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       Since von Humbolt’s seminal work on plant geography ( von 
Humboldt and Bonpland, 1807 ), climate has been recognized to 
play a central role for the distribution of vegetation and plant spe-
cies. Strong changes in climate are predicted for the next decades 
and centuries ( IPCC, 2007 ), and much work has focused on esti-
mating the impacts of climate change on vegetation, with respect 
to ancient changes ( Delcourt et al., 1982 ;  Williams et al., 2001 ; 
 Svenning, 2003 ;  Giesecke et al., 2006 ;  Willis et al., 2007 ;  Beer and 
Tinner, 2008 ;  Birks and Birks, 2008 ;  Ehrich et al., 2008 ;  Pearman 
et al., 2008 ;  Correa-Metrio et al., 2012 ), recent changes within the 
last 200 yr ( Lenoir et al., 2008 ,  2010a ;  Parolo and Rossi, 2008 ; 
 Bertrand et al., 2011 ;  Gottfried et al., 2012 ), and projected future 
anthropogenic climate change ( Thuiller et al., 2005 ;  Bomhard 
et al., 2005 ;  Normand et al., 2007 ;  Rickebusch et al., 2008 ;  Randin 
et al., 2009 ;  Scheiter and Higgins, 2009 ;  Araújo et al., 2011 ). 

 In magnitude, the near-future climate changes approach   
those seen at the last glacial–interglacial transition and are thus 
likely to elicit major vegetation changes ( Delcourt et al., 1982 ; 

 Williams et al., 2001 ;  Bush et al., 2004 ). Mean annual tempera-
tures are projected to rise between 1.8–4.0 ° C by 2090–2099 rela-
tive to 1980–1999 depending on how greenhouse gas emissions 
develop, with an increase of up to 6.4 ° C within the likely range 
at high emissions ( IPCC, 2007 ). Warming will be strongest at 
high northern latitudes, with increases of 5.0–8.0 ° C under the 
A1B scenario, which predicts a global average increase of 2.8 ° C 
( IPCC, 2007 ). Spatial climate shifts will occur at a global mean 
velocity of 0.42 km·yr −1  for mean annual temperature under the 
A1B scenario with low velocities in mountainous biomes (biome 
means as low as 0.08 km·yr −1 ) and high velocities in lowland 
biomes (biome means up to 1.26 km·yr −1 ;  Loarie et al., 2009 ). A 
number of associated changes are also predicted: snow cover will 
contract, thaw depth will increase in most permafrost areas, heat 
and precipitation extremes are likely to increase, tropical cyclone 
intensity is likely to increase, extratropical storm tracks will shift 
poleward, and precipitation is likely to increase at high lati-
tudes and likely to decrease at subtropical latitudes ( IPCC, 2007 ). 
Directly linked to these climate changes are strong changes in 
atmospheric CO 2  concentration as well as sea level rises. All of 
these changes are likely to impact plant populations via direct 
and indirect climate effects (e.g.,  Lenoir et al., 2008 ;  Lenoir et al., 
2010b ) as well as direct CO 2  effects on plant productivity and 
water-use effi ciency (e.g.,  Körner, 2003 ;  Rickebusch et al., 2008 ; 
 Bond and Midgley, 2012 ;  Higgins and Scheiter, 2012 ) and lo-
calized coastal inland migration of habitats ( Moeslund et al., 
2011 ). Under most scenarios all of these changes in climate and 
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  •  Premise of the study:  Near-future climate changes are likely to elicit major vegetation changes. Disequilibrium dynamics, 
which occur when vegetation comes out of equilibrium with climate, are potentially a key facet of these. Understanding these 
dynamics is crucial for making accurate predictions, informing conservation planning, and understanding likely changes in 
ecosystem function on time scales relevant to society. However, many predictive studies have instead focused on equilibrium 
end-points with little consideration of the transient trajectories. 

 •  Methods:  We review what we should expect in terms of disequilibrium vegetation dynamics over the next 50–200 yr, covering 
a broad range of research fi elds including paleoecology, macroecology, landscape ecology, vegetation science, plant ecology, 
invasion biology, global change biology, and ecosystem ecology. 

 •  Key results:  The expected climate changes are likely to induce marked vegetation disequilibrium with climate at both leading 
and trailing edges, with leading-edge disequilibrium dynamics due to lags in migration at continental to landscape scales, in 
local population build-up and succession, in local evolutionary responses, and in ecosystem development, and trailing-edge 
disequilibrium dynamics involving delayed local extinctions and slow losses of ecosystem structural components. Interactions 
with habitat loss and invasive pests and pathogens are likely to further contribute to disequilibrium dynamics. Predictive model-
ing and climate-change experiments are increasingly representing disequilibrium dynamics, but with scope for improvement. 

 •  Conclusions:  The likely pervasiveness and complexity of vegetation disequilibrium is a major challenge for forecasting eco-
logical dynamics and, combined with the high ecological importance of vegetation, also constitutes a major challenge for future 
nature conservation.  

  Key words:  climate change; dispersal limitation; global change; plant migration; plant population dynamics; predictive mod-
eling; range shift; succession; time lags; transient dynamics. 

 http://www.amjbot.org/cgi/doi/10.3732/ajb.1200469The latest version is at 
AJB Advance Article published on June 11, 2013, as 10.3732/ajb.1200469.

 Copyright 2013 by the Botanical Society of America

http://www.amjbot.org/cgi/doi/10.3732/ajb.1200469


2 AMERICAN JOURNAL OF BOTANY [Vol. 100

due to continual changes in extrinsic forcing factors such as 
climate. This broad defi nition includes the ongoing marked 
shifts in vegetation predicted directly from the expected future 
climate as species track their suitable conditions.  Webb (1986)  
more strictly defi ned disequilibrium with climate as occurring 
when plant communities in a given climate do not contain all 
the species for which that climate is suitable. Equilibrium here 
requires that the vegetation responses to climate be fast relative 
to the climate dynamics themselves ( Prentice, 1986 ). Under island 
biogeographic and neutral theory, plant communities are assem-
bled via stochastic dispersal and population dynamics and are 
arguably never in equilibrium in terms of species composition 
( MacArthur and Wilson, 1967 ;  Hubbell, 2001 ). Further, vege-
tation may in many cases consist of successional mosaics driven 
by relatively small-scale disturbances ( Pickett and White, 1985 ). 

 Acknowledging a role for such stochastic and disturbance 
processes, we defi ne vegetation to be in equilibrium with cli-
mate when no climate-driven directional changes would occur 
in species composition and richness, vegetation structure (e.g., 
biomass, individual size structure) or other aspects of vegetation-
controlled ecosystem structure (e.g., amount of coarse woody 
debris) in the absence of further climate change. We include the 
purely structural aspects as these are crucial determinants of 
ecosystem function; for example, trees must reach a certain size 
to provide nesting cavities. We include dynamics driven by di-
rect CO 2  effects on plant productivity and water use effi ciency 
as well as sea-level rise effects in this defi nition, as these together 
with climate effects are all linked to anthropogenic atmospheric 
change ( IPCC, 2007 ) and all involve similar and intertwined 
vegetation dynamics (cf. e.g.,  Rickebusch et al., 2008 ;  Higgins 
and Scheiter, 2012 ). We note that it may be challenging to assess 
whether a given patch of vegetation is in disequilibrium with cli-
mate at any given point in time. This, however, does not prevent 
the concept from being important, nor disequilibrium dynamics 
from potentially being real and important. 

 POTENTIAL CAUSES OF DISEQUILIBRIUM 

 Several mechanisms may cause vegetation to be out of equi-
librium with climate under climate change ( Fig. 1 ).  On one 
hand, climate changes that increase suitability for a species or 
vegetation type can lead to one type of disequilibrium whereby 
it is not as abundant or widely distributed as expected given its 
current climatic requirements, other ecological characteristics, 
and the newly improved conditions. We refer to this situation as 
leading-edge disequilibrium, as it will often occur at expanding 
range margins. On the other hand, a species or vegetation type 
may persist at higher-than-expected abundance in the landscape 
after climate conditions have worsened. We refer to this contrasting 
situation as trailing-edge disequilibrium as it will typically occur at 
contracting range margins. Particularly for small-range species, 
leading- or trailing-edge disequilibrium dynamics may character-
ize the whole range of a species. For example,  Torreya taxifolia  
Arn. has experienced, range-wide decline, which may be due to 
lagged responses to climate change ( Barlow and Martin, 2005 ). 

 Causes of leading-edge disequilibrium include delayed ar-
rival of a species into a newly suitable area (migration lag) and 
subsequent slow growth toward the population carrying capacity 
(establishment lag). These lags may involve or even be driven 
by interactions with other species, such as migrational lags due 
to weakly dispersing mutualists ( Wilkinson, 1998 ) or slow es-
tablishment due to competition ( Moorcroft et al., 2006 ). Lags in 

associated factors are predicted to continue into the following 
centuries ( IPCC, 2007 ). 

 Predicting changes in vegetation under climate change is com-
plicated by the fact that there may be time lags in vegetation’s re-
sponse to climate (e.g.,  Davis, 1986 ), potentially causing highly 
complex dynamics. Understanding these lags is crucial for (1) 
making accurate predictions in the near- to midterm (50–200 yr), 
(2) informing conservation planning, and (3) understanding likely 
changes in ecosystem function under climate change on time scales 
relevant to society. Lags in vegetation responses affect more than 
simply those species involved in the lag because plants are often 
key components of ecosystems and may act as ecosystem engi-
neers ( Jones et al., 1994 ). Disequilibrium vegetation dynamics 
thus may also have consequences for ecosystem structure and 
functioning such as productivity, carbon sequestration, soil condi-
tions, and the buildup of vegetation-defi ned habitats for other or-
ganisms, i.e., due to the latters’ dependence on e.g., plant species 
composition, physical structure of the living plants and vegetation, 
or coarse woody debris. However, many predictive studies ignore 
lags, instead focusing on equilibrium end-points with little consid-
eration of the trajectory of change leading to that end-point or how 
long it will take to arrive at that point. Proper consideration of 
these dynamics may be particularly challenging because plant 
ecology and vegetation science developed during the 19th and 20th 
centuries, under much more stable conditions than are expected 
for the next 50–200 yr. Thus, fully embracing dynamic, disequilib-
rium vegetation dynamics may require a change of perspective. 

 In this review, we assess how prevalent vegetation disequilib-
rium with climate is likely to be over the next 50–200 yr. We begin 
by defi ning disequilibrium and addressing potential causes of dis-
equilibrium, while distinguishing dynamics at the leading and trail-
ing edges of species ranges and vegetation zones. We then look 
into the empirical evidence for different causes of vegetation dis-
equilibrium at the leading edge, including slow migration, slow 
population buildup and community dynamics, the loss and slow 
recovery of local adaptations and slow development of ecosystem 
structure (such as soil properties). We then turn to disequilibrium 
at the trailing edge, focusing on slow dieback of populations, evo-
lutionary response, and slow losses of ecosystem structural compo-
nents. We next discuss how interactions with other global change 
factors may exacerbate these disequilibrium dynamics, and the 
representation of disequilibrium dynamics in two key methods for 
studying vegetation responses to climate change (predictive mod-
eling and experiments). Finally, we synthesize the evidence rele-
vant for assessing the likely magnitude of future vegetation 
disequilibrium with climate and outline a research agenda to im-
prove our understanding of this crucial issue. 

 A broad range of research fi elds provides insights on these 
issues including paleoecology, macroecology, landscape ecol-
ogy, vegetation science, plant ecology, invasion biology, global 
change biology, and ecosystem ecology. Due to the magnitude 
of these fi elds, we have not attempted an exhaustive literature 
coverage of most themes, but rather synthesize what we consider 
key fi ndings in the literature and present illustrative examples. 
For select specifi c topics, we have done systematic literature 
searches to provide quantitative results. 

 DEFINING EQUILIBRIUM 

 Vegetation equilibrium and disequilibrium require careful 
defi nition.  Delcourt and Delcourt (1983)  considered vegetation 
disequilibrium to be major compositional changes in species 
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local evolutionary responses ( Davis et al., 2005 ) and edaphic lags 
( Webb III, 1986 ) may also contribute to leading-edge disequi-
librium. Vegetation structure or other vegetation-controlled aspects 
of ecosystem structure may analogously be subject to leading-
edge disequilibrium dynamics due to dependence on time-
dependent and cumulative processes (e.g.,  Luyssaert et al., 2008 ). 

 Trailing-edge disequilibrium refers to the continued presence 
of a species or vegetation type at a site at higher-than-expected 
abundance following a worsening of conditions. This may oc-
cur because populations contain long-lived individuals or clonal 
genets that persist for years or decades even though they no 
longer reproduce. Such remnant populations may compete 
against new arrivals in a community, slowing the growth of im-
migrant species and contributing to leading-edge disequilib-
rium in these species ( Fig. 1 ). Strong trailing-edge disequilibrium 
in species composition may also cause ecosystem disequilib-
rium. For example, long-lived remnant tree populations may 
continue to provide habitat for a variety of forest species, leaf 
litter and coarse woody debris even after the climate condi-
tions at a site should no longer support trees. The latter may even 
persistent after all trees have died. 

 CLIMATE-DRIVEN PROCESSES CAUSING 
 LEADING-EDGE DISEQUILIBRIUM 

 What is the empirical evidence for the different processes 
that may be driving disequilibrium dynamics at the leading 
edge? To answer this question, we consider the following pro-
cesses: migration at continental to landscape scales, local popu-
lation and community dynamics, evolutionary adaptation, and 
ecosystem development. 

 Migration —    When climates shift, migration rates are a key 
factor determining the degree to which plant communities and 
vegetation will be in equilibrium with climate. These rates are 
infl uenced by both species characteristics (e.g., seed morphology, 
dispersal adaptations, and plant height ( Matlack, 1994 ,  2005 ; 
 Honnay et al., 2002 ;  Normand et al., 2011 ;  Thomson et al., 
2011 ) ( Fig. 2 ;  Appendix S1, see Supplemental Data with the 
online version of this article), biotic interactions (e.g., with 
competition slowing migration rates:  Urban et al., 2012 ) and 
environmental characteristics (e.g., habitat continuity, wind speeds, 
and dispersal barriers). For example, landscapes with continu-
ous habitat and steep but continuous climate gradients will in-
crease migration, while landscapes with fragmented habitats and 
fl at or discontinuous climate gradients will decrease it (e.g., 
 Collingham and Huntley, 2000 ;  Honnay et al., 2002 ;  Levey et al., 
2005 ;  Soons et al., 2005 ;  Bertrand et al., 2011 ). 

 Future climate change expected under the A1B and A2 sce-
narios entails major expansions (and synchronous losses) of 
potential habitat for many plants species. For example, a study 
of 26 European plant species found that the 2100 centroid for 
their climatically suitable area was located up to 1230 km from 
any part of their currently realized range, with an average mi-
gration rate of 3.9 km/yr needed for them to reach this centroid 
from their current range ( Skov and Svenning, 2004 ). Empirical 
evidence suggests that such migration rates will only rarely be 
achieved, as short-distance, slow migration is what is most fre-
quently seen in empirical plant studies ( Fig. 2 ). Strong immigra-
tion lags would both cause species to fail to occupy larger 
suitable areas at any given point in time and fail to track optimum 
or even suitable climatic conditions. This has several implications. 

 Fig. 1. Conceptual diagram of leading-edge disequilibrium (left col-
umn) and trailing-edge disequilibrium (right column) species range dy-
namics under climate change. In the left column, a species does not occupy 
(dark green) the full area of suitable conditions (light green) available on 
the landscape. Over time, by slow, diffusive spread and rare long-distance 
dispersal (LDD) events, the species expands into the unoccupied portion. 
The rate of spread is expected to depend on species traits (dispersal vec-
tors, seed traits, population growth rates) and on the landscape context 
(connectivity, wind speed and direction). As more time passes, further 
jumps are possible, and the population “fi lls in” between LDD loci. This 
rate of spread is dependent on generation time and local ecological interac-
tions (notably, competition from already-established species). In the right 
column, a species continues to occupy unsuitable habitat (orange). Its pop-
ulation growth rate may be negative, yet the population could persist for 
quite some time. Extirpation of the population could require particular dis-
turbance events (e.g., drought or fi re). Furthermore, over suffi cient time, 
the remnant population could perhaps adapt to the changed local condi-
tions, rendering the habitat again suitable for the species. Trailing-edge 
disequilibrium remnant populations may enforce leading-edge disequilib-
rium, by continuing to occupy habitat and resisting the invasion of new 
species (arrow: biotic resistance). On the other hand, the delayed arrival of 
new competitors may slow the extirpation of a resident species from un-
suitable habitat (arrow: lack of competitive replacement;  Urban et al., 
2012 ), such that leading-edge disequilibrium may enforce trailing-edge 
disequilibrium as well.   
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contemporary climate change tracked climate? What are the up-
per bounds on broad-scale plant range expansions, as indicated 
by recent invasions by exotic plant species? How fast do plant 
migrations within landscapes allow smaller-scale range fi lling? 
What do theoretical migration simulations tell us about likely 
plant migration rates in response to future climate change? 

 To what extent have postglacial range expansions allowed 
vegetation to achieve broad-scale equilibrium with climate?— 
 Postglacial migrational lags have been extensively discussed 
in the paleobotanical literature (e.g.,  Smith, 1965 ;  Davis, 1976 , 
 1986 ;  Delcourt and Delcourt, 1983 ), with many authors argu-
ing against strong postglacial migration lags (e.g.,  Silvertown, 
1985 ;  Webb, 1986 ;  Pennington, 1986 ;  Prentice et al., 1991 ; 
 Giesecke et al., 2007 ;  Giesecke et al., 2011 ). This view may 
refl ect the fact that paleobotanical studies generally have fo-
cused on the more widely distributed species (i.e., those most 
likely to have ranges relatively close to climatic equilibrium), 

First, it may threaten the existence of the species concerned. 
Furthermore, ranges will still be continuously shifting even af-
ter the climate stabilizes, if this is achieved. Immigration lags 
will cause communities to not be composed of the full set of 
species the climate would allow and, perhaps to some extent, 
instead of species suboptimally adapted to the current climatic 
conditions. As a result, communities would be open to immi-
gration of climatically adapted species whenever these arrive; 
as many fail to arrive, the way may be paved for the increasing 
success of those that do arrive, e.g., human-dispersed poten-
tially native or truly exotic invasive species. 

 Here, by considering multiple instructive perspectives, we 
comprehensively assess how often establishment of a species at 
a newly suitable site will be limited by immigration at time 
scales of 50–200 yr. Specifi cally, we address the following 
questions: To what extent have postglacial range expansions 
allowed vegetation to achieve broad-scale equilibrium with cli-
mate? How closely have recent vegetation shifts in response to 

 Fig. 2. Estimates of dispersal capabilities of plant species. Panels A and B show single-event seed dispersal distances, with 612 distinct estimates 
across 517 species assembled from the literature. Each estimate included information on the central tendency (either mean or median, denoted “Mean”) 
and/or extreme (maximum observed or 99th percentile, denoted “Max.”) of the seed dispersal distribution. Panels C and D show population spread rates, 
with 175 estimates across 157 species. Each box shows the interquartile range, with the central bar representing the median. The whiskers indicate the range 
of the values. Plants differ strongly in dispersal distances and migration rates across growth forms (A, C) and dispersal modes (B, D), but short-distance, 
slow migration is the general rule. Further, the estimated population spread rate depends strongly on the spatial scale of measurement (C, inset, local, re-
gional or continental), suggesting that long-distance dispersal to new landscapes and local expansion within landscapes can be considered as distinct pro-
cesses. We note that large-scale migration rate estimates from palynological studies of postglacial range expansions probably have been over-estimated due 
to overlooked cryptic northern glacial refugia ( McLachlan et al., 2005 ). The data are provided in Appendix S1 (see Supplemental Data with the online ver-
sion of this article).   
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attribute this to complex climate explanations and competitive 
interactions delaying the expansion of beech ( Giesecke et al., 
2007 ). Other studies have also concluded in favor of broad-
scale equilibrium with climate for this species ( Huntley et al., 
1989 ;  Tinner and Lotter, 2006 ). Even so, in their review of the 
species’ Holocene history in Central Europe,  Tinner and Lotter 
(2006)  concluded that migration over 100 km would require 
250–1000 yr (except when increased by rare long-distance dis-
persal events) and (see next section) that expansions in response 
to climate change have lasted for several centuries probably 
due to fairly low intrinsic population growth rates and inter-
specifi c competition. 

 While many authors have argued that paleobotanical evi-
dence supports general equilibrium between climate and plant 
distributions, even following those interpretations this is typi-
cally not achieved without lags lasting several centuries. This is 
consistent with an important role for disequilibrium dynamics 
in shaping vegetation responses to anthropogenic climate changes 
over the next 50–200 yr. 

 Macroecological approaches (ecological studies across 
broad spatial scales) offer an alternative approach to elucidate 
the influence of past climate changes on modern plant dis-
tributions, enabling inferences about the role of migration 
limitation. In contrast to the paleobotanical literature, recent 
macroecological studies suggest that many European plant 
species (including a majority of trees) have, since the end of 
the last ice age, remained more or less constrained to their 
southern refuge locations, having only expanded to fill a 
small proportion of the area with suitable climate conditions 
( Svenning and Skov, 2004 ;  Svenning et al., 2008 ;  Normand 
et al., 2011 ). For example, distance to the nearest glacial ref-
uge area is the strongest predictor of species richness in beech-
forest understories ( Willner et al., 2009 ). Similar postglacial 
migrational lags are also seen at smaller scales within the Alps 
( Essl et al., 2011 ). These spatial immigration constraints are 
particularly strong for small-range species (potentially explain-
ing the discrepancy with the paleobotanical interpretations, 
see earlier) and weaker for species with multiple long-distance 
dispersal vectors and dispersal by small wind-dispersed spores 
( Normand et al., 2011 ). 

 Postglacial migrational lags in plants have received the most 
attention in Europe, which was also particularly strongly af-
fected by the Pleistocene glaciations. Thus, the general im-
portance of postglacial (or deeper-time) migrational lags is 
uncertain. There are, however, studies from northwestern North 
America suggesting disequilibrium there, with strong postgla-
cial migrational lags in many taxa including ecosystem domi-
nant trees such as  Tsuga  spp. in formerly glaciated areas ( Gavin 
and Hu, 2006 ;  Gavin, 2009 ). In addition, there are also studies 
from other regions including tropical lowlands that suggest 
postglacial migration lags (e.g.,  Stropp et al., 2009 ;  Kristiansen 
et al., 2011 ;  Rakotoarinivo et al., 2013 ). On a global scale, 
palms (Arecaceae) are less likely to be present and, where they 
are present, less species-rich where the temperature shift be-
tween the Last Glacial Maximum (LGM, 21 000 yr ago) and the 
present has been strongest, controlling for modern environment 
( Kissling et al., 2012 ). Further, within Africa, some palm spe-
cies are limited to the vicinity of recognized glacial rain-forest 
refugia despite climatically suitable areas being much more 
widely available ( Blach-Overgaard et al., 2010 ). Thus, there is 
emerging evidence that many plant species across a wide range 
of systems have not yet achieved equilibrium with climate fol-
lowing the onset of the current interglacial. 

while strongly dispersal-limited, small-range species would not 
be suffi ciently represented in the paleorecord to be analyzed. 
Nevertheless, the general message from the paleobotanical lit-
erature is still one of at least multicentury migration lags in 
large-scale expansions following strong warming. For example, 
regarding continental-scale distribution patterns for the main 
dominant plant groups across eastern North America,  Prentice 
et al. (1991 , p. 2054) concluded, “Both our results and those 
of Davis and co-workers are consistent with lags no greater 
than 1500 yr during the entire period since the last glacial maxi-
mum.” Similarly, estimated spread rates were no more than 
20–90 m·yr −1  (2–9 km per century) under ideal growing conditions 
for three  Fagus  species on three continents ( Bradshaw et al., 2010 ). 

 European beech ( Fagus sylvatica  L.) is a much-discussed 
case and is interesting as an often dominant component of tem-
perate forest ecosystems. Its distribution—at least where fairly 
abundant—was restricted to central and southeastern parts of 
Europe during the mid-Holocene 6000 yr BP, while its modern 
distribution covers most of temperate Europe ( Giesecke et al., 
2007 ). Several macroecological studies in conjunction with the 
species’ widespread naturalization north of its native range in 
Europe suggest that the expansion of beech has been and still is 
strongly dispersal limited, with multimillenial migration lags 
( Fig. 3 ;  e.g.,  Svenning and Skov, 2004 ;  Fang and Lechowicz, 
2006 ;  Svenning et al., 2008 ). Hind-casting of a physiological 
bioclimatic model suggests that it should have been as wide-
spread 6000 yr ago as now given the past climate, which is also 
suggestive of millennial-scale migration lags, though the authors 

 Fig. 3. Postglacial migrational lag in a forest dominant, the European 
beech ( Fagus sylvatica  L.). The native distribution of the species (black 
dots indicate native occurrences at ~50-km grain; black/white dots indicate 
occurrences of uncertain native status) does not fully occupy the climati-
cally suitable (gray) areas (estimated by a bioclimatic envelope model) for 
the species in northern and northwestern parts of Europe. The species has 
become fully naturalized in many of these areas after human introduction, 
as indicated by the green dots (small dots ~50-km grain, large dots indicates 
a coarser regional grain), confi rming migrational lag as the explanation for 
its absence as a native species here. In contrast, absences in northeastern 
Europe probably refl ect climatic limitations that were not accounted for by 
envelope model. Figure adapted from  Svenning and Skov (2004) , with ad-
ditional information from  Packham et al. (2012) .   
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45 yr and are apparently undergoing slow expansion ( Van der 
Veken et al., 2007 ). Another study involving four forest herb 
species found 13–100% survival after 7 yr for the three species 
transplanted 50–200 km beyond their range edges, while a spe-
cies transplanted 500 km beyond its range limit went extinct 
( Van der Veken et al., 2012 ). 

 How closely has climate been tracked by recent vegetation 
shifts in response to contemporary climate change?—  Many or-
ganisms including plants shift their ranges in response to the 
recent and ongoing warming and associated climate changes, 
although often 20–50% of the species investigated either did 
not respond or even shifted in the opposite direction of that 

 Numerous cases of species naturalizing beyond their native 
range (but within a given biogeographic region) provide semiex-
perimental verifi cation of these macroecological fi ndings, showing 
that plants are commonly capable of persisting and expanding 
beyond their current distributional limits (e.g.,  Skov and Svenning, 
2004 ;  Svenning and Skov, 2004 ;  Figs. 3, 4 ).  Transplant experi-
ments further reinforce this idea. A 5-yr seedling-transplant ex-
periment involving 17 tree species and two sites (southern 
Appalachians and the North Carolina Piedmont) failed to fi nd 
growth differences between residents and potential immigrants 
( Ibañez et al., 2009 ). When the forest herb  Hyacinthoides non-
scripta  (L.) Chouard was transplanted 60 km beyond its range 
limit, 41% of 27 experimental populations still survived after 

 Fig. 4. Many plants have failed to fully track postglacial climatic conditions and thrive in sometimes broad areas beyond their native range, but within 
their biogeographic region, after human introduction ( Svenning and Skov, 2004 ). There are, for example, many species native to central and southern Eu-
rope, which after introduction have naturalized across more or less wide parts of northern and northwestern Europe: naturalized populations of (A)  Quercus 
cerris  L., (B)  Pentaglottis sempervirens  (L.) Tausch ex L. H. Bailey, and (C) evergreen  Prunus laurocerasus  L. observed in England and (D)  Acer pseudo-
platanus  L., (E)  Telekia speciosa  Baumg., and (F)  Myrrhis odorata  Scop. observed in Denmark. (Photos: Jens-Christian Svenning.)   
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much attention. Arctic and alpine tree-line advances in response 
to the warming since the Little Ice Age (~1350–1850) have 
been highly variable, with sometimes slow or negligible ad-
vances, for example, in northern Eurasia during the 20th cen-
tury ( Macdonald et al., 2008 ; as discussed in, e.g.,  Dullinger et al., 
2004 ;  Danby and Hik, 2007 )). This slowness at least partly re-
fl ects dispersal limitation, but may also involve edaphic lags 
( Payette, 2007 ;  Macdonald et al., 2008 ; also see  Dullinger et al., 
2004 ). The likelihood of expansion appears to depend on the 
form of the treeline and the underlying mechanisms maintain-
ing it ( Holtmeier and Broll, 2005 ,  Harsch and Bader, 2011 ), and 
in some cases, lags are only a few decades ( Harsch et al., 
2009 ). Infi lling where sparse trees already exist can be rapid 
( Macdonald et al., 2008 ), but may still involve dynamics up to 
~150 yr ( Macdonald et al., 1993 ). These empirical observations 
are consistent with vegetation simulations by  Chapin and Starfi eld 
(1997) , estimating 150–250-yr lags (at 2 ° –5 ° C warming per 
century) for even initial (5%) forest establishment in Alaskan 
tundra and 250–375-yr lags for 80% conversion of tundra into 
forest. The latter lags were reduced to 50 yr when seed input 
unrealistically was set to values typical of forest rather than tree 
line ( Chapin and Starfi eld, 1997 ). Arctic tree-line expansions in 
the early Holocene have typically similarly lagged warming 
on a centennial scale ( Macdonald et al., 2008 ). For example, in 
western Norway the typical phases are a pioneer phase of open 
vegetation lasting 50–250 yr, followed by an intermediate phase 
dominated by dwarf shrubs ( Empetrum ,  Vaccinium ), with the 
fi nal phase of  Betula pubescens  Ehrh.–dominated woodlands 
developing after 200–300 yr ( Birks and Birks, 2008 ). At the 
start of the Holocene, the fi nal phase took even longer (~700 yr) 
to develop, with stronger migrational lag due to greater dis-
tances to source areas during this period as one potential expla-
nation ( Birks and Birks, 2008 ;  Fig. 5 ).  Indicating even longer 
lags, dendrochronological evidence suggest that  Picea glauca  
(Moench) Voss is still undergoing dispersal-limited postglacial 
expansion northward and upward into tundra areas in coastal 
northern Labrador, perhaps due to the complex topography of 
this region ( Payette, 2007 ). Summarizing tree-line advance 
studies,  Macdonald et al. (2008)  concluded that there is poten-
tial for decadal to centennial scale lags in tree-line advances, 
but with important regional variation. 

 What are the upper bounds on broad-scale plant range 
expansions, as indicated by recent invasions by exotic plant 
species?—  Invasive exotic plant species have sometimes ex-
panded rapidly across large areas and probably represent the 
upper bound on what can be expected for future plant species 
migration rates under climatic warming. As one of the most 
dramatic cases, the annual cheatgrass ( Bromus tectorum  L.), 
now the most widespread exotic plant species in the intermoun-
tain West of North America, reached its present distribution 
within 32–39 yr after entering the region in the late 19th cen-
tury. Its fast expansion probably was assisted by anthropogenic 
dispersal with the newly established railroad system ( Mack, 
1981 ). Another of the worst invasive plants in North America is 
the perennial wetland plant purple loosestrife ( Lythrum sali-
caria  L.); this species was introduced into eastern United States 
as early as 1814 and has since expanded to much of North 
America, remaining in strong disequilibrium with climate for 
the fi rst 100 yr and only reaching its climatic limits in parts of 
the continent after 150 yr, with climatically suitable areas still 
remaining unoccupied at both small and large scales in other 
areas ( Welk, 2004 ; also cf.  Thompson et al., 1987 ). Numerous 

expected from warming ( Parmesan and Yohe, 2003 ;  Lenoir et al., 
2010b ). Several studies have reported plant range shifts along 
elevation gradients that lag relative to the realized climate 
changes. In a study of 171 forest plant species across France 
mainly during the late 20th century, species shifted upward at a 
rate of 29 m per decade, much lower than the ~75 m per decade 
expected from the realized warming and elevation lapse rates 
( Lenoir et al., 2008 ). Further, elevational range shifts were 
much lower in woody plants (~10 m per decade) than in herba-
ceous plants (~40 m per decade), suggesting that the generally 
longer times to maturation and higher longevity cause stronger 
range shift lags in woody species at this time scale. A study of 
forest plant species distribution dynamics in the Jura Mountains 
during 1989–2007 found no upward shift despite a 1 ° C warm-
ing, but instead local increases in abundance and, for some, ex-
tinctions at the lower edge ( Lenoir et al., 2010a ). Studies from 
other regions including the Italian Alps ( Parolo and Rossi, 
2008 ) and the Subantarctic Islands ( Le Roux and McGeoch, 
2008 ) have documented similar lags. In contrast,  Kelly and 
Goulden (2008)  reported range shifts among both woody and 
herbaceous plants of the same magnitude as the realized warm-
ing in southern California between 1977 and 2006–2007 (also 
see  Klanderud and Birks, 2003 ). Lags are expected to be stron-
gest in lowland areas due to the generally greater climate-
change velocity there ( Loarie et al., 2009 ). In support of this, a 
large study of the dynamics in French forest herb assemblages 
from 1965 to 2008 found that assemblages in highlands re-
sponded to climatic warming by lagged expansions of thermo-
philic species, while assemblages in lowlands did not exhibit 
signifi cant compositional responses ( Bertrand et al., 2011 ). Slower 
migration due to greater habitat fragmentation in lowland areas 
and greater thermal tolerance of the lowland species may con-
tribute to these differing responses ( Bertrand et al., 2011 ). 

 Studies at the northern and southern range limits of plant spe-
cies complement studies on elevational gradients and, consis-
tent with  Bertrand et al. (2011) ’s fi ndings, suggest little or 
highly localized climate change responses. A massive study 
(43 334 plots) of the relative latitudinal limits of seedlings and 
adults of 92 tree species across eastern United States largely 
failed to fi nd evidence for ongoing warming-driven migrations, 
with only 21% of species exhibiting northward shifts and 59% 
contracting at both northern and southern limits ( Zhu et al., 
2012 ). A survey of forest stands near and at the northern limit 
for lodgepole pine ( Pinus contorta  Douglas ex Loudon) showed 
rapid local postfi re population expansion at the limit, with no 
indication of strong climatic limitation ( Johnstone and Chapin, 
2003 ). Similarly, within lowlands, there are documented warm-
ing-driven expansions of thermophilic plant species into natural 
areas from planted individuals and stands in gardens and parks, 
e.g., invasion of evergreen exotics such as the palm  Trachycar-
pus fortunei  (Hook.) H. Wendl. into southern Swiss broad-
leaved, deciduous forest ( Walther, 2000 ). However, despite 
strong local expansions, migration rates have been 100–125 m 
per decade or less, leading to a moving front of evergreens with 
a strong concentration of the invasion in the immediate vicin-
ity of the planted seed sources ( Walther, 2000 ). Similarly, 
while the evergreen  Ilex aquifolium  L. has expanded in north-
ern Europe—probably in large part from garden plantings—in 
response to the warming from 1931 to 1960 and 1981 to 2000, 
the newly suitable range remains only locally occupied ( Walther 
et al., 2005 ). 

 Tree-line advances into herbaceous and shrub vegetation 
constitute a particular type of range expansion that has received 
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modeling studies provide theory-based insights into plant species 
migration rates across spatial scales. A decade and half ago, the 
possibility for very fast migration was highlighted in models in-
volving fat-tailed dispersal kernels, where the vast majority of 
propagules are dispersed short distances, while a few are dis-
persed very far (e.g.,  Pitelka and Plant Migration Workshop 
Group, 1997 ). Improved modeling since then, which avoids arti-
facts inherent to the earlier models, have generally suggested 
much slower migration rates: using life history data for trees, 
 Clark et al. (2001)  estimated migration rates of ~300 m·yr −1  for 
boreal spruce, 20–80 m·yr −1  for wind-dispersed temperate spe-
cies, and only 0.1–1 m·yr −1  for animal-dispersed temperate spe-
cies, with even slower rates if variable reproduction is included. 
Allowing for variable long-distance dispersal,  Clark et al. (2003)  
estimated rates of 44 m·yr −1  for wind-dispersed  Acer rubrum  L. 
and 0.6 m·yr −1  for animal-dispersed  Carya glabra  (Mill.) Sweet, 
given moderate population increase (net reproductive rate = 2). 
Several other models of noninvasive tree migration also estimate 
low migration rates (e.g.,  Dullinger et al., 2004 ;  Iverson et al., 
2004 ). Notably, modeling of tree species migration in eastern 
North America taking species abundance and forest cover into 
account found highly limited migration over 100 yr following 
climatic release, with relatively high probability of colonization 
within 10–20 km of the current boundary, but a small probability 
of colonization further away ( Iverson et al., 2004 ;  Fig. 8 ).  Migra-
tion models for three invasive tree species in South Africa estimate 
migration rates as ~700 m·yr −1 , ~100 m·yr −1 , and ~25 m·yr −1  for 
the three species, albeit with high parameter uncertainty ( Higgins 
et al., 2003a ). Models that incorporate habitat fragmentation 
show that the fragmented nature of many landscapes is likely to 
cause dramatic drops in migration rates for nonmatrix species: a 
simulation model for small-leaved lime  Tilia cordata  Mill. 
showed a sharp drop from 25% habitat availability toward lower 
habitat availability ( Collingham and Huntley, 2000 ). In another 
study, migration models that describe barrier effects on seed-
dispersal distances estimate realized vs. potential (no barrier) 
migration rates of 83 vs. 216 m·yr −1  for the wind-dispersed (tum-
bleseeds) shrub  Leucadendron rubrum  Burm. f. in the Cape and 
968 and 2186 m·yr −1  for the ectozoochorous lynx-dispersed weed 
 Xanthium strumarium  L. in Spain ( Higgins et al., 2003b ). 

 The estimated global mean spatial shift (climate-change ve-
locity) in mean temperature under the A1B scenario is 42 km 
per 100 yr, but with velocities of 100–1000 km per 100 yr in 
many regions ( Loarie et al., 2009 ). While there remains signifi -
cant uncertainty about how fast plant species can migrate, all 
lines of evidence suggest that a large proportion of plant spe-
cies will be unable to make range expansions across many 10s 
of kilometers over the next 50–200 yr, with many—perhaps a 
majority—restricted to much smaller range expansions. Thus, 
range shifts can be expected to strongly lag behind the climate 
changes predicted by most scenarios on this time scale. 

 Local population and community dynamics —    Immigration 
is not enough to achieve equilibrium with climate; populations 
also need to expand to the carrying capacity and equilibrium 
age and size structure set by the local ecosystem and climate 
conditions. Although it is not possible to make a perfectly un-
ambiguous distinction, we separately consider large-scale mi-
gration into new regions and landscapes (covered above) from 
local population growth, which may include increased local fi ll-
ing of the range area. Two perspectives are important here, the 
intrinsic capacity of plant populations to increase and commu-
nity-driven successional dynamics. 

other invasive plant species are obviously still under expansion 
and hence in climatic disequilibrium despite having been intro-
duced to a region 50–200 yr ago (e.g.,  Delisle et al., 2003 ; 
 Wangen and Webster, 2006 ;  Figs. 6, 7 ).   

 How fast do plant migrations within landscapes allow small-
er-scale range fi lling?—  Numerous studies have focused on 
plant species migration within landscapes, on smaller scales 
than the continental and regional scales discussed already. 
Migration rates in such landscapes vary among plant species and 
groups, with some groups showing very slow rates (e.g.,  Matlack, 
1994 ;  Honnay et al., 2002 ). A number of studies show poor to 
very poor recolonization of spatially isolated young forest 
patches on 25-yr to >100-yr time scales by forest herbs within 
landscapes where source populations are available, with re-
colonization success declining with increasing fragmentation 
( Peterken and Game, 1984 ;  Matlack, 1994 ;  Honnay et al., 2002 ). 
In some cases, species require at least 400 yr and probably more 
for complete recolonization ( Peterken and Game, 1984 ). Further, 
even in the absence of isolation, >100-yr lags are also seen for 
recolonization into young forest patches adjacent to old source 
forest areas ( Peterken and Game, 1984 ;  Svenning et al., 2004 , 
 2009 ;  Chai and Tanner, 2010 ). Migration rates in these studies 
can often be linked to dispersal mode, with dispersal by ants 
and gravity conferring slow rates and dispersal by endo- and 
ectozoochory conferring relatively fast rates (e.g.,  Matlack, 1994 ; 
 Honnay et al., 2002 ). Importantly, migration rates estimated in 
such local studies are much lower than those estimated at re-
gional or continental scales ( Fig. 2 ; but cf.  Zhu et al., 2012 ). 

 What do migration simulations tell us about likely plant migra-
tion rates in response to future climate change?—  Migration 

 Fig. 5. Pollen records for a lake in western Norway, showing a succes-
sional sequence and slow expansion of tree birch ( Betula pubescens ) in the 
community after the climate became suitable for it at the Younger Dryas-
Holocene boundary (dotted line). The local presence of  Betula pubescens  
according to the macrofossil record is indicated. This succession lasted 
about 400 yr longer than typically observed today, with migrational lag due 
to greater distances to source areas as one potential explanation. Figure 
adapted from  Birks and Birks (2008) .   
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arrival and only happened after disturbance ( Björkman and 
Bradshaw, 1996 ;  Cowling et al., 2001 ;  Bradshaw and Lindbladh, 
2005 ), despite the fact that  Fagus sylvatica  is a shade-tolerant, 
late-successional dominant under the regional climate. In other 
cases, later dominants rapidly invade locally without any dis-
turbance, as has been the case with the other main shade-
tolerant, late-successional dominant in southern Scandina-
via,  Picea abies  ( Björkman and Bradshaw, 1996 ;  Bradshaw 
and Lindbladh, 2005 ). Nevertheless, despite rapid expansion 
of this species within the fi rst generation after arrival 175 yr 
ago, local expansion has continued since then ( Björkman and 
Bradshaw, 1996 ). For Central Europe,  Tinner and Lotter (2006)  
likewise concluded that local expansions of  Fagus sylvatica  in 
response to climate change lasted for several centuries, proba-
bly due to fairly low intrinsic population growth rates and com-
petition. Such time scales for local expansions are probably 
typical at least in the cases of long-lived species. In forest herbs, 
it is common for species to show extremely slow rates of local 
population expansions, often just a few meters or less per year. 
For example, in a study of the migration of herb-layer plants 
from ancient woodlands into adjacent recent stands, 49 wood-
land plant species exhibited maximum expansion rates over 
30–75 yr of 0.00–1.25 m·yr −1 , with a median of just 0.53 m·yr −1  
( Brunet and von Oheimb, 1998 ). Populations of the forest herb 
 Hyacinthoides nonscripta  established 60 km beyond the range 
limit exhibited expansion rates of just 0.006–0.06 m·yr −1  over 
45 yr ( Van der Veken et al., 2007 ). 

 How much time does secondary succession require?—  Even 
in the absence of immigrating new species, the expected cli-
mate changes are likely to elicit strong successional dynamics 

 Over what time scales do local populations build up?—  Over 
the short time frame of 50–200 yr, the life cycle length of plants 
will impose simple lags in local population build up. While 
some plants are annual and biennial, the majority are perennial, 
with many requiring one or more decades to reach maturity 
even under ideal growing conditions. Under typical fi eld condi-
tions, time to maturity may often be considerably extended due 
to abiotic stresses, herbivory, and competitive suppression. Ex-
emplifying this, the time required to reach the canopy for six 
nonpioneer tropical trees was estimated to be 34–59 yr at maxi-
mum growth rates, but 177–462 yr at median growth rates 
( Clark and Clark, 2001 ). Northern conifers typically reach re-
productive maturity in 15–40 yr, making lags in both migration 
and establishment inevitable ( Macdonald et al., 2008 ). 

 In situ dynamics may involve both expansions of recently 
arrived species and abundance changes among species long 
present. Concerning the former, there is evidence for sometimes 
long lag times between arrival and expansion, with expansion 
sometimes depending on disturbance of the already established 
vegetation. Pronounced lags, lasting multiple decades, between 
initial colonization and the onset of rapid population growth 
and range expansion are often seen in invasive exotic species 
( Sakai et al., 2001 ). These lags also occur locally. For example, 
 Acer platanoides  L. arrived in a ~800 ha forest area in the north-
ern United States in 1938, and experienced only slow popula-
tion expansion until 1965, after which it expanded more rapidly, 
but nevertheless still only occupied ~200 ha in 2002, >60 yr 
after arrival ( Wangen and Webster, 2006 ;  Fig. 7 ). Such lags are 
also seen under natural invasions, although their duration var-
ies. In southern Scandinavia, local expansion of northward-
migrating  Fagus sylvatica  was delayed for up to 1000 yr after 

 Fig. 6. Protracted spread of three invasive wetland plants along the St. Lawrence River in southern Quebec, assessed using herbarium records. The 
sites of fi rst collection are marked with a star and dated. The expansion of each species has continued across >100 yr after it was fi rst detected on the land-
scape. Figure adapted from  Delisle et al. (2003) .   
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saccharum  Marshall and  Pinus strobus  L.). Furthermore, they 
found that the successional dynamics in the simulation contin-
ued until the end of the simulation in 2000, indicating disequi-
librium dynamics continuing at least 150 yr after the cooling 
has stopped. 

 Disturbances may, however, also drive fast shifts in compo-
sition in some cases. At the northern limit for lodgepole pine 
( Pinus contorta ), local postfi re population expansion is so rapid 
that many stands appear to be switching from spruce to pine 
dominance after a single fi re event ( Johnstone and Chapin, 
2003 ). Such fast shifts will of course only occur for species 
adapted to exploit such severe disturbances and will be as sto-
chastic in space and time as the disturbances themselves. 

 Evolutionary adaptation —    Many species of plants show 
great within-species variation, with particular populations show-
ing adaptation to local conditions ( Linhart and Grant, 1996 ; 
 Joshi et al., 2001 ;  Davis et al., 2005 ;  Giménez-Benavides et al., 
2007 ;  De Frenne et al., 2011 ). With future fast climate change, 
such adaptations may become obsolete, causing less fi t indi-
viduals and more poorly performing local populations than 
expected from the species’ overall climatic niche and general 
ecological characteristics. This has been demonstrated in trans-
plant experiments across climate gradients (e.g.,  Davis et al., 
2005 ;  Giménez-Benavides et al., 2007 ;  De Frenne et al., 2011 ), 
sometimes with differing effects among populations across the 
species’ range ( Reich and Oleksyn, 2008 ). Evolutionary re-
sponses to the new conditions may occur, involving selection 

within established vegetation due to losses of sensitive species 
and changing competitive status. In his review of vegetation–
climate equilibrium,  Webb (1986)  suggested that such purely  in 
situ  dynamics (without the involvement of range extensions 
and soil development) require 50–80 yr to proceed roughly 2/3 
toward completion. Mechanistic forest tree community simula-
tion models also suggest that  in situ  successional dynamics may 
occur over protracted time periods. A model of oak-northern 
hardwoods forests in northeastern North America simulates 
successional trajectories lasting 500–1500 yr depending on the 
initial abundances of the various tree species ( Pacala et al., 
1996 ) ( Fig. 9 ).  The authors conclude that “the implication here 
is that second growth stands will be dominated by initial condi-
tions for periods exceeding the age of most forest stands in 
northeastern North America” (p. 23). 

 Linking such forest simulation models to paleoclimatic sim-
ulations also provides insights into the time scales for succes-
sional dynamics within established vegetation in response to 
past climatic fl uctuations. During the present and earlier inter-
glacials, there are several cases of short-term cooling events that 
elicited strong vegetation responses.  Campbell and McAndrews 
(1993)  assessed the response of a mixed northern temperate 
forest in southern Canada to the Little Ice Age cooling (2 ° C 
from 1200 to 1850), comparing the pollen record to the re-
sults of a forest simulator. They found the cooling to result 
in the near-loss of two of the three initially dominant species 
[ Fagus grandifolia  Ehrh. and  Tsuga canadensis  (L.) Carrière] 
and the resulting release of multiple other species (notably  Acer 

 Fig. 7. Spread of  Acer platanoides  L. on the small, forested Mackinac Island in Lake Huron, USA. Despite the island being largely covered by suitable 
habitat, the spread of this invasive tree species has been very limited, even 50 yr after introduction. Figure adapted from  Wangen and Webster (2006) .   
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 What is the time required for soil development?—  Soils are a 
key component of ecosystems, and their development is often 
ultimately controlled by climate ( Birkeland, 1999 ) but proxi-
mally controlled by vegetation. Thus, vegetation change may 
induce soil change (e.g.,  Miles, 1985 ), with potentially strong 
consequences for ecosystem properties such as vegetation 
structure, litter accumulation, carbon sequestration, and nutri-
ent cycling. For example, it is well known that many conifers 
may induce podsolization, as may certain broadleaved trees 
such as  Fagus sylvatica . Such edaphic change has been impli-
cated in sometimes driving vegetation dynamics during previ-
ous interglacials as well as during the Holocene (e.g.,  Andersen, 
1966 ;  Kuneš et al., 2011 ). Conversely, invasion by other broa-
dleaved trees may cause such conifer-generated podzolic soils 
to develop into brown-earth soils, as observed in Hungary in the 
early Holocene, with strong impacts not just on land, but also 
on local lake chemistry ( Willis et al., 1997 ). Importantly, vege-
tation-induced soil changes may require centuries or more for 
completion. Development of mature podzol soils requires at 
least 1000 yr, with early stages developing within 100–150 yr 

for particular trait states or for trait plasticity, thereby allowing 
performance to recover. Such evolutionary responses are likely 
to lag strongly in organisms with long generation times ( Aitken 
et al., 2008 ).  Davis et al. (2005)  concluded that local adapta-
tions evolve at time-scales of decades to within a century in 
herbs, but over 100s or 1000s of years in trees; hence, at least 
for the latter, evolutionary lags will be strong. Maladapted 
stressed local populations might simply not tolerate the novel 
climate conditions as well as populations that have had suffi -
cient time to adapt, leading to reduced performance or even 
local extinction under conditions the species would otherwise 
have tolerated. In addition, such stressed populations are likely 
to become less competitive relative to other species and more 
susceptible to attacks by pests and pathogens, as perhaps evi-
denced by recent drought- and warming-induced insect out-
breaks in many forests ( Allen et al., 2010 ). 

 Ecosystem development —    Leading-edge disequilibrium 
may not only arise in terms of species distributions and com-
position, but also in terms of ecosystem structure and func-
tioning. We consider the likelihood of disequilibrium dynamics 
in three key aspects of ecosystem development: soils, produc-
tivity and carbon sequestration, and vegetation-defi ned habi-
tat structure. 

 Fig. 8. Slow, large-scale migration rates in trees. Estimated probabil-
ity of colonization outside the current range of the eastern North American 
trees (A)  Liquidambar styracifl ua  L. and (B)  Diospyros virginiana  L. 100 yr 
after release from climatic limitation. The model only considers dispersal 
and habitat availability (forest cover). Overall expansions of the species 
are expected to be quite restricted. Figure modifi ed from  Iverson et al. 
(2004) .   

 Fig. 9. Slow successional dynamics in forest composition in eastern 
North American temperate forest predicted by the SORTIE model, given 
different initial conditions. In (A), all species started with low (25 m 2 ·ha −1 ) 
basal areas, except  Fraxinus americana  L., which had an area of 250 
m 2 ·ha −1 . In (B), only  Prunus serotina  Ehrh. started with higher abundance. 
Community composition remains sensitive to initial conditions for at least 
1000 yr. Figure adapted from  Pacala et al. (1996) .   
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shifts involved. For example, local expansion of lodgepole pine 
( Pinus contorta ) at its northern range limit at the expense of 
spruce ( Picea  spp.) is likely to lead to more frequent fi res, 
greater stand productivity, and lower soil carbon ( Johnstone 
and Chapin, 2003 ). 

 Is vegetation-defi ned habitat structure subject to disequilib-
rium dynamics?—  Many aspects of vegetation contribute habi-
tat for codependent species. Some species are associated with 
disturbance and early succession habitats ( Brawn et al., 2001 ), 
which may be expected to develop with relatively minor lags. 
In contrast, more species are associated with late successional 
vegetation (e.g.,  Tyrrell and Crow, 1994 ). Many groups of or-
ganisms include numerous old-growth dependent species. 
High-profi le examples include the northern spotted owl ( Carey 
et al., 1992 ) and the giant panda ( Zhang et al., 2011 ). Further, 
many species of insects and fungi are associated with old trees 
of particular species and thus depend on structures that may 
take 200 yr or more to develop (e.g.,  Ranius and Jansson, 2000 ). 
In addition, many herbivorous insects and mycorrhizal fungi 
are associated with specifi c species or small sets of species and 
thus require their presence; hence, lags in the dynamics of their 
hosts will also induce lags in the dynamics of these species even 
if they themselves have adequate dispersal ability, genera-
tion time etc. to track climate (e.g.,  Araújo and Luoto, 2007 ; 
 Schweiger et al., 2008 ;  Preston et al., 2008 ). A key component of 
habitat structure in woody vegetation is coarse woody debris. 
Woody vegetation causes the build-up of woody debris, with 
coarse woody debris being of high importance for the large 
deadwood-inhabiting component of biodiversity such as many 
beetles, fungi, and bryophytes ( Grove, 2002 ;  Ódor et al., 2006 ). 

( Miles, 1985 ), while the early Holocene podzol-to-brown-earth 
shift in Hungary took ~1000 yr ( Willis et al., 1997 ). As vegeta-
tion-induced soil change may induce shifts in vegetation, if 
conditions become unsuitable for resident species or change to 
suitable for potential immigrant species, lagged vegetation-in-
duced soil change may strongly add to disequilibrium condi-
tions at the 50–200 yr time scale of future climate change. 

 A number of studies provide empirical evidence that lags in 
soil development may contribute to multicentury delays in veg-
etation response to warming. For example, much of northern 
Eurasia has thick climate-dependent organic soils, which may 
impede a warming-driven advance of trees such as  Betula  spp. 
and  Pinus sylvestris  L. because these have very poor recruit-
ment on such soils ( Macdonald et al., 2008 ). 

 A special type of dynamic that involves edaphic lags is suc-
cession on surfaces previously devoid of vegetation or primary 
succession. Near-future climate change will induce primary 
succession in areas undergoing deglaciation. Contemporary 
studies show that primary succession after deglaciation typi-
cally requires at least several centuries to proceed to the late-
successional phase, with 200–300 yr required for soils to mature 
enough to allow trees to establish even in the absence of disper-
sal limitation ( Pennington, 1986 ). In the High Arctic, vascular 
plants may constitute only a minor component of the ground 
cover for the fi rst 100 yr ( Hodkinson et al., 2003 ). The paleore-
cord points to similar partially edaphic lags under past deglacia-
tions. One plausible case is the development of birch ( Betula 
pubescens ) forests in northwestern Europe after warming in the 
early late-glacial ( Paus, 1995 ). Here, edaphic lags have been 
implicated as a strong contributor to the 500–1000-yr lags be-
tween warming and birch forest development ( Pennington, 
1986 ;  Paus, 1995 ; also see  Birks and Birks, 2008  and earlier 
discussion in migration section). Edaphic lags may sometimes 
last for thousands of years. A recent study shows that postgla-
cial development of soils (soil depth) may explain 3000–6000-yr 
lags in spruce expansion [ Picea abies  (L.) H. Karst.] at high 
altitudes in central and western Switzerland after temperatures 
became suitable ( Henne et al., 2011 ). 

 Are productivity and carbon sequestration subject to dis-
equilibrium dynamics?—  An important ecosystem function is 
carbon sequestration, with potential consequences for the atmo-
sphere and the global climate system. Lags in vegetation devel-
opment may cause lags in carbon build-up in vegetation. 
Notably, a global analysis of temperate and boreal forests be-
tween 15 and 800 yr in age found that net ecosystem productiv-
ity (net carbon balance including soils) is usually positive, 
demonstrating that old-growth forest continue to accumulate 
carbon for centuries ( Luyssaert et al., 2008 ;  Fig. 10 ).   Hence, 
cumulative carbon sequestration in forests may increase for 
500 yr or more, implying strong lags where climate change causes 
forest successions to start or restart. Dieback of established 
trees due to climate change may cause strong reductions in bio-
mass and thus carbon storage. These may be of disequilibrium 
nature if succession will eventually restore biomass via abun-
dance increases in species that are better adapted to the new 
climate. Simulating the effect of the Little Ice Age cooling on a 
northern temperate forest,  Campbell and McAndrews (1993)  
found the cooling to result in disequilibrium species composi-
tion and a 30% loss of biomass primarily due to deaths of ma-
ture  Fagus grandifolia  trees, the precooling dominant. In some 
cases, complex shifts in productivity and carbon sequestration 
may occur, with lags at least as long as the species compositional 

 Fig. 10. Carbon accumulation in forests continues for hundreds of 
years. Net ecosystem productivity of temperate (green) and tropical (or-
ange) forests is shown, with positive values indicating forests that are car-
bon sinks, and negative values indicating carbon sources. The black line is 
a weighted mean within 15-observation moving windows, with the 95% 
confi dence interval of this mean shown as a gray area. The thin black lines 
show the 95% confi dence interval of individual observations. Figure modi-
fi ed from  Luyssaert et al. (2008)    
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recent drought-induced, massive mortality of various tree pop-
ulations around the world, including  Pinus edulis  Engelm. in 
the American Southwest (e.g.,  Allen et al., 2010 ;  Mueller et al., 
2005 ). Likewise, decadal-scale local extinction at the lower al-
titudinal limit of the long-lived alpine herb  Silene ciliata  Pourr. 
has been predicted due to drought-induced demographic im-
pacts including reduced longevity ( Giménez-Benavides et al., 
2011 ). The paleoecological record also provides insights on the 
time scales for climatically induced diebacks although resolu-
tion often does not allow assessment of the timing of complete 
extinction. Numerous paleobotanical studies provide evidence 
of sometimes rapid declines in response to climate variability, 
e.g., within the Holocene, but often total local extinction is not 
indicated (e.g.,  McGlone et al., 2000 ;  Beer and Tinner, 2008 ; 
 Koutsodendris et al., 2012 ). 

 Evolutionary adaptation —    While evolutionary lags may 
cause leading-edge disequilibrium, they can also lead to trail-
ing-edge disequilibrium when species are able to persist at a 
site longer than expected given shifting climatic conditions 
( Fig. 1 ). Predictions for future species distributions typically 
assume that future distributions will be constrained by the same 
climatic conditions as currently limit the species ( Pearson and 
Dawson, 2003 ). Alternatively, species may remain fixed in 
space while adapting to changing conditions, which may delay 
extinctions perhaps until superior competitors under the new 
climate immigrate. In such a case, expectations based on a spe-
cies’ original climate tolerances will give a misleading indica-
tion of its transient responses to changing climate. Though such 
adaptive responses are theoretically expected, empirical evidence 
for them is relatively scarce, especially evidence that unequivo-
cally attributes changes to adaptation rather than acclimation 
( Gienapp et al., 2008 ). Importantly, there is clearly also much 
conservatism in climatic tolerances and thus species distribu-
tions in many cases, even among drosophilids, despite their short 
generation times and high population sizes ( Kellermann et al., 
2012a ,  b ). Still, evidence is accumulating for both animals 
( Bradshaw and Holzapfel, 2006 ) and plants ( Woodward, 1990 ; 
 Franks et al., 2007 ) that local evolutionary responses to climate 
change can be important in some cases. 

 Delayed losses of ecosystem structural components —    As al-
ready discussed, remnant populations may delay losses of struc-
tural components, e.g., carbon losses. In addition, it is conceivable 
that structural features such as soils or coarse woody debris that 
have developed under certain vegetation conditions may remain 
for some time after this vegetation has disappeared. To our 
knowledge, such lags in structural losses, e.g., after climate-
driven forest losses, have received little attention. 

 DISEQUILIBRIUM DYNAMICS DRIVEN BY 
 OTHER GLOBAL-CHANGE FACTORS 

 Are nonclimatic global-change factors likely to interact with 
climate change to exacerbate future disequilibrium dynamics? 
Much evidence suggest that the answer is yes, with several 
global-change factors likely to contribute to vegetation disequi-
librium under future climate change, either by interaction with 
climate change or independently. These include biological in-
vasions (notably the arrival of novel competitors, pests, and 
pathogens), habitat loss and fragmentation effects, as well as 
changes in disturbance regimes, nitrogen deposition, and other 

Build-up of coarse woody debris is decidedly time-lagged 
where woody vegetation is newly established (e.g.,  Tyrrell and 
Crow, 1994 ;  Dewalt et al., 2003 ). 

 CLIMATE-DRIVEN PROCESSES CAUSING 
 TRAILING-EDGE DISQUILIBRIUM 

 What is the empirical evidence for the different processes 
that may be driving disequilibrium dynamics at the trailing 
edge? To answer this question, we consider two factors that 
may delay local extinction: longevity and clonality, and evolu-
tionary adaptation, as well as the potential for delayed losses of 
ecosystem structural components. 

 Longevity and clonality —    Many plant species have very 
long-lived individuals. Numerous tree species and other woody 
plants commonly attain ages of several hundred years, and 
many even attain ages of a 1000 yr or more (e.g.,  Larson et al., 
1999 ;  Lanner, 2002 ;  Laurance et al., 2004 ). Individuals of some 
herbaceous species live for decades or even >100 yr (e.g.,  Inghe 
and Tamm, 1985 ;  García et al., 2008 ). Further, many herba-
ceous as well as woody plants are clonal, allowing genets to 
persist essentially indefi nitely. Genetic evidence shows that saw 
palmetto [ Serenoa repens  (W. Bartram) Small]—an important 
shrub-layer plant in southeastern North American ecosystems—
predominantly propagates clonally and that 10 000-yr-old gen-
ets may be common ( Takahashi et al., 2011 ). Further, genetic 
and paleobotanical evidence suggests that the clonal Tasmanian 
shrub  Lomatia tasmanica  W. M. Curtis is a single genet that has 
persisted for >40 000 yr ( Lynch et al., 1998 ). As a result, many 
long-lived plants and especially those with clonal propagation 
are able to build so-called remnant populations, i.e., popula-
tions that only decline very slowly over decades, centuries, or 
even longer after conditions have become unfavorable for re-
cruitment ( Eriksson, 1996 ). 

 A number of temperate plant species in the Mediterranean 
have population structures that are dominated by adults and se-
nescent individuals, with poor seedling recruitment due to 
drought stress, and are apparently remnant populations from 
more-humid, past periods (e.g.,  García et al., 1999 ;  Mejías et al., 
2002 ). More generally, several studies have shown that lon-
gevity buffers plant species against extinction due to temporal 
fl uctuations in population size, such as those induced by cli-
mate ( García et al., 2008 ;  Morris et al., 2008 ). Hence, longevity 
and clonality will most likely cause strong lags in vegetation 
adjustment to climate change over the next 50–200 yr via slow 
local extinction, by allowing some species to persist despite 
conditions having become so unfavorable that the species can-
not complete its life cycle anymore. Remnant populations thus 
may increase community and ecosystem resilience to climate 
change by delaying extinction of the species concerned as well 
as by providing a persistent habitat for codependent species, 
enhancing colonization of other species dependent on estab-
lished vegetation, and reducing variation in biogeochemical 
cycling ( Eriksson, 2000 ), e.g., including carbon storage. How-
ever, remnant populations might also reduce colonization of 
potential immigrant species via competition ( Urban et al., 2012 ), 
thereby contributing to leading-edge disequilibrium dynamics 
in other species ( Fig. 1 ). 

 Such long lags will not buffer all species at all localities 
against rapid local extinctions. Thresholds may be passed where 
even established individuals quickly die off, as exemplifi ed by 



14 AMERICAN JOURNAL OF BOTANY [Vol. 100

in various tropical rain forest areas;  Chazdon, 2003 ;  Svenning 
et al., 2004 ) and are likely to strongly affect transient vegetation 
responses to climate change, retarding or accelerating responses 
depending on timing. 

 REPRESENTATION OF DISEQUILIBRIUM DYNAMICS 
IN  CLIMATE-CHANGE IMPACT MODELING 

 Disequilibrium dynamics present a challenge for predictive 
modeling, which must be addressed by improved modeling 
approaches. In this section, we discuss several modeling ap-
proaches that hold promise for representing disequilibrium. 
Static, physiology-based, vegetation-type models (e.g.,  Prentice 
et al., 1992 ) as well as the commonly used statistical correlative 
models of species distributions (e.g.,  Dormann et al., 2012 ) do 
not generally represent transient dynamics, but rather forecast 
equilibrium conditions. The most common way to represent 
disequilibrium dynamics in forecasts based on statistical, cor-
relative models is to implement so-called full- and no-dispersal 
scenarios (e.g.,  Skov and Svenning, 2004 ;  Thuiller et al., 2005 ), 
in which full-dispersal scenarios assume that species can spread 
at unlimited rates to all suitable sites at a given time (obtain full 
equilibrium with climate instantaneously) and no-dispersal sce-
narios assume such strong dispersal limitation that the species 
will not spread beyond currently occupied sites. It is, of course, 
also possible to implement intermediate assumptions about po-
tential spreading distances, and this offers a simple and promis-
ing approach to better represent disequilibrium dynamics in 
such modeling. 

 There are a number of forecasting models that represent 
population and community dynamics and/or dispersal to vari-
ous extents ( Dormann et al., 2012 ). These include dynamic 

pollution. Given the predicted global and regional increases in 
human population densities and resource use, all of these ef-
fects are likely to increase over the next century (e.g.,  Sala 
et al., 2000 ). These effects represent disequilibrium dynamics 
by causing directional species declines despite a suitable cli-
mate and may directly affect or even elicit climate-driven dis-
equilibrium dynamics. 

 Globalized trade and travel has led to increasing problems with 
exotic pests and pathogens, sometimes causing massive declines 
in certain native tree species such as the classical case of the 
American chestnut [ Castanea dentata  (Marshall) Borkh.] and the 
recent hemlock ( Tsuga canadensis ) decline ( Fig. 11 ),   both of 
which have important effects on community structure ( Castello 
and Leopold, 1995 ;  Orwig, 2002 ;  Stadler et al., 2005 ). These dy-
namics may involve shifts in the realized climate niche (e.g., 
 Paradis et al., 2008 ;  Dukes et al., 2009 ;  Fig. 11 ) as well as com-
plex ecological and evolutionary interactions between hosts and 
pests and pathogens (e.g.,  Brasier, 2001 ). Invasive plants may 
cause similar disequilibrium dynamics on their own, given their 
dispersal-limited spread, which often last decades or centuries 
even for successful invasives, and via their interaction with resi-
dent species (cf. earlier discussion). These migration dynamics 
will themselves be infl uenced by future climate change (e.g., 
 Walther, 2000 ;  Paradis et al., 2008 ;  Dukes et al., 2009 ;  Fig. 11 ). 

 The growing human population and the associated increases 
in land-use intensity and habitat loss and fragmentation are also 
likely to drive disequilibrium dynamics. Notably, fragmentation 
may strongly slow migration rates for many species ( Collingham 
and Huntley, 2000 ;  Honnay et al., 2002 ;  McInerny et al., 2007 ), 
which may increase lags in climate responses (see earlier dis-
cussion). Furthermore, successional dynamics after disturbance 
may affect species distributions and vegetation structure on 
landscape scales for hundreds of years (e.g., as has been found 

 Fig. 11. The distribution of eastern hemlock ( Tsuga canadensis,  hatched area) and temperature tolerances of the invasive pest insect, the hemlock 
woolly adelgid ( Adelges tsugae ). Currently, the hemlock woolly adelgid is limited to areas with a minimum winter temperature above −28.8 ° C (white), 
where it has been expanding since the late 1960s, driving massive declines in hemlock that may eventually lead to its extinction in these areas. Under the 
A2 emissions scenario, the −28.8 ° C minimum temperature isocline is expected to advance substantially northward by 2070 (gray region), likely leading to 
hemlock declines across this region as well. Figure modifi ed from  Dukes et al. (2009) .   
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habitat. Similar issues need to be considered when forecasting 
disequilibrium dynamics. One of the more robust results might 
be lower limits on the time required for various dynamics, e.g., 
from immigration of a species to when it has reached its carry-
ing capacity at a site. 

 REPRESENTATION OF DISEQUILIBRIUM 
DYNAMICS IN EXPERIMENTAL CLIMATE CHANGE 

MANIPULATIONS 

 Another key method for improving our understanding of 
vegetation responses to climate change is via experiments. 
While not generally a focus of experimental studies, these often 
suggest disequilibrium dynamics as the likely outcome of cli-
mate change, with time lags and transient effects evident in the 
responses of plant communities and ecosystems to experimen-
tal climate change and atmospheric CO 2  manipulations (e.g., 
 Chapin et al., 1995 ;  Arft et al., 1999 ;  Shaver et al., 2000 ;  Rustad, 
2006 ;  Souza et al., 2010 ;  Norby and Zak, 2011 ). Following ex-
perimental warming, for example, transient increases or de-
creases in net ecosystem uptake of carbon are common, with 
some systems switching from carbon sinks to carbon sources as 
treatment effects develop ( Shaver et al., 2000 ). Shifts in the 
magnitude and sign of responses occur because the different 
mechanisms of change take different amounts of time to act—
for example, changes driven by a direct effect of temperature on 
decomposition rates can be quite rapid, while changes due to 
turnover in species composition are likely to be much slower 
( Fig. 12 ).   Critically, different mechanisms do not necessarily 
drive ecosystem responses in the same directions, potentially 
resulting in complex transient dynamics ( Shaver et al., 2000 ). 
For example, changes in tundra community composition fol-
lowing experimental warming showed short-term (up to 3 yr) 
dynamics that matched neither dynamics after 9 yr, nor vegeta-
tion change along natural gradients ( Chapin et al., 1995 ). These 
complexities not only pertain to warming, but also to other 
changes in climate and in atmospheric CO 2 . Results from free-
air CO 2  enrichment (FACE) experiments indicate that CO 2  en-
richment may induce long-term changes in vegetation dynamics 
and community composition ( Norby and Zak, 2011 ), e.g., an 
ongoing increase in forest understory woody plant biomass that 
may eventually affect future overstory species composition ( Souza 
et al., 2010 ). Further, plant community composition shows strongly 
lagged responses to experimental precipitation increases ( Sandel 
et al., 2010 ). Experimentally watered communities shifted toward 
compositions of species with high leaf nitrogen concentration, 
small seeds, and short-lived leaves. These changes in composi-
tion are opposite to that observed along natural precipitation 
gradients. Further, there is evidence for transient responses of 
vegetation to natural variation in precipitation that are opposite 
to the expected long-term effect ( Sandel et al., 2010 ). Even 15 yr 
of precipitation manipulation were not enough to reverse these 
transient changes in community composition, which likely re-
fl ect rapid responses of weedy species to high resource availabil-
ity, but very slow conversion of the community from grassland 
to woody vegetation, as is expected over the long term. Another 
example from a watering study comes from  Suttle et al. (2007) , 
who showed that initial responses of the plant community (fi rst 
2 yr) were driven by responses of each species to greater water 
availability, while modifi ed interactions among species and an 
altered food web dominated changes in the next 3 yr, overturn-
ing initial community responses. 

global vegetation models (DGVMs), which extend equilibrium 
biome models to include dynamic physiological and popula-
tion processes, thus more directly representing transient dynam-
ics including disturbance and succession (e.g.,  Woodward and 
Beerling, 1997 ;  Foley et al., 2000 ;  Cramer et al., 2001 ). There 
are also forest simulation models that represent tree population 
dynamics and gap-phase dynamics ( Botkin et al., 1972 ;  Pacala 
et al., 1996 ), which are typically developed for specifi c local 
forest systems, but are now also developed as more generalized 
models by combination with DGVM methodology ( Hickler 
et al., 2004 ). These are generally parameter-rich simulation 
models calibrated for small sets of species and represent succes-
sional dynamics especially well, but often do not include dis-
persal beyond local communities. Hybrid species distribution 
models, where statistical estimation of habitat suitability is 
combined with mechanistic modeling of population dynamic 
and/or dispersal processes ( Dormann et al., 2012 ), allow the 
representation of transient dynamics. As these models are often 
less parameter-rich (beyond those estimated statistically from 
distribution data), they are more easily applied to large numbers 
of species and less-studied species and ecosystems. Exemplify-
ing this, a recent such hybrid model forecast range dynamics of 
150 high-mountain plant species across the European Alps from 
2010 to 2100 under a standard warming scenario, simulating 
both demography and seed dispersal ( Dullinger et al., 2012 ). 
This model predicts that across all species an average of 40% of 
the occupied range in year 2100 will have become climatically 
unsuitable, creating an extinction lag in which populations de-
terministically will decline to extinction during the subsequent 
decades or for some populations several centuries ( Dullinger et al., 
2012 ). At the same time, the model simulates strong dispersal 
limitation with an average across species of 20–40% of suitable 
sites being unoccupied by year 2100 ( Dullinger et al., 2012 ). 

 Lags in vegetation responses have only to a limited extent 
been integrated into predictive modeling of other species, de-
spite the ecological importance of plants, e.g., as ecosystem 
engineers ( Jones et al., 1994 ). Exemplifying the potential im-
pact of vegetation lags on codependent species,  Kissling et al. 
(2010)  forecast statistical models of bird species richness across 
Kenya as a function of climate, topography, and woody-plant 
species richness under a range of climate-change scenarios, 
modeling either instantaneous climate-tracking in woody-plant 
species richness or no tracking. Bird species richness is pre-
dicted to increase in most areas when the woody plant response 
is instantaneous, but to decline across the country when the re-
sponse is strongly lagged ( Kissling et al., 2010 ). 

 Currently, there is a strong trend toward better representa-
tion of processes and dynamics in forecasting models (e.g., 
 Dormann et al., 2012 ), and so disequilibrium dynamics can be 
expected to be increasingly represented. However, this will often 
come at a cost of increasing model complexity and hence will 
invoke the classical trade-off between complexity and robust-
ness. Many complex and interacting processes may be involved 
in disequilibrium dynamics, which may make them hard to pre-
dict, especially as some factors such as the introduction of novel 
exotic pests may be essentially stochastic. Hence, accurate spa-
tiotemporal predictions may be hard to achieve. Nevertheless, 
better representation of disequilibrium dynamics will increase 
general ecological realism and thereby provide an improved 
basis for conservation planning, if interpreted with the uncertain-
ties in mind.  Schwartz (2012)  argues that statistical species dis-
tribution models tend to overestimate extinction risks and 
should mainly be used for forecasting new areas of suitable 
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and Skov, 2004 ;  Payette, 2007 ;  Normand et al., 2011 ), neutral 
dynamics ( Hubbell, 2001 ), stochastic large disturbance events 
( Pickett and White, 1985 ;  Peterken, 1996 ;  Mori, 2011 ), and natu-
ral decadal- to millennial-scale climate variability ( Campbell 
and McAndrews, 1993 ). In his well-cited contribution to the 
debate over vegetation equilibrium with climate in the paleo-
ecological literature,  Webb (1986)  concluded that changes in 
vegetation would occur rapidly enough to maintain equilib-
rium with climate.  Webb (1986)  based his conclusion on time 
scales of 1000 yr or more and noted that response processes 
would generally be too slow to allow vegetation to equilibrate 
with climate on a 100-yr time scale, the relevant time-scale 
when considering vegetation responses to the expected climate 
changes over the next 50–200 yr. Our review confi rms the latter 
point, indicating that the strong climate changes expected over 
this time period are likely to induce marked disequilibrium with 
climate in many aspects of vegetation conditions and at both 
leading and trailing edges, with leading-edge disequilibrium 
dynamics due to migrational lags at continental to landscape 
scales, and lags in local population build-up and succession, in 
local evolutionary responses, and in ecosystem development, 
and trailing-edge disequilibrium dynamics involving delayed 
extinctions due to longevity, clonality, and evolutionary adap-
tation, and delayed ecosystem structural losses. Interactions 
with other global change factors such as habitat loss and frag-
mentation as well as invasive pests and pathogens will further 
exacerbate these disequilibrium dynamics. While all of these 
disequilibrium dynamics are likely to become of wide impor-
tance over the next 50–200 yr, the evidence base is particularly 
broad and strong for lags in migration, local population build-up 
and succession, and ecosystem development. 

 The likely pervasiveness and complexity of vegetation dis-
equilibrium with climate is a major challenge for forecasting 
future ecological dynamics and conditions and combined with 
the high ecological importance of vegetation also constitutes a 
major challenge for future nature conservation. This broad issue 
is well encapsulated in the assisted migration debate ( Barlow 
and Martin, 2005 ;  McLachlan et al., 2007 ;  Hoegh-Guldberg 
et al., 2008 ). On one hand, assisted migration may strongly re-
duce migrational lags, helping to avoid extinction and genetic 
diversity losses in assisted species, and may benefi t other spe-
cies and ecosystem functioning by reducing lags in the estab-
lishment of foundation species, e.g., white-bark pine ( Pinus 
albicaulis  Engelm.;  McLane and Aitken, 2012 ). On the other 
hand, it may in some cases also hasten local extinction of resi-
dent species maladapted to the changed climate, even if these 
otherwise might be able to adapt to the new conditions given 
time (cf.  Ackerly, 2003 ). A better understanding of transient 
vegetation dynamics in response to climate change will be needed 
for optimizing management responses to the increasing climate-
change induced dynamics and disequilibrium conditions ex-
pected for the next 50–200 yr and beyond. 

 A research agenda on vegetation disequilibrium dynamics un-
der climate change should include more research outside of North 
America and Europe. These areas are well studied, so that our 
world view is shaped mainly by processes there. Because they 
were also strongly subject to Pleistocene glaciations, their biota 
may respond to climate change differently from biota in more 
stable regions ( Dynesius and Jansson, 2000 ;  Sandel et al., 2011 ). 
In addition, they hold only a small fraction of the world’s plant 
species and do not represent all of the world’s vegetation types. 
In particular, we need more insight into tropical responses 
( Svenning and Condit, 2008 ). We also need a better understanding 

 Together, experimental results provide an important line of 
evidence for disequilibrium responses of plant communities to 
climate change, over time scales of at least decades. Further-
more, compositional shifts and other vegetation changes within 
sites are often not simple and monotonic through time, but re-
fl ect complex transient dynamics. Climate-change manipula-
tion experiments could be designed to better shed light on 
short- as well as long-term outcomes by taking disequilibrium 
dynamics and the underlying mechanism into account (cf.  Fig. 12 ), 
e.g., with seed introductions ( Turnbull et al., 2000 ) to simulate 
expected longer-term immigration of warmth- or drought adapted 
species. 

 SYNTHESIS AND OUTLOOK 

 Ecology and conservation biology are increasingly empha-
sizing disequilibrium concepts and perspectives (e.g.,  Hubbell, 
2001 ;  Gillson and Willis, 2004 ;  Mori, 2011 ), notably recogniz-
ing a key role for disturbances in ecosystems ( Pickett and 
White, 1985 ;  Mori, 2011 ). Still, disturbances are often seen as 
periodic factors that contribute to maintaining steady state 
( Mori, 2011 ). Our review underscores the need for more radi-
cally embracing disequilibrium perspectives when considering 
vegetation dynamics over the next 50–200 yr. At this time scale, 
lagged vegetation responses to the expected strong climate 
shifts ( IPCC, 2007 ) will cause ecosystems to behave as none-
quilibrating dynamic systems even more than they would other-
wise have done due to postglacial migrational lags ( Svenning 

 Fig. 12. The functioning of a plant community may be summarized by 
the mean value of a functional trait across all species in that community. A 
hypothetical community shows fl uctuation in this value through time 
around some equilibrium, until a climate change disturbs the community 
away from this equilibrium. While the long-term consequence of this dis-
turbance is an increase in the trait mean, the initial response of the com-
munity may be toward lower trait means. This can occur if the community 
change occurs in two phases, the fi rst of which is driven by in situ changes 
in relative abundance, and the second of which is driven by time-lagged 
immigration of new species. Experimental studies of community response 
to climate change have suggested that these two phases may sometimes 
show differing and even opposite responses.   
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  D. A.     HODELL   ,    J.     ESCOBAR   , AND    T.     GUILDERSON  .  2012 .   Rapid climate 
change and no-analog vegetation in lowland Central America during 
the last 86,000 years.    Quaternary Science Reviews    38 :  63 – 75 .   

    COWLING   ,    S. A.   ,    M. T.     SYKES   , AND    R. H. W.     BRADSHAW  .  2001 .   Palaeovege-
ta tion-model comparisons, climate change and tree succession 

of trailing- and leading-edge disequilibrium dynamics due to adap-
tive evolutionary responses and lags therein, as the scope and 
time-scales for such responses are poorly understood. A crucial 
aspect that needs much more focus is how important vegetation 
disequilibrium dynamics are for ecosystem structure and pro-
cesses, e.g., for key aspects such as carbon sequestration and 
vegetation as habitat structure for other organisms. Predictive 
vegetation modeling needs to further improve the representation 
of disequilibrium dynamics and the factors that may cause it. Pre-
dictive modeling of the response of other organism groups to cli-
mate change furthermore often focuses purely on climate, but 
should represent or at least consider vegetation and its dynamics 
in the many cases where species depend on vegetation-related 
habitat structure. At the same time, modeling development should 
also keep focus on the trade-off between model complexity and 
model robustness and also carefully consider where stochasticity 
and ecological complexity may fundamentally limit what can be 
predicted (e.g.,  Dukes et al., 2009 ), e.g., for how fi ne spatial and 
temporal grains are robust predictions possible? We emphasize 
again that one of the more solid results from modeling is proba-
bly the estimate of the minimum time required for various dy-
namics, e.g., from the time that the species immigrated to when it 
reaches its carrying capacity at a site. 
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