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Abstract 12 
During the Anthropocene and other eras of rapidly changing climates, rates of change of 13 
ecological systems can be described as fast, slow, or abrupt.  Fast ecological responses closely 14 
track climate change, slow responses substantively lag climate forcing, causing disequilibria and 15 
reduced fitness, and abrupt responses are characterized by non-linear, threshold-type responses at 16 
rates that are large relative to background variability and forcing. All three kinds of climate-17 
driven ecological dynamics are well documented in contemporary studies, paleoecology, and 18 
invasion biology.  This fast/slow/abrupt conceptual framework helps unify a bifurcated climate-19 
change literature, which tends to separately consider the ecological risks posed by slow or abrupt 20 
ecological dynamics.  Given the prospect of on-going climate change for the next several 21 
decades to centuries of the Anthropocene and wide variations in ecological rates of change, the 22 
theory and practice of managing ecological systems should shift attention from target states to 23 
target rates.  A rates-focused framework broadens the strategic menu for managers to include 24 
options to both slow and accelerate ecological rates of change, seeks to reduce mismatch among 25 
climate and ecological rates of change, and provides a unified conceptual framework for tackling 26 
the distinct risks associated with fast, slow, and abrupt ecological rates of change.   27 
 28 
Introduction 29 
The defining characteristic of the Anthropocene is the pervasive and accelerating rates of change 30 
across all components of the Earth System and its interlinked social, physical, and ecological 31 
subsystems1-3.  From a geological perspective, the Anthropocene is perhaps best akin to a 32 
transitory perturbation, such as the Paleocene-Eocene Thermal Maximum and other 33 
hypsithermals4, in which the Earth system is responding to a cascading series of anthropogenic 34 
forcings that are growing in kind, scope, and intensity. Ultimately, the Earth will establish a new 35 
post-Anthropocene system state, 103 to 104 years after all geological reservoirs of organic carbon 36 
are depleted or tabooed5-7.  However, from a human perspective, we are now tasked with 37 
managing an Earth that is changing rapidly, at rates of change unprecedented in most of human 38 
history, at timescales spanning several human generations, towards system states without 39 
historical precedent8.   40 

Hence, the theory and practice of managing ecological systems in the fast-changing 41 
Anthropocene should shift from a focus on managing desired states to one focused on managing 42 
on-going rates of change.  Traditional conceptual frameworks for managing ecological systems, 43 
such as restoration or resilience, often carry implicit assumptions of stable baseline states and 44 
goals of restoring ecological systems to historic or pre-baseline states.  These frameworks are 45 
being discarded, in favor of new, more open-ended approaches such as ecosystem renovation, 46 



2 
 

rewilding, and directed and autonomous management strategies 9-13.  Here, we suggest that 47 
biospheric management strategies can be distilled to the challenge of jointly managing 48 
environmental and ecoevolutionary rates of change14.  We must reduce or mitigate rates of 49 
damaging climate and ecological change, increase rates of ecoevolutionary adaptation, and 50 
minimize the risk of catastrophic abrupt ecological change.   51 

Given high rates of climate change, three distinct kinds of climate-driven ecological 52 
dynamics are possible: fast, slow, and abrupt (Box 1).  In fast responses (Box Fig. 1A), species 53 
respond quickly and approximately linearly to climate change, thereby maintaining a dynamic 54 
equilibrium with their environment3,15, in ways adaptive for the species concerned, but with 55 
negative or positive ripple effects on other ecological system components.  In slow responses 56 
(Box Fig. 1B), rates of change in ecological systems are substantively slower than their 57 
environmental forcing, leading to ecological disequilibrium16,17 or debt18,19, thereby lowering 58 
evolutionary fitness as mismatch increases between organisms' optimal and actual 59 
environments20-22.  In abrupt responses (Box Figs 1C,D), ecological systems respond rapidly and 60 
often unexpectedly to environmental forcing23-25, due to a variety of non-linear mechanisms26-30, 61 
with transformative and perhaps catastrophic consequences31.   62 

However, analyses of the ecological risks posed by climate change has fragmented into at 63 
least two distinct sub-literatures: one emphasizing the risks posed by slow ecological responses, 64 
disequilibrium, and debt18,32, and the other focusing on abrupt change, regime shifts, tipping 65 
points, and tipping elements26,27,31,33.  This bifurcation creates strategic confusion and conflicting 66 
guidance, because each risk, when considered alone, incompletely informs decisions about 67 
appropriate climate adaptation strategies.   68 

We first establish a unified conceptual framework for understanding and managing 69 
climate-driven ecological rates of change by defining and distinguishing fast, slow, and abrupt 70 
ecological change (Box 1). We then demonstrate strong evidence for each, via a synthetic 71 
literature review that focuses primarily but not exclusively on macro-scale species- to 72 
community-level vegetation dynamics. This synthesis draws upon a broad range of studies of 73 
contemporary climate-driven species range shifts and community dynamics, past climate-driven 74 
dynamics and their legacies, and the expansion of non-native species into new regions.  This 75 
review spans a wide range of timescales, while centering on timescales of 50-200 years17, 76 
because over the 21st century management decisions will be complicated by the ecological 77 
legacies of recent climate changes, the expected further intensification of these climate changes 78 
over the coming decades, and the wide range of relevant ecological processes (Fig. 1).  We argue 79 
that shifting from state-centered to rates-centered approaches for ecological management carries 80 
several major advantages: a more realistic foundation for pro-active and pragmatic management 81 
in an ever-changing Anthropocene, a broader strategic menu of options to slow or accelerate 82 
ecological rates of change, and a unified framework for understanding and addressing the distinct 83 
risks posed by fast, slow, and abrupt ecological change. 84 
 85 
Fast Climate-Driven Ecological Dynamics 86 
Multiple lines of evidence support fast responses of species abundances and communities to 87 
changing climates at timescales of years to decades.  These include the study of contemporary 88 
species range shifts and community dynamics, high-resolution paleoecological records of past 89 
community dynamics, and the introduction and expansion of non-native species into new 90 
environments.  These studies suggest several rules of thumb about the processes and 91 
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characteristics of ecological systems, including human intervention, that enable fast ecological 92 
responses (Fig. 2). 93 

Ecological systems are responding now to the sustained anthropogenic warming 94 
underway since at least the 1970s34, with detectable changes in e.g. species ranges and 95 
composition3,35, phenology36,37, and vegetation productivity38 that all appear to be fast responses 96 
to recent temperature rises.  Marine species ranges are moving poleward at average rates of 72 97 
km per decade35. Plant species ranges are moving at rates of 17.6 ±2.9 km per decade northwards 98 
and 11±1.8m per decade upslope39.  In the Alps, the upslope rate of plant range centroids in 99 
mature forests is 29.4±10.9m per decade40.  Increases in Alpine plant species richness have 100 
closely tracked 20th and 21st-century warming, with no discernable local time lag3.  Cultivar tree 101 
species transplanted poleward of their historic ranges are establishing self-reproducing 102 
unmanaged populations41.  Rates of community turnover have increased during the last century, 103 
across a wide range of biomes and taxa42,43.  The timing of phenological events in the Northern 104 
Hemisphere is shifting by 2.8 days per decade44.  Avian populations significantly decline in 105 
abundance and richness after individual heatwaves, indicating high sensitivity and fast responses 106 
to thermal environment45. 107 
 Determining whether observed ecological trends truly represent fast responses to climate 108 
change can be difficult, because ecological systems respond to many anthropogenic factors46,47.  109 
‘Fast’ versus ‘slow’ responses are easiest to detect when rates of climate change are high, 110 
because the rate differential between fast- and slow-responding ecological systems will be 111 
highest.  However, species respond to multiple climate variables, each changing at different rates 112 
and directions48, which can challenge determination of whether an ecological response is fast or 113 
slow.  Studies that rely only upon temperature indices tend to underestimate expected rates of 114 
ecological change49 and the individualism of climate-driven species-level dynamics50. 115 

Good examples of fast ecological dynamics come from high-resolution paleoecological 116 
and paleoclimatic records, because many past climate events were abrupt even by contemporary 117 
standards (Fig. 1b)14,51,52, enough time has elapsed for ecological responses to emerge fully, and 118 
attribution to climate forcing is simplified by a smaller human footprint.  Rates of temperature 119 
and climate change during the last deglaciation in Greenland and regions around the North 120 
Atlantic were remarkable (Fig. 1b), with e.g. 9 to 14°C warming in Greenland in 1-3 years at the 121 
start of the Bølling period, ca. 14,700 years ago53,54, and 8-12°C  warming in Greenland and 3°C 122 
warming within a few years to decades in northern Europe at the start of the Holocene, 11,700 123 
years ago53,54. 124 

The large vegetation changes observed during the last deglaciation are hypothesized to 125 
have been caused by a combination of fast and slow (next section) ecological responses, with fast 126 
local changes in species abundances and community turnover (years to decades) and, for many 127 
species, slower migrational responses (centuries to millennia).  Much of the complex 128 
individualistic species and community dynamics observed during the last deglaciation can be 129 
explained as fast responses to multidimensional climate change, combined with unique 130 
Hutchinsonian species niches15,55.  This hypothesis is supported by early species distribution 131 
models, in which climatic response surfaces were used to predict past climates and the 132 
distributions of other species, with high predictive success56.  Continental-scale maps of fossil-133 
pollen distributions in Europe indicate distribution shifts at least 4 to 10 km per decade57, while 134 
in eastern North America, biotic velocities were as fast as climate velocities, at the mapped 135 
resolution of 500 to 1000 years58.  For high-resolution and well-dated fossil pollen records that 136 
are co-located with independent paleoclimatic proxies, the lag between rapid temperature forcing 137 
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and initial changes in local plant abundances is often <100 years59 and as short as 0 to 20 years60.  138 
The wide use of micropaleontological data to infer past climates relies on the assumption of 139 
dynamic equilibrium between species abundances and their environment at the relevant 140 
timescale15,61. Aquatic and terrestrial communities show similarly fast annual- to decadal-scale 141 
changes in species abundance and community turnover to rapid climate forcing, irrespective of 142 
organismal lifespan, although immigration was delayed by centuries for some tree species 62,63.  143 
Eco-evolutionary models also predict that changes in abundance are faster than changes in 144 
range64, consistent with the fossil record.   145 

In invasion biology, species with large ranges, high dispersal capacity, and broad climate 146 
niches in their native ranges can fill unaided their climate niches in new continents on a 147 
timescale of a few decades65,66.  In population biology, juveniles often are the most sensitive to 148 
environmental fluctuations67, allowing fast population responses to environmental change 149 
through quick shifts in rates of juvenile recruitment and mortality68-70.  Climate-driven mortality 150 
rates can be accelerated by intensified disturbance regimes71 and amplified by biotic feedbacks, 151 
e.g. pest or pathogen outbreaks72 or collapse of mutualistic relationships73.   152 

From these contemporary, paleoecological, and invasion-biology studies, several useful 153 
rules of thumb emerge about the processes enabling fast ecological dynamics (Fig. 2).  First, high 154 
topographic and habitat heterogeneity enables fast ecological adaptation by placing various 155 
microclimates in close proximity, enabling species to quickly move among nearby microclimates 156 
(Fig. 2A), or, in mountainous regions, move upslope (Fig. 2B).  Much of the best evidence for 157 
fast distributional responses comes from mountains3,40,74.  Second, demography affects climate 158 
sensitivity and response time (Fig. 2D), with juveniles often more susceptible to climate extreme 159 
events 68.  Third, body size also matters; among plants, woody trees may be more sensitive to 160 
macroclimate variation, while herbaceous plants may be more sensitive to microclimates and 161 
more able to persist in local microrefugia despite large macroclimatic changes75.  Similarly, 162 
among terrestrial vertebrates, larger animals may be more exposed to macroclimate variations 163 
and have higher dispersal capability, enabling fast responses76.  Fourth, species with fewer 164 
dependencies on facilitative interactions may be able to respond more quickly than species with 165 
more obligate interactions (Fig. 2F)77.   166 

Fifth, human agency, whether intentional or accidental, can vastly increase rates of 167 
ecological responses to climate change (Fig. 2C).  Naturalistic reforestation and corridors 168 
facilitate the movement of species among microhabitats and protected areas.  Managed 169 
relocation (also known as assisted migration or assisted colonization) of at-risk species can 170 
accelerate adaptive range shifts by species78,79.  Cultivars in nurseries often are 102-103 km north 171 
of their historic range limit80, with cultivars in gardens often now establishing self-reproducing 172 
populations outside their historic range.  Magnolia tripetela is now growing in New England 173 
forests, well north of its historic northern range limit, following horticultural introduction in the 174 
19th century41.  In Europe, Castanea sativa, Juglans regia, and other tree species have all 175 
established naturalized populations north of their historic ranges81.  176 
 177 
Slow Dynamics, Disequilibria, Debt, and Mismatch 178 
Conversely, because many ecological processes operate at timescales slower than current rates of 179 
climate forcing, many species and ecosystems are now in climatic disequilibrium.  The 180 
evolutionary fitness of individual species decreases as mismatch increases between their optimal 181 
environments and those that they occupy22.  Related concepts include climate debt18,32; tolerance 182 
niches82, in which species temporarily persist in climates outside their fundamental niche; 183 
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evolutionary or extinction debt, in which biodiversity losses caused by climate change accrue 184 
long afterwards83,84; and phenological or camouflage mismatch36,85-87.  Slow dynamics and time 185 
lags can result from multiple processes, including dispersal limitation and barriers to dispersal 186 
(Figs. 2A,B,D); persistence of adult individuals in regions that have become unfavorable to 187 
recruitment and juveniles; delays to successful colonization and establishment caused by Allee 188 
effects, small population sizes, and poor local adaptation, and priority effects (Fig. 2E); high 189 
dependencies on other species (Fig. 2F), and little or no human facilitation (Fig. 2C).   190 

The growing fields of disequilibrial and temporal ecology study transient community 191 
dynamics in non-stationary environments16,88,89.  In disequilibrial dynamics, a central parameter 192 
is the time lag (or response time) between climate forcing and ecological response15,16.  Eco-193 
evolutionary models predict that extinction debts can persist for hundreds of years after climate 194 
forcing84.  Controlled climate experiments show that herbaceous community responses can 195 
accumulate for many years after treatment onset90.  In Andean plant communities, rates of 196 
temperature-driven compositional responses are ten times lower than temperature trends91. 197 
Disequilibrial lags can be assessed spatially, by measuring the distance between current species 198 
distributions and those predicted by current climates.  For example, bird populations shifted 199 
northwards 91 km between 1989 and 2006, but temperature zones moved 273 km, implying a 200 
spatial lag of 182 km32.  Metapopulation models fitted to tree distributions in eastern North 201 
America suggest that many major species are in climatic disequilibrium, particularly at northern 202 
range limits92, consistent with analyses of adult and juvenile tree distributions that indicate no 203 
evidence that tree ranges are shifting northward93.  In France, lowland plant populations in low-204 
relief areas had the largest climate debts19,94.  Comparisons of the climatic distributions of native 205 
and naturalized populations can also support climate disequilibrium17,95. For example, of 51 206 
native and naturalized species in Europe and the US, 22 had naturalized populations living 207 
beyond their native climate niches96, suggesting that the native populations are in climatic 208 
disequilibrium.  A global comparison of native and naturalized pine populations suggested that 209 
climate disequilibrium is pervasive in native populations and that species with small ranges and 210 
narrow niches are more likely be in climate disequilibrium97.  Mismatches between the observed 211 
climates for a region and those inferred given the species present and assumptions of stable 212 
community-climate relationships can indicate disequilibrium16,98,99.  However, all such spatial 213 
diagnostics of disequilibrium face the challenges of attribution mentioned in the prior section:  214 
ecological systems respond to many abiotic, biotic, and anthropogenic factors, making it difficult 215 
sometimes to confidently attribute differences in e.g. native and naturalized distributions to 216 
climate disequilibrium. The paleoecological record provides clear evidence of local extinction 217 
debt and lagged range shifts at timescales of centuries to millennia.  In the western US, after the 218 
end-Pleistocene warming, extinction debts played out over thousands of years, with the most 219 
cold-adapted taxa going locally extinct first and more cool-adapted taxa later100.  On St. Paul 220 
Island, a population of woolly mammoths persisted on a postage stamp of an island (ca. 100 km2) 221 
for 8,000 years before going extinct, possibly due to hydroclimate variability101.  In eastern 222 
North America and Europe, many tree species expanded their ranges through the Holocene, 223 
thousands of years after the largest temperature rises. Fagus grandifolia continued to expand its 224 
range in the northern Great Lakes throughout the Holocene, moving around the barriers posed by 225 
Lake Michigan102, reaching its historic northwestern range limit ca. 2500 to 1500 years ago103, 226 
where it may still have an unfilled climate niche104.  Similarly, the arrival of Betula pubescens in 227 
western Norway lagged warming by ca. 450 years105 and the immigration of Pinus across the 228 
Alps lagged warming by ca. 800 years106.  The current distribution of European tree diversity is 229 
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partially predicted by full-glacial climates or distances to glacial refugia, suggesting that many 230 
European tree species have unfilled climate niches 81,107.  Glacial-interglacial climate velocity 231 
predicts contemporary biodiversity and endemism at the species level108 and at higher 232 
phylogenetic levels109, suggesting that small-ranged taxa are either still in disequilibrium with 233 
interglacial climates or adapting via microhabitat switching. 234 

Studies of species invasions show that after introduction, an exotic species frequently 235 
does not instantaneously colonize (i.e. establish self-perpetuating populations) or become 236 
naturalized, i.e. become widely incorporated within the resident flora110. During the 237 
naturalization phase, range dynamics often are characterized by slow rates of range expansion 238 
and niche in-filling111. The lag between introduction and naturalization can last 3 to 50 239 
years112,113. This lag period is widely recognized 111,113-116.  In marine species, more recently 240 
introduced species have smaller ranges than earlier introductions117. Likewise, recently 241 
introduced plants in Australia118,119 and Chile115,120 show either no range expansion or slow rates 242 
of infilling.   243 

Differential rates of change among components of ecological systems lead to mismatches 244 
that can reduce fitness for individual species 36,121, cause transient novel communities to emerge 245 
122, and alter ecological function 86.  Phenological mismatches to abiotic factors can reduce 246 
fitness by e.g. causing flowering to occur at suboptimal temperatures 85, increasing damage due 247 
to late-spring frosts 123, or via camouflage mismatches 20.  Phenological mismatches among 248 
species can disrupt trophic interactions 121,124 and alter ecosystem functioning 86.  249 
 250 
Abrupt Responses   251 
Many ecological systems are susceptible to changing abruptly23,125,126, at scales from local to 252 
global26, with some abrupt changes clearly attributable to climate forcing69,73,127.  Risk of abrupt 253 
change is acutest for ecological systems in which the keystone species are long-lived and slow-254 
growing, such as corals and trees, because this broadens the range of timescales operating within 255 
these systems and enables them to quickly switch from slow- to fast-operating processes.  Iconic 256 
examples include the worldwide increase in the frequency and extent of coral beaching events 257 
due to heat stress imposed by rising ocean temperatures and ENSO variability24,69 and the 258 
increases in tree mortality and decreased regeneration in western North America, linked to 259 
droughts, pest outbreaks, and intensified fire regime70-72.   260 
 During the Holocene, abrupt changes in ecological systems were common and often 261 
attributable to hydroclimate variability or shifts in disturbance regime25,128.  In eastern North 262 
America, the range-wide collapse of Tsuga canadensis, occurring at some sites in <10 years 129, 263 
is linked to North Atlantic climate variability and regional drought128, although intrinsic 264 
processes may have contributed130.  In the Galapagos, diatom and mangrove communities 265 
experienced both extrinsic and intrinsic regime shifts131.  Plant range expansions may operate by 266 
a ratchet mechanism, characterized by abrupt range expansions interspersed with stability68.  In 267 
the western US, Pinus edulis and Juniperus osteosperma experienced intervals of range stability 268 
lasting thousands of years, interspersed with decadal-scale episodes of range expansion, paced by 269 
hydroclimate variability132,133.  81,134-136 270 

Systems known to have multiple stable states are at high risk of abrupt change.  Sharp 271 
discontinuities in ecological gradients can suggest alternate stable states separated by 272 
thresholds137,138 as do spatial mosaics126,127 or temporal mosaics25.  In the tropics, fire, large 273 
herbivores, and vegetation feedbacks produce multiple stable states among forests, savannas, and 274 
grasslands139. In the boreal forest, multiple tipping points may exist among multiple system 275 
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states28.  Abrupt changes in ecological systems can be triggered by extreme weather events, fires, 276 
or other forms of pulse disturbance events that trigger mass mortality140.  Plants well adapted to 277 
brief temperature fluctuations can be damaged by persistent heat waves and drought141 or 278 
experience recruitment failures142.   279 

Definitive attribution of abrupt ecological change to climate drivers is challenged by the 280 
multiplicity of processes, numerical representations of those processes, and varying relevant 281 
timescales23,143.  Non-linear ecological dynamics can be produced by a wide variety of 282 
deterministic and stochastic processes26-28.  Efforts are underway to identify early warning 283 
signals of abrupt change27,33,144, but predicting the timing of abrupt changes remains 284 
challenging145,146.   285 
 286 
Managing Ecological Rates in a Rapidly Changing Anthropocene 287 
On-going climate change, combined with other anthropogenic changes, is driving a tectonic shift 288 
in the goals, language, and conceptual framework underpinning conservation biology and 289 
restoration ecology9,10,147-149.  The field has moved away from goals and concepts rooted in 290 
assumptions of stable historic baselines149,150 and towards concepts of active ecosystem 291 
renovation10, rewilding151, and novel ecosystems152-154.  This shift has stirred debate155,156.  292 
However, despite extensive conversations about proper terminology and target state, rates of 293 
change usually are addressed only implicitly or in passing149,157.  294 

Shifting attention from states to rates is usefully clarifying.  First, it clarifies that, for the 295 
next several decades to centuries, there will be no steady states anywhere in the surface Earth 296 
system, as greenhouse gas concentrations rise.  Hence, target ecosystem states are useful, but 297 
more immediate concerns will usually involve managing on-going rates of change.   Second, a 298 
focus on rates encompasses traditional goals of ecosystem restoration (holding rates of change at 299 
zero, or reversing undesirable trajectories) while broadening the menu of strategic options to 300 
include newer approaches that emphasize accelerating desirable rates of change.  These range 301 
from ecosystem-level interventions such as rewilding, which promotes the autonomous capacity 302 
of ecosystems to dynamically maintain biodiversity151,158, to species-focused interventions such 303 
as assisted migration and managed relocation79,159 or assisted evolution160.  Third, because on-304 
going change in the Earth system is now a given, the critical need is to reduce mismatches 305 
among rates of change:  between rates of climate change and ecoevolutionary adaptation (large 306 
differences leading to e.g. climatic debt, disequilibrium, lowered evolutionary fitness), between 307 
species (leading to e.g. phenological mismatch, pollinator failure), and between ecosystem 308 
services and societal adaptation .  Fourth, some challenges such as phenological mismatch are 309 
inherently problems of rate rather than problems of state; they are transient problems caused by 310 
differential rates of forcing and response.  Fifth, by unifying the fragmented literatures on 311 
climate change and ecological risk (slow/disequilibrial versus abrupt/threshold-type dynamics), a 312 
rates-centered management approach helps identify strategies that are universally useful versus 313 
those particular to fast, slow, or abrupt dynamics (Fig. 3).   314 

Reducing rates of global climate change is a universal solution.  Reducing rates buys time 315 
for species to adapt and reduces risk of pushing ecological systems past tipping points31.  Species 316 
display a high adaptive capacity for past temperature rises, as long as rates are not too fast161 or 317 
are synergistic with other extinction drivers4.  Therefore, climate-mitigation strategies that flatten 318 
the curve towards slower rates of change are well aligned with the available science and support 319 
pragmatic optimism.  There is a victory in every kg of carbon not emitted. 320 
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For ecological systems characterized by fast responses to climate change, optimal 321 
management strategies can be minimalist, emphasizing accommodation9, mitigation of undesired 322 
secondary outcomes, and monitoring (Fig. 3).  For ecological systems prone to abrupt change, 323 
with damaging ecological and economic consequences, better forecasting ability is needed, 324 
powered by high-quality, open-data ecological monitoring networks162,163, closely integrated 325 
with better forecasting models164-166.  This approach has steadily improved the predictive skill 326 
and time horizon of meteorological forecasting167. 327 

For systems characterized by slow responses, the key goal is to reduce rate mismatch, by 328 
slowing rates of climate change or accelerating rates of ecoevolutionary adaptation.  Climate 329 
change can be slowed both globally and locally, by enhancing countervailing microclimate 330 
trends, e.g. by increasing shade in stream environments168.  Multiple levers exist to increase rates 331 
of ecoevolutionary adaptation (Figs. 2, 3), e.g. increase local microclimate and habitat diversity 332 
to facilitate microhabitat switching169, increase habitat connectivity, or increase rates of dispersal 333 
and colonization for dispersal-limited species of concern159.  Resistance strategies that slow 334 
undesirable rates of ecological change9,147 are possible but may require increasingly high levels 335 
of intervention and resources as climate change proceeds.  From a rates perspective, a realistic 336 
goal for most resistance strategies is rarely ecosystem stabilization, but rather managed retreats; 337 
slowing rather than halting rates of undesired change.   338 

The study and management of ecological systems responding to climate change is 339 
challenged by the interactions among processes, each operating at different timescales 23,170 and 340 
across multiple levels of ecological organization.  A further challenge is that management 341 
activities often operate at narrower timescales (sub-annual to sub-decadal) than the climate-342 
driven ecological dynamics reviewed here.  Usually, within a single system, managers will need 343 
to simultaneously accelerate some rates of change and slow others.  For example, a manager 344 
might simultaneously seek to both facilitate leading-edge range expansions of dispersal-limited 345 
species and slow trailing-edge population extirpations.  In a temperate forested landscape with a 346 
heterogeneous land use history and species composition, a manager might pursue different 347 
strategies for different forest stands, preserving in one place an old-growth forest stand, while 348 
elsewhere introducing seedlings of species that are likely to flourish in the projected climates of 349 
the coming decades.  As always in ecological systems, the particular mixtures of management 350 
strategies will need to be customized to the characteristics of the systems being managed. 351 

In summary, ecological rates of change can be fast, slow, or abrupt relative to climatic 352 
drivers.  All three are well documented, each poses different risks, and each suggests different 353 
suites of management interventions (Fig. 3).  An integrated awareness of fast, slow, and abrupt 354 
dynamics adds complexity to the study and management of ecological systems, because of the 355 
multiplicity of these interacting processes and the difficulty of predicting emergent outcomes.  356 
Nonetheless, a focus on managing rates of change provides the conceptual foundation for 357 
proactive and pragmatic optimism, because ecological systems have demonstrated a high 358 
adaptive capacity to past temperature variations.  Humans have the ability to speed up and slow 359 
down rates of ecological response, both intentionally and accidentally (Fig. 2C).  We can flatten 360 
the curve of climate change and increase both the rates of ecoevolutionary adaptation and our 361 
own rates of learning, forecasting, and adaptation.   362 
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Box 1: Climate-Driven Ecological Dynamics: Fast, Slow, or Abrupt? 862 
The categorization of climate-driven ecological dynamics as fast, slow, or abrupt follows 863 

standard system theory of assessing the rate of response variables in a system relative to rates of 864 
external forcing to that system (Box Fig. 1).  This framework presupposes for convenience a 865 
one-way forcing from climate to ecosystems and ignores, e.g. biogeochemical and 866 
biogeophysical vegetation-atmosphere feedbacks 171.   867 

The delineation of fast versus slow responses is usually based on linear models of system 868 
dynamics.  The expected rate of change of an ecological system can be simply modeled as 869 
governed by a tracking function, a resistance function, and the current system state relative to 870 
historical and potential equilibrial states:   871 

 dE/dt = CT(EEq-Et) – CR(Et-EHist)  (Eq. 1) 872 
 873 

(see Box 2 in 16).  In this framework, the rate of tracking (dE/dt) is governed by the difference 874 
between the current ecosystem state and its expected equilibrial state given the current climate at 875 
time t (EEq-Et) and a time constant CT with units of 1/t.  Similarly, rate of resistance is governed 876 
by the difference between the current ecological system state and the historical state prior to the 877 
onset of climate change (Et-EHist) and a time constant CR, also with units of 1/t, that governs rate 878 
of resistance.  Both CT and CR must be equal to or greater than zero, while dE/dt can be positive, 879 
zero, or negative, depending on the sign of EEq-Et and Et-EHist.  Fast ecological systems will have 880 
large CT and small CR and can quickly track climate change, causing them to be in dynamic 881 
equilibrium with their climate forcing15,16.  Slow systems will have a small CT or large CR and 882 
large lags between climate forcing and ecological response15,16. Not all ecological systems may 883 
have a resistance process, which leads to a simpler variant of Eq. 1 15:  884 

 dE/dt = CT(EEq-Et)  (Eq. 2) 885 
If rates of climate change are low, then EEq≈Et≈EHist, and rates of ecological change are expected 886 
to be low, with little difference in rate between fast- and slow-responding systems.  Conversely, 887 
if rates of climate change are high, then expected ecological rates of change will be high, due to 888 
the resultant offset between the current and equilibrial states of the ecological system (|EEq-889 
Et|>>0).  Moreover, when rates of climate change are high, the rate differential between ‘slow’ 890 
and ‘fast’ ecological systems will increase, leading to easier discrimination of fast versus slow 891 
dynamics but also higher risk of reduced ecological fitness and other negative impacts caused by 892 
mismatch among ecological rates of change.  Because both climatic and ecoevolutionary 893 
processes operate across timescales of seconds to millions of years88,172-175, ecological systems 894 
can exhibit fast responses at some timescales and be disequilibrial at others.   895 

Abrupt ecological responses can be defined in various ways, including rates of change in 896 
an ecological system that are fast relative to typical rates of change in that system23,25, fast 897 
relative to the adaptive capacity of socioecological systems176, or fast relative to the rate of 898 
climate forcing25,125,177.  Many kinds of stochastic and deterministic mathematical models 899 
produce abrupt ecological changes30,178,179.  Potential driving mechanisms include nonlinear but 900 
reversible thresholds in ecological response functions180, hysteretic systems with alternative 901 
stable states27,181, and strong positive ecosystem-climate feedbacks182,183.  This multiplicity of 902 
mechanisms challenges attribution of causes to observed abrupt changes23 and also efforts to 903 
develop early-warning indicators of abrupt change in real-world systems146.  To our knowledge, 904 
there is no unified mathematical framework that seeks to jointly model fast, slow, and abrupt 905 
dynamics in an ecological system responding to changing climates.  This is an area of needed 906 
future work. 907 
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 908 
Box Figure 1.  Climate-driven ecological dynamics: fast, slow, or abrupt. In fast responses 909 
(a), the rates of climate forcing (C) and ecological response (E) are similar, so that ecological 910 
systems quickly adjust to changing environments and responses to recent warming are already 911 
detectable. In slow responses (b), ecological rates of response lag far behind rates of climatic 912 
forcing, creating disequilibrial systems in which mismatches increase among species, 913 
evolutionary fitness is lowered, and extinction debts accumulate.  Abrupt responses (c,d) are 914 
characterized by non-linear, threshold or hysteretic responses of ecological systems to 915 
environmental forcing, as a single event or a ratchet of successive abrupt changes. 916 
 917 
Figure 1. Historic and projected global temperature trends for 1900 to 2100 CE (a), rates of 918 
projected and past temperature change (b), and time scale of biological responses (c).  919 
Historical temperatures (1900-2013CE)184 are shown as anomalies relative to 1961–1990CE 920 
global means (black dots) and annual variability (whiskers). Projections for 2013-2100CE are 921 
based on 19 CMIP5 simulations185 shown as temperature anomalies (dashed lines) and inter-922 
model variability (red, orange, cyan, blue shaded area). Time period abbreviations: Paleocene-923 
Eocene Thermal Maximum (PETM; 56 Ma), Late Oligocene Warming (LateOlig; 26 Ma, Mid 924 
Miocene Climatic Optimum (MMCO; 14.8 Ma), Glacial Terminations (GlacTerm; 9 925 
terminations over the past 800 ka), Dansgaard-Oeschger Events (DO; 20 events between 10 and 926 
80 ka), Bølling-Allerød Warming (BA; 14,700 years ago), Younger Dryas Termination (YDT; 927 
11.7 ka), and Medieval Warm Period (MWP; 500 to 1000 AD). See Supplementary Table 1 for 928 
estimated rates of projected and past temperature change and sources.  Past rates of change 929 
shown in (b) primarily represent global mean annual surface temperature changes, but for 930 
millennial-scale climate variations (DO, BA, YDT), estimates represent rates of change in the 931 
North Atlantic and adjacent regions; this change in spatial extent is indicated by cross-hatching.  932 
Rates of ecological processes shown in (c) are drawn from reviews of the literature on rates of 933 
change and timescales of processes17,88,186,187.  As rates of warming accelerate, ecological 934 
dynamics are increasingly dominated by differential timescales of ecological response within and 935 
among species.  936 
 937 
Figure 2.  Variations in the timescale of response to climate change within and across 938 
ecological systems, depending on microhabitat vs. macrohabitat shifts (A), topographic effects 939 
(B), human agency (C), demography and body size (D), immigration stage (E), and the number 940 
of interspecific interactions and dependencies (F).  Blue text and arrows indicate processes that 941 
promote fast ecological responses to climate change, while red text and arrows indicate processes 942 
that promote slow or disequilibrial responses. Vector images in 3D from 943 
https://publicdomainvectors.org  944 
 945 
Figure 3:   In a rates-based framework to designing management strategies, the key 946 
consideration is the rates of climate forcing relative to rates of response in ecological 947 
systems.  (A) Different mixtures of strategies will be appropriate for systems characterized by 948 
abrupt, fast, or slow ecological dynamics.  Panels (B)-(D) show illustrative examples of 949 
ecosystems characterized by abrupt, fast, or slow responses to rising temperatures:  (B) shallow-950 
water coral ecosystems, which are collapsing due to increased adult mortality and recruitment 951 
failures, (C) alpine ecosystems, where elevational range shifts are currently underway, and (D) 952 
multi-centennial to millennial range expansions of temperate trees after post-glacial warming. 953 
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Photo credits: (b) ARC Center of Excellence for Coral Reef Studies, (c) Jens-Christian Svenning, 954 
(d) Stephen Jackson. 955 
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