the long-lived nature of trees ensures that
even as climate is expected to shift to favor drought-
tolerant species (Melillo et al.,, 2014), large-scale
changes will be delayed in the absence of major dis-
turbance events. Therefore, conditions promoting an

increase in drought-tolerant species may eventually
overtake the increase in mesophytic species, but it
might not occur until later in the 21st century. Mod-
eling responses of mesophytic species to future
droughts is challenging given that many calibrations
are based on observations during one of the wettest
periods of the past several centuries (Fig. 1a).
Regardless, it is important to include moisture in
analyses of past, current, and future trends in vegeta-
tion composition.

Forest dynamics in a changing climate will be
influenced by multiple interacting factors (McEwan
et al, 2011). We agree with Nowacki & Abrams
(2014) that altered disturbance regimes, largely insti-
tuted by humans, have been an important driver of
compositional change in eastern forests (cf. Foster &
Aber, 2004), even predominating in the century fol-
lowing land clearance and agricultural abandonment.
Changes in land use and moisture are both necessary
to explain past and ongoing changes, but neither is
independently sufficient. Given the varied influences
of temperature, it is premature to rule it out as an
influence for past changes, and it will certainly play
a role in the future as growing-season temperature
increases impart moisture stress to trees, from seed-
lings to adults. Humans are altering forests in an
environment of changing temperature, precipitation,
and natural disturbance regimes, and these, in turn,
are interacting with newly arriving or spreading
pests and pathogens. A multivariate approach that
includes quantitative measures and examines interac-
tions across multiple scales should aid understanding
of the past and future evolution of forests. Future
analyses of climate as a driver of forest change
should include a spectrum of ecologically meaningful
and independent measures of climate variation that
are relevant to the establishment, growth, and mortal-
ity of trees.

Acknowledgements

Comments by an anonymous reviewer and Craig Allen
improved our letter.

References

Abrams MD (1990) Adaptations and responses to drought in Quercus species of North
America. Tree Physiology, 7, 227-238.

Abrams MD (1996) Distribution, historical development and ecophysiological attri-
butes of oak species in the eastern United States. Annals of Forest Science, 53, 487—
512.

Allen CD, Macalady AK, Chenchouni H et al. (2010) A global overview of drought
and heat-induced tree mortality reveals emerging climate change risks for forests.
Forest Ecology and Management, 259, 660-684.

Anning AK, Rubino DL, Sutherland EK, McCarthy BC (2013) Dendrochronological
analysis of white oak growth patterns across a topographic moisture gradient in
southern Ohio. Dendrochronologia, 31, 120-128.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12779



Bond WJ, Midgley JJ (2001) Ecology of sprouting in woody plants: the persistence
niche. Trends in Ecology & Evolution, 16, 45-51.

Booth RK, Jackson ST, Sousa VA, Sullivan ME, Minckley TA, Clifford MJ (2012)
Multi-decadal drought and amplified moisture variability drove rapid forest com-
munity change in a humid region. Ecology, 93, 219-226.

Brandt L, He H, Iverson L et al. (2014) Central Hardwoods ecosystem vulnerability
assessment and synthesis: a report from the Central Hardwoods Climate Change
Response Framework project. Gen. Tech. Rep. NRS-124. Newtown Square, PA:
U.S. Department of Agriculture, Forest Service, Northern Research Station. 254 p.

Brzostek ER, Dragoni D, Schmid HP et al. (2014) Chronic water stress reduces tree
growth and the carbon sink of deciduous hardwood forests. Global Change Biology,
20, 2531-2539.

Cavin L, Mountford EP, Peterken GF, Jump AS (2013) Extreme drought alters com-
petitive dominance within and between tree species in a mixed forest stand. Furnc-
tional Ecology, 27, 1424-1435.

Clark ]S, Gelfand ALE, Woodall CW, Zhu K (2014) More than the sum of the parts:
forest climate response from joint species distribution models. Ecological Applica-
tions, 24, 990-999.

Clinton BD, Boring LR, Swank WT (1993) Canopy gap characteristics and drought
influences in oak forests of the Coweeta Basin. Ecology, 74, 1551-1558.

Cook ER (1991) Tree rings as indicators of climate change and the potential response
of forests to the greenhouse effect. In: Global Climate Change and Life on Earth (ed
Wyman R), pp. 56-64. Chapman and Hall, Routledge, New York.

Cook ER, Cole ] (1991) On predicting the response of forests in eastern North America
to future climatic change. Climatic Change, 19, 271-282.

Cook ER, Krusic PJ (2004) The North American Drought Atlas. Available at: http://
iridl.Ideo.columbia.edu/SOURCES/.LDEO/.TRL/ NADA2004/ .pdsi-atlas.html
(accessed 6 November 2014).

Cook ER, Seager R, Heim RRJ, Vose RS, Herweijer C, Woodhouse CA (2010)
Megadroughts in North America: placing IPCC projections of hydroclimatic
change in a long-term palaeoclimate context. Journal of Quaternary Science, 25,
48-61.

Crimmins SM, Dobrowski SZ, Greenberg JA, Abatzoglou JT, Mynsberge AR (2011)
Changes in climatic water balance drive downbhill shifts in plant species” optimum
elevations. Science, 331, 324-327.

Davis F (1912) Rainfall a factor of tree increment. Forestry Chronicle, 10, 222-228.

Davis MB, Botkin DB (1985) Sensitivity of cool-temperate forests and their fossil pol-
len record to rapid temperature change. Quaternary Research, 23, 327-340.

De Steven D (1991) Experiments on mechanisms of tree establishment in old-field
succession: seedling emergence. Ecology, 72, 1066-1075.

Douglass AE (1920) Evidence of climatic effects in the annual rings of trees. Ecology,
1,24-32.

Elliott KJ, Swank WT (1994) Impacts of drought on tree mortality and growth in a
mixed hardwood forest. Journal of Vegetation Science, 5, 229-236.

Foster D, Aber ] (2004) Forests in Time: The Environmental Consequences of 1000 Years of
Change in New England. Yale University Press, London. 496 pp.

Fritts HC (1962) The relation of growth ring widths in American beech and white oak
variations to variations in climate. Tree Ring Research, 25, 2-10.

Gustafson E, Sturtevant B (2013) Modeling forest mortality caused by drought stress:
implications for climate change. Ecosystens, 16, 60-74.

Hallik L, Niinemets U, Wright IJ (2009) Are species shade and drought tolerance
reflected in leaf-level structural and functional differentiation in Northern Hemi-
sphere temperate woody flora? The New Phytologist, 184, 257-274.

Harsch MA, Hille Ris Lambers J (2014) Species distributions shift downward across
western North America. Global Change Biology. doi: 10.1111/gcb.12697.

Hart JL, Gevel SL, Sakulich ], Grissino-Mayer HD (2010) Influence of climate and dis-
turbance on the growth of Tsuga canadensis at its southern limit in eastern North
America. Trees, 24, 621-633.

Hart JL, Buchanan ML, Clark SL, Torreano SJ (2012) Canopy accession strategies and
climate-growth relationships in Acer rubrum. Forest Ecology and Management, 282,
124-132.

Hubeny JB, King JW, Reddin M (2011) Northeast US precipitation variability and
North American climate teleconnections interpreted from late Holocene varved
sediments. Proceedings of the National Academy of Sciences of the United States of
America, 108, 17895-17900.

Iverson LR, Prasad AM, Matthews SN, Peters MP (2011) Lessons learned while inte-
grating habitat, dispersal, disturbance, and life-history traits into species habitat
models under climate change. Ecosystems, 14, 1005-1020.

Jackson ST, Booth RK (2002) The role of Late Holocene climate variability in the
expansion of yellow birch in the western Great Lakes region. Diversity and Distri-
butions, 8, 275-284.

LETTER 5

Jackson ST, Overpeck JT (2000) Responses of plant populations and communities to
environmental changes of the late quaternary. Paleobiology, 26, 194-220.

Jackson ST, Betancourt JL, Booth RK, Gray ST (2009) Ecology and the ratchet of
events: climate variability, niche dimensions, and species distributions. Proceed-
ings of the National Academy of Sciences of the United States of America, 106,
19685-19692.

Kardol P, Todd DE, Hanson PJ, Mulholland PJ (2010) Long-term successional forest
dynamics: species and community responses to climatic variability. Journal of Vege-
tation Science, 21, 627-642.

Klos RJ, Wang GG, Bauerle WL, Rieck JR (2009) Drought impact on forest growth and
mortality in the southeast USA: an analysis using Forest Health and Monitoring
data. Ecological Applications, 19, 699-708.

Leblanc DC, Terrell MA (2011) Comparison of growth—climate relationships between
northern red oak and white oak across eastern North America. Canadian Journal of
Forest Research, 1947, 1936-1947.

Loehle C (2000) Forest ecotone response to climate change: sensitivity to temperature
response functional forms. Canadian Journal of Forest Research, 30, 1632-1645.

Lyon CJ (1936) Tree ring width as an index of physiological dryness in New England.
Ecology, 17, 457-478.

Marsicek JP, Shuman B, Brewer S, Foster DR, Oswald WW (2013) Moisture and tem-
perature changes associated with the mid-Holocene Tsuga decline in the north-
eastern United States. Quaternary Science Reviews, 80, 129-142.

Martin-Benito D, Pederson N (Accepted) Convergence in drought stress, but diver-
gence in heat stress across a latitudinal gradient in a temperate broadleaf forest.
Journal of Biogeography.

Matthews SN, Iverson LR, Prasad AM, Peters MP, Rodewald PG (2011) Modifying
climate change habitat models using tree species-specific assessments of
model uncertainty and life history-factors. Forest Ecology and Management, 262,
1460-1472.

Maxwell JT, Harley GL, Matheus TJ (2014) Dendroclimatic reconstructions from mul-
tiple co-occurring species: a case study from an old-growth deciduous forest in
Indiana, USA. International Journal of Climatology. doi: 10.1002/joc.4021.

McEwan RW, Dyer JM, Pederson N (2011) Multiple interacting ecosystem drivers:
toward an encompassing hypothesis of oak forest dynamics across eastern North
America. Ecography, 34, 244-256.

Melillo JM, Richmond T, Yohe GW, Eds (2014) Climate Change Impacts in the United
States: The Third National Climate Assessment. U.S. Global Change Research Pro-
gram, WA, USA.

Newby PE, Shuman BN, Donnelly JP, Karnauskas KB, Marsicek J (2014) Centennial-
to-millennial hydrologic trends and variability along the North Atlantic Coast,
USA, during the Holocene. Geophysical Research Letters, 41, 4300-4307.

Nowacki GJ, Abrams MD (2008) The demise of fire and ‘mesophication” of forests in
the eastern United States. BioScience, 58, 123-138.

Nowacki GJ, Abrams MD (2014) Is climate an important driver of post-European veg-
etation change in the eastern United States? Global Change Biology. doi: 10.1111/
gcb.12663.

Orwig DA, Abrams MD (1997) Variation in radial growth responses to drought
among species, site, and canopy strata. Trees, 11, 474-484.

Parshall T (1995) Canopy mortality and stand-scale change in a northern hemlock-
hardwood forest. Canadian Journal of Forest Research, 25, 1466-1478.

Pedersen BS (1998) The role of stress in the mortality of midwestern oaks as indicated
by growth prior to death. Ecology, 79, 79-93.

Pederson N, Bell AR, Knight TA et al. (2012) Long-term perspective on a modern
drought in the American Southeast. Environmental Research Letters, 7, 014034.

Pederson N, Bell AR, Cook ER et al. (2013) Is an epic pluvial masking the water inse-
curity of the greater New York city region? Journal of Climate, 26, 1339-1354.

Pederson N, Dyer JM, McEwan RW et al. (2014) The legacy of episodic climatic events
in shaping temperate, broadleaf forests. Ecological Monographs, 84, 599—620.

Rubino DL, McCarthy BC (2000) Dendroclimatological analysis of white oak (Quer-
cus alba L., Fagaceae) from an old-growth forest of southeastern Ohio, USA. Jour-
nal of the Torrey Botanical Society, 127, 240-250.

Shuman B, Henderson AK, Plank C, Stefanova I, Ziegler SS (2009) Woodland-to-forest
transition during prolonged drought in Minnesota after ca. AD 1300. Ecology, 90,
2792-2807.

Stahle DW, Cleaveland MK (1992) Reconstruction and analysis of spring rainfall over
the southeastern US for the past 1000 years. Bulletin of the American Meteorological
Society, 73, 1947-1961.

Stahle DW, Cleaveland MK, Hehr JG (1988) North Carolina climate changes recon-
structed from tree rings: AD 372 to 1985. Science, 240, 1517-1519.

Stahle DK, Burnette DJ, Stahle DW (2013) A moisture balance reconstruction for the drainage
basin of Albemarle Sound, North Carolina. Estuaries and Coasts, 36, 1340-1353.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12779



6 N.PEDERSON etal.

Tardif JC, Conciatori F, Nantel P, Gagnon D (2006) Radial growth and climate
responses of white oak (Quercus alba) and northern red oak (Quercus rubra) at the
northern distribution limit of white oak in Quebec, Canada. Journal of Biogeography,
33, 1657-1669.

Vaganov EA, Anchukaitis KJ, Evans MN (2011) How well understood are the pro-
cesses that create dendroclimatic records? A mechanistic model of climatic control
on conifer tree-ring growth dynamics. In: Dendroclimatology: Progress and Prospects,
Developments in Paleoenvironmental Research (eds Hughes MK, Swetnam TW, Diaz
HE), pp. 37-75. Springer, Dordrecht, The Netherlands.

Voelker SL, Meinzer FC, Lachenbruch B, Brooks JR, Guyette RP (2014) Drivers of
radial growth and carbon isotope discrimination of bur oak (Quercus macrocarpa

Michx.) across continental gradients in precipitation, vapour pressure deficit and
irradiance. Plant, Cell & Environment, 37, 766-779.

Webb T III (1986) Is vegetation in equilibrium with climate? How to interpret late-
Quaternary pollen data. Vegetatio, 67, 75-91.

Weider K, Boutt DF (2010) Heterogeneous water table response to climate
revealed by 60 years of ground water data. Geophysical Research Letters, 37,
1.24405.

Xu C, Gertner G, Scheller R (2012) Importance of colonization and competition
in forest landscape response to global climatic change. Climatic Change, 110,
53-83.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12779



