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Abstract

The coupling between community composition and climate change spans a gradient from no lags
to strong lags. The no-lag hypothesis is the foundation of many ecophysiological models,
correlative species distribution modeling, and climate reconstruction approaches. Simple lag
hypotheses have become prominent in disequilibrium ecology, proposing that communities track
climate change following a fixed function or with a time delay. However more complex
dynamics are possible and may lead to memory effects and alternate unstable states. We develop
graphical and analytic methods for assessing these scenarios and show that these dynamics can
appear in even simple models. The overall implications are that 1) complex community
dynamics may be common, and 2) detailed knowledge of past climate change and community
states will often be necessary yet sometimes insufficient to make predictions of a community's

future state.
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Introduction

Understanding how communities respond to climate change is necessary for predictive modeling
of global change and for identifying the processes that have shaped contemporary biodiversity
patterns. A key aspect is the degree of lag in the response of community composition to
contemporary climate conditions. By lag we mean the amount the community is out of
equilibrium with the observed climate, in either a positive or negative direction. The equilibrium
no-lag state of a community should reflect a set of species with climate niche optima close to the
observed climate at a given location. However, since climates change over time, a range of
transient disequilibrium community states could be achieved, in which the community’s
composition is lagged relative to climate.

There are two extreme hypotheses for the magnitude of lags in the response of
community composition to climate change. No-lag responses are thought to occur when species
respond through local persistence via high niche plasticity or niche adaptation, or rapid
extinction at trailing range edges (Hampe & Petit 2005), and/or efficient long-distance dispersal
and range expansions at leading range edges. In this case, the community responds instantly to
climate change and is in an equilibrium state. Conversely, lagged responses are thought to occur
when species have limited dispersal ability, have long persistence times, or when the regional
pool does not include more appropriate species (Svenning & Sandel 2013; Blonder ef al. 2015).
In this case, the community is in a transient disequilibrium state that will change both when the
climate varies and when the climate does not vary. These two ideas form the conceptual
foundation for several large bodies of work and are thought to encompass the range of possible

community responses to climate change (Ackerly 2003), with the speed and type of species
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response of fundamental interest for predictive modeling and for biodiversity conservation
(Nicotra et al. 2010; Hoffmann & Sgro 2011; La Sorte & Jetz 2012).

The no-lag hypothesis proposes that at a given time the species composition of a
community is in equilibrium with the observed climate at that location, assuming that an
equilibrium can be defined over the temporal or spatial scale of interest (Svenning ef al. 2015).
That is, the species found in a community will have climate niches that are close to the observed
climate. The implication is that, in a new climate, species with well-matched niches that are
already present will persist, other species with well-matched niches will rapidly immigrate and
become present, and species with poorly matched niches will rapidly die and become absent.
This hypothesis is implicit in many decades of work assuming that vegetation-climate
associations represent consistent physiological responses to environment (von Humboldt &
Bonpland 1807 (tr. 2009); Whittaker 1967) and that have often been used to reconstruct climate
from paleoecological evidence for pollen, chironomids, diatoms, etc. based on transfer functions
(Guiot et al. 1989; Gasse et al. 1995; Brooks & Birks 2000), coexistence intervals (Mosbrugger
& Utescher 1997; Pross et al. 2000) or probability densities (Kiihl et al. 2002). Many of these
climate reconstruction approaches assume that species-environment relationships are constant
and instantaneous, without considering the consequences of this assumption. The no-lag
hypothesis is also implicit in the vast majority of environmental niche modeling / species
distribution modeling studies that predict climate change responses (Birks et al. 2010; Peterson
2011). This hypothesis is a simple baseline assumption that finds support at multiple scales (e.g.,
both continental extents over sub-millennial to millenial time scales (e.g. in multi-taxon
responses to Younger Dryas climate changes in Switzerland (Birks & Ammann 2000) or across

the late Quaternary in North America (Shuman et al. 2009; Williams et al. 2011)), and is
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consistent with many species having niches that are well-predicted by their range limits (Lee-
Yaw et al. 2016). However the hypothesis has also been criticized. One major issue is that its
assumption of very fast species response can be unrealistic (Campbell & McAndrews 1993;
Guisan & Thuiller 2005; Aratjo & Peterson 2012). Another important issue is that realized
niches may shift relative to the observed climate due to changes in the available climate space or
in biotic interactions (La Sorte & Jetz 2012; Veloz et al. 2012; Maiorano et al. 2013). As such,
the realized niche of a species may be a poor proxy for the fundamental niche and may not
necessarily be matched to the observed climate (Jackson & Overpeck 2000; Jordan 2011).
Alternatively, lag hypotheses argue that the species composition of a community at a
given time is in disequilibrium with contemporary climate (Svenning & Sandel 2013; Blonder et
al. 2015). That is, the species found in a community may be poorly suited to the climates at the
site, despite other species not occurring in the community having better-suited climate niches
(Davis 1984; Webb 1986; Dullinger et al. 2012). Proposed mechanisms include resident species
persisting via survival of long-lived individuals (Eriksson 1996; Holt 2009; Jackson & Sax
2010), species interactions producing micro-scale conditions that remain favorable (Schob ef al.
2012; De Frenne et al. 2013), or no immigration of more appropriate species because of priority
effects (Fukami et al. 2005; Fukami et al. 2010), dispersal limitation (Svenning & Skov 2007) or
species absence from the regional pool (Blonder et al. 2015). These processes together would
produce a lag between communities’ composition and climate. This hypothesis is reflected in a
broad literature showing vegetation lag to climate in forests in the Americas (Webb 1986;
Campbell & McAndrews 1993; Blonder et al. 2015) and in Europe (Birks & Birks 2008;

Bertrand et al. 2011; Normand et al. 2011; Seddon et al. 2015), in bird communities (DeVictor et
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al. 2008), as well as in a range of other paleoecological data (reviewed in Davis (1981) and
Svenning et al. (2015)).

Here we argue that there is not a dichotomy between lag and no-lag hypotheses. Rather
there is a continuum of lag hypotheses that encompasses more scenarios than have been
previously considered. We show that a broader set of possibilities can lead to unintuitive or
difficult-to-predict community responses. We then provide a set of quantitative tools for
detecting these scenarios in empirical data. Lastly, we demonstrate that simple models of

community processes can generate all of these scenarios.

Community response diagrams as diagnostics of dynamics

Lags and lag hypotheses can be measured by comparing a community’s composition to the
climate conditions in the community. Making these concepts precise requires defining several
concepts (Box 1). These concepts are presented and defined for a single climate axis and variable
(e.g. temperature). They can be extended to multiple climate axes using vector approaches
(Blonder et al. 2015), but are illustrated here in a single dimension for clarity.

First, the location of the community has an observed climate, which is given by a
function F(7) (Fig. 1A). This variable changes potentially independently from the state of the
community and can be measured without knowledge of the community state, e.g. with a
thermometer for a temperature axis.

Second, the community itself has an inferred climate, which is given by a function C(¢)
(Fig. 1A). This variable reflects the value of the climate along this axis most consistent with the
occurrence of all species at time ¢. It can be calculated by overlapping the fundamental niches of

species in the community. For example, a community with cocoa and banana trees would have a
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warm inferred climate along a temperature axis, while a community with blueberry and
snowberry bushes would have a cold inferred climate. Multiple species assemblages might all
yield the same value of C(?).

This concept of C(¢) is already widely and implicitly used across fields, although using
different terminology. It is widely used in multi-taxon paleoclimate reconstructions (ter Braak &
Prentice 1988; Guiot et al. 1989; Birks et al. 2010; Harbert & Nixon 2015). Additionally, it
underlies the definitions in community ecology for a community temperature index (DeVictor et
al. 2008; Lenoir et al. 2013), a floristic temperature (De Frenne et al. 2013), and a coexistence
interval (Mosbrugger & Utescher 1997; Harbert & Nixon 2015).

Third, the community climate lag can be defined as the difference between the observed
and the inferred climate (Fig. 1A). This metric has been previously used in several studies of
ecological disequilibrium (Davis 1984; Webb 1986; Bertrand et al. 2011; Blonder et al. 2015). If
these two values are closely matched, then the lag is small; alternatively, if they are not closely
matched, then the lag is large.

These statistics can be visualized and combined with a community response diagram.

This diagram is a time-implicit parametric plot of the observed climate F (t) on the x-axis and

the inferred climate response C (t) on the y-axis (Fig. 1B). Using dynamical systems

terminology (Katok & Hasselblatt 1997; Beisner et al. 2003), F(t) would be considered a
parameter (exogenous to the system) and C(t) would be considered a state variable (endogenous
to the system). The diagram is similar to a phase space diagram of dynamical systems research
(e.g. Sugihara et al. (2012)) that plots multiple state variables as time-implicit curves, but is
different in that F(t) is not a state variable. It also is similar to the ball-in-cup landscapes used in

ecosystem resilience / regime shift / alternate stable states research (e.g. Beisner et al. (2003);
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Scheffer and Carpenter (2003)) that also combine a parameter with a state variable. However this
diagram differs in that it shows the actual trajectory of the state variable over time, rather than
the cost of taking different trajectories at a single point in time. That is, a community response
diagram integrates the trajectories on a continually deforming ball-in-cup landscape, and does
not directly describe the stability or temporal dynamics of the community at any time point. As
such, it is useful for addressing different questions than these other graphs, in particular
questions of unstable or disequilibrium community responses to changing climate.

By plotting the community’s response as a function of the climate forcing, the continuum

of lag hypotheses can be described and distinguished with two novel statistics. The first statistic

is the mean absolute deviation, |[A|, which describes the average absolute difference between

C(t) and F(t) over time (Fig. 2A). A value statistically indistinguishable from zero indicates no
lag and larger values indicates a lag (positive or negative). The second statistic is the maximum
state number, n, which counts the maximum number of values of C(¢) that correspond to a
single value of F(¢) (Fig. 2B). Considering the community response diagram as a curve in the F-
C plane, n is the maximum number of intersection points of any vertical line. If there is only one
value of C(¢) corresponding to each value of F(t), then n=1, and the community has dynamics
that can always be predicted from knowledge of the current value of F(t). If » becomes larger,
then the community can have possible multiple states for a single observed climate. In these
cases it becomes increasingly less possible to predict the community’s state with knowledge of
only the observed climate. Thus, the maximum state number provides a simple way to assess the

limits to predictability for community dynamics.

A continuum of lag scenarios on a community response diagram
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There are several general scenarios for the coupling between climate change and community

response that yield different C(t) vs. F(t) trajectories on a community response diagram (Fig. 3).

Each of these scenarios also yields a different combination of values for the |X| and n statistics

Therefore values of these statistics can be used to delineate hypotheses along the lag continuum.

The first scenario corresponds exactly to the no-lag hypothesis: in this case A(t) =0, so

C (t) =F (t) . This is equivalent to a straight-line segment with slope of 1 and intercept of 0 on
the community response diagram for any possible observed climate F(t) (Fig. 3A). In this
scenario n=1 and |X| =0. Here, equality is statistically defined relative to natural variation, e.g.
o(t).

The second scenario corresponds to a constant-relationship lag hypothesis. In this case,
‘A(t) = 0‘ and C (t) =f (F (t)) . Because fis a function, then there is always a single unique value
of C(t) corresponding to a unique value of F(t). However the opposite is not true: there may be
multiple values of F(t) that all correspond to the same value of C(t). That is, the community’s

inferred climate is uniquely determined by the observed climate at any given time. This is

equivalent to a single curve on the community response diagram that never crosses itself for any

observed climate, so n=1 and |A_| >0 (Fig. 3B).

The third scenario corresponds to the constant-lag hypothesis. In this case, A(t)‘ >0 and

C (t) =aF (t - ¢) for some value a. If F(t) is a periodic function, then this corresponds to a fold

on the community response diagram, i.e. a scenario where F(t) crosses over itself (Fig. 3B). In

the case of a sinusoidal F(t), the shape will be a single loop, with the elongation of the loop being

related to the amount of lag (Fig. 3C). Such a scenario always has a value of n=2 and |X| >0.
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However, for a linear F(t) function, the shape will be a straight line with slope not necessarily

equal to 1 and intercept not necessarily equal to 0. That scenario reduces to the constant-
relationship conceptualization and has #n=1 and |X| >0. In general the presence of a fold or loop in

the community response diagram indicates memory effects (hysteresis), such that the future
state of the system depends on its past history (Katok & Hasselblatt 1997) (Fig. 3D). Systems
with memory effects have path dependence. That is, the future dynamics of the community

cannot be predicted only by knowing the current community state, but rather by also using the
past state of the community. Larger values of |A_| correspond to more memory effects.

The fourth scenario, alternate unstable states, is a generalized version of the third
scenario, describing a community response diagram that contains multiple folds (Fig. 3E). At
any given value of F(t), the future state of the community depends on its past state. If F(t) is
periodic, then the community response diagram will contain multiple loops corresponding to
stable orbits. At any of the intersections between loops, determining which path the community
takes will depend on knowledge of its past state. Alternatively if the system has a stable orbit but
has not yet reached it because of transient effects; then there may be large lags between C(t) and

F(t) while the system settles to a steady state (Fig. 3C). These scenarios are all reflected in a
value of 2<n<oo and |X| >(0. Critically, these alternate states are not necessarily equivalent to the

alternate stable states that have been previously studied (Beisner ef al. 2003). They may not
persist in time, and the community state is not necessarily attracted to them, although both
scenarios are admissible. The key point here is that single values of the observed climate can
lead to multiple values of the community state.

The fifth scenario, unpredictable dynamics, corresponds to a scenario where there are

no stable orbits and a very large number of possible relationships between the observed climate
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and the composition of the community. Predicting the future state of the community is very
difficult, because arbitrarily large changes in the community’s future state can occur regardless

of changes in values of the past community state or observed climate. In this case n_, — o and

|A_| >0. These dynamics can occur via chaos (Lorenz 1995), when the future community state is

deterministic but very sensitive to variation in the present and past community state, where any
state of the system is eventually reached from any other past state of the system, and where
dynamical orbits are dense (Fig. 3F). Unpredictable dynamics can also occur when the future
state of the community is not a deterministic response to any variable, as in the previous five
scenarios, but rather is a stochastic response. In this case, C(t) and F(¢) can become partially or
completely uncorrelated, and a range of points in the community response diagram can become
filled in (Fig. 3G). For example, random immigration and emigration of species from a regional
species pool can yield fluctuations in C(?) (Holyoak et al. 2005)), while the climate system drives
fluctuations in F(7). Alternatively, C(¢) may be determined primarily by internal processes (e.g.
species interactions, anthropogenic factors) rather than external climate-mediated processes,
leading to a complete decoupling of C(¢) and F(¢). For example, many North American and
European forests are thought to have been managed for food production throughout the Holocene
(Mason 2000; Abrams & Nowacki 2008), and many invasive species have colonized new regions
due to enemy release (Keane & Crawley 2002), leading to geographic range shifts that are
unrelated to climate change.

Each of these scenarios has different consequences for predictability in community
ecology. The first two scenarios (no lag, constant-relationship lag) represent scenarios where
prediction of future community states is readily possible. These scenarios have received the

majority of study in community ecology, perhaps rightly. Nevertheless, the latter three scenarios
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are also conceptual possibilities. They challenge the assumptions of many research paradigms,
because they imply there is no longer a simple or one-to-one relationship between climate
conditions and community state. If constant-lag, alternative unstable states, or unpredictable
dynamics were to occur, then modeling a community’s future state would be a challenge. With
knowledge of only future observed climate, the task might be impossible; even with knowledge
of the past observed climate and community state, the task might be very difficult. The
consequence would be limited predictability in community ecology and shortened ecological

forecast horizons (Petchey et al. 2015).

A simple analytic model for lags in community dynamics

All of the scenarios along the lag continuum can arise within a simple differential equation
model for community dynamics (Box 2). The model abstracts and summarizes the community-
scale effect of two species-scale processes: a tracking effect, in which communities try to
restore themselves toward an optimal climate state, and a resistance effect, in which
communities try to maintain their current (or past) composition. Temporal variation in the
observed climate acts as a forcing for the model, while the interplay between the tracking and
resistance processes determines the directionality and strength of the community’s response.

The resistance and tracking effects are intended as proxies for a range of real ecological
processes occurring for individual species. By abstracting these lower scale processes we hope to
gain general insights about possible dynamics at community-scale. Both resistance and tracking
must emerge from dispersal limitation, species interactions, environmental filtering, or
adaptation (Wisz et al. 2013; Singer et al. 2016; Zurell et al. 2016). For example, if some species

in a regional pool have a limited ability to disperse into a community, then tracking will be
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weaker. Similarly, resistance could be stronger if residents have advantages over invaders that
must disperse in. If species interactions lead to established species persisting more easily than
invader species can establish, then resistance will be stronger. Stronger environmental filtering
could lead to stronger tracking by removing species with niches that yield low performance.
Adaptation could yield both stronger tracking by shifting species’ niches or stronger resistance
by enabling species to maintain their niches. Our intent here is not to develop specific models
that link these species-scale processes to community-scale effects, but rather to highlight how
different types of such models would lead to different community outcomes. This exercise
reveals several general principles of community dynamics. These conclusions are all
mathematically true regardless of how the species-scale processes come together to yield a given
set of restorative and tracking effects. First, linear climate change can only lead to no-lag,
constant delay, or constant-relationship scenarios regardless of all other model parameters,
including the time delay Az. However, under periodic climate change, all lag scenarios are
possible. When the tracking and resistance effects are restorative, the system is characterized by
transient dynamics towards a stable orbit. During the transient stage, n can become arbitrarily
large, strongly limiting the ability to predict future states. The stronger the relative effect of the
restorative effect, the longer the transient behavior persists. However, C(t) will eventually settle
to a stable orbit with the same frequency as the observed climate F (t). Depending on the exact
form of the model, this steady orbit may constitute constant delay dynamics, but may also exhibit
alternate unstable states with multiple loops. If the restorative effect pulls the system toward a
fixed state with time-delay (e.g. strong selection for a certain forest type regardless of climate),
then along with the scenarios above, for different parameter regimes the system can also exhibit

transient dynamics converging to alternate states with high #, as well as chaos.
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The example community trajectories diagrammed in Figure 3 for each conceptual scenario
correspond to dynamics predicted by this model for different parameter combinations. Specific
parameter values are given in Table S1. However the numeric values are less important than the
general conclusion that the combination of restorative forces with time delay and climate
tracking can lead to complex and widely varied dynamics, even in a simplified model. There are
three conceptual implications arising from this modeling exercise that will be relevant to all
observational and theoretical studies of community dynamics.

First, the observation of a lag between the observed climate and the community response
does not immediately indicate anything about the rules governing the system. Most scenarios
show memory effects, so that knowledge of the past state of climate and community are needed
to predict the system’s future state. This result challenges the reliability of correlative methods
for inferring the role of environmental drivers in community responses, because of the strong
role of history on contemporary patterns (Dupouey ef al. 2002; Willis et al. 2013). Nevertheless,
for individual species, the success of species distribution models in predicting across space and
time (Svenning & Sandel 2013) and the partial congruence of range limits and niche limits
(Hargreaves et al. 2014; Lee-Yaw et al. 2016) suggest that simple no-lag approaches are viable.
The major challenge will come in integrating species-scale predictions to community-scale
responses where species-stacking approaches may fail because of interactions between species.

Second, small changes in a model’s definitions can lead to qualitatively different types of
ecological dynamics. This indicates that complex dynamics may become relevant in natural
communities. Indeed, lagged dynamics with memory effects and state numbers of #>2 are easy

to generate in the particular model we presented here.

Page 16 of 48



Page 17 of 48

©CoO~NOUTA,WNPE

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

Ecology Letters

Third, the frequency of climate change relative to the community response capacity is
important in determining the type of dynamics that arise (Sastry 2013). When the observed
climate varies at much lower frequencies than the capacity of the community to respond, then the
climate change is linear or effectively linear over the time period of interest, so no-lag or
constant relationship dynamics are likely to dominate (Williams et al. 2011). Similarly, when the
observed climate varies at much higher frequencies than the capacity of the community to
respond, then unpredictable dynamics are likely to dominate unless the climate varies rapidly
about a constant mean; then the community may show limited response, as for example the case
of Populus tremuloides — dominated communities that persist across glacial-interglacial
transitions (Mitton & Grant 1996). Finally, when the observed climate varies at frequencies
comparable to the community’s response capability, then alternate unstable state or unpredictable

dynamics may become important.

Practical conceptual considerations

A natural question arising from these conceptual and analytical arguments is: which scenarios

are likely to be found in the natural world? That is, is predictability achievable in practice, or

not? The framework we have proposed could be applied to empirical data to answer this

question. The scope of this article prevents presentation of such an analysis, so we instead focus

on highlighting several issues that should be considered before implementing the framework.
Describing patterns of lags and testing lag hypotheses can be achieved by estimating C(t)

and F(t) from data. If both time-series are obtained from a finite number of empirical samples

{C (tl.),F (t[.)} , then the easiest way to calculate both statistics is through approximation. Values

of [A| can be obtained by averaging sampled values of ‘C (1)-F (ti)‘ . Values of n can be
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calculated by linearly interpolation between successive values of C(t;) and F(t;) followed by
application of line intersection methods. Measurement uncertainty or other noise arising in both
C(t) and F(t) can be problematic when counting the maximum state number or determining

whether a community response diagram contains loops. For example, suppose the community at

two time points t; and t; has F(t;)=F(t,), but ‘C(z‘1 ) - C(t2)‘ < max(a(t1 ),O'(tz)) . In this case, the

community takes two different states for a given observed climate, suggesting n>2, but those
states may not be sufficiently different to be confident that the difference is statistically
significant. Regardless, the general qualitative implication is that estimation uncertainty and
noise in time series can overestimate the maximum state number. Alternatively, low sampling
resolution or a low number of points in a time series can lead to underestimation of n. Small
loops or folds can be missed if they appear and disappear more rapidly than the sampling
permits. We therefore recommend that community trajectories should be potentially rounded to

the nearest multiple of 6(¢) and also smoothed before analysis (e.g. with cubic splines) (Fig. 2).

We have implemented methods to calculate 7 and |A|, taking into account statistical uncertainty

in data, as R functions in Supplementary Data S2.

Determining the underlying processes that have generated an empirical community
response diagram is possible by fitting an analytic model to observed data for C(t) and F(t).
There are several methods available to reconstruct a differential equation for C(t) based on
observations of C(t) and F(t) at different times. For example, generalized additive models with
terms describing different effects can be fitted to numerical estimates of the first derivative of
C(t), providing a direct reconstruction of a differential equation (Ellner ef al. 1997). It is also
possible to estimate equation parameters from knowledge of the distribution of time intervals

between extremes in a dataset (Bezruchko ef al. 2001). Alternatively, equation-free approaches
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for predicting the future state of a system based on its past state may also be viable (Sugihara et
al. 2012; Ye et al. 2015). However all of these approaches tend to require data sampled at
hundreds of different times, which may not be achievable for ecological data.

In either application, it may be difficult to distinguish among transient, chaotic, and
stochastic dynamics. For finite numbers of samples, these all lead to coarsely similar community
response diagrams. When sampling of C(t) and F(t) is infrequent or includes measurement errors,
it may be difficult to separate signal from noise in community response diagrams. Formal tests
for distinguishing chaos from noise based on embedding of dynamical systems do exist
(Gottwald & Melbourne 2004). Only with very long time series and precise measurements would
it be possible to distinguish these scenarios in practice.

Lastly, it may be challenging to make unbiased measurements of C(t). Because C(t)
depends on knowing the modal niche value for each species, any bias in species’ estimating
species niches may also propagate to community-scale statistics. Realized niche estimates based
on contemporary geographic occurrences of species maybe particularly biased and themselves
show lags (Jackson & Overpeck 2000; Soberén & Nakamura 2009), but provide the simplest

method for calculating these statistics ((Blonder ef al. 2015).

Practical data considerations

Finding data to infer community response diagrams remains a challenge. A representative
sample of the community’s composition is required to estimate C(t). Time series of community
dynamics are rare because of the long timescales and high efforts involved in this sampling. The
best example is probably from the Park Grass Experiment in England, comprising dozens of

censuses between 1856 and 2006 (Silvertown et al. 2006). On the other hand, the 50-ha forest
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dynamics plot at Barro Colorado Island (Panama) has been censused only seven times between
1980 and 2010 (Condit et al. 2012), and the macrophyte communities at Loch Leven (Scotland)
have been censused only eight times between 1905 and 2008 (Dudley et al. 2012). Temporal
extent is less important than number of time points: for example, it is possible to compare
vegetation change on Chimborazo volcano (Ecuador) between 1802 and 2012, but measurements
are only available at those two time points (Morueta-Holme et al. 2015). Other highly-sampled
time series, e.g. the Isle Royale (United States) wolf-moose dataset (Vucetich & Peterson 2012),
are oriented towards a single focal species rather than whole communities.

However there are some systems where representative samples of communities at
multiple time points are available. Microcosm studies of provide one possibility, e.g. protist
communities (Petchey et al. 1999); similarly, metagenomics approaches are making community
dynamics in microbial communities increasingly accessible (Faust ef al. 2015). Alternatively, at
longer time scales, paleoecological assemblage datasets may provide proxies for community
dynamics. For example, fossil pollen assemblages for eastern North America are available for
the last 21 Kyr at 500 yr resolution, e.g. Maguire et al. (2016). Indeed, many of the studies that
have calculated inferred climate time series using other approaches, e.g. Mosbrugger and
Utescher (1997); Kiihl et al. (2002); DeVictor et al. (2008); Bertrand et al. (2011), could be
recast in terms of C(t). In these cases the challenge would be to make estimates of F(t) for these
communities that are independent of the community data. In the case of late Quaternary climate
change, paleoclimate simulations based on general circulation models provide proxies for F(t),
but spatial and temporal resolution still remains coarse (Lorenz et al. 2016). For more
contemporary time series, meteorological data may instead be available, e.g. Bertrand ef al.

(2011). Better understanding the limitations and potential of these various datasets, as well as
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actively collecting more time-series community data, remains an ongoing but important

monitoring challenge for ecology.

Implications and synthesis

We showed that community response diagrams comprising plots of F(t) and C(t) provide
methods to assess and understand how climate drives disequilibrium community states. By
measuring lags with these community trajectories, and by calculating mean absolute deviations
and maximum state numbers, we are able to provide approaches to assess the continuum of lag
hypotheses, determine the limits to predictability, and assess the importance of a community’s
past on its future.

The possibility of memory effects underscores the challenges present in predictive
community ecology. Hysteresis is known to limit the ability of systems to return to an original
stable state (Beisner et al. 2003; Folke et al. 2004), but our work now shows that unstable
communities are also not guaranteed to return to the same state when the observed climate takes
a previous value. This may provide a complementary explanation for why returning
environments to historical conditions is unlikely to result in community shifts toward historical
states: regime shifts can occur when the history of the community determines which future
compositional state will be obtained (Scheffer & Carpenter 2003). Additionally, hysteresis
suggests that commonly used space-for-time substitutions may not be appropriate, because the
temporal dynamics of a system will depend on the past community state, while the spatial
dynamics will not. Lastly, it also suggests that conservation efforts that take actions to reduce
climate lags (such as assisted migration, rewilding, or restoration of historical states) may

potentially yield unexpected outcomes.
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The niche axes comprising C(t) and F(t) can include any variables that mediate species
response to environment. Here we defined them in terms of climate variables. However, edaphic
variables could also be important, given the close association between species occurrence and
soil conditions. Soil legacies can persist for 10°-10" years (Dupouey et al. 2002) and many
species’ distributions are very sensitive to soil conditions (Harrison 1999; Silvertown et al. 1999;
Asner & Martin 2016), with community lags being driven by soil development (Kunes et al.
2011).

The community response diagrams could also be recast in terms of functional traits,
where F(t) is an optimum trait value, and C(t) is a community-weighted mean trait value (Garnier
et al. 2004). Shifts and lags in trait-environment relationships (Kimberley ef al. 2016; van der
Sande ef al. 2016) or skewness in trait distributions (Enquist ef al. 2015) may be explainable
using this approach. Remotely-sensed community-weighted mean traits and remotely-sensed
climate data may be appropriate to explore this idea (e.g. Seddon et al. (2016)).

A next step toward more mechanistic understanding of community dynamics will be to
couple the community-scale differential equation models to process-based models for individuals
and populations of species in regional pools. By assessing the individual and combined effects of
different types and strengths of dispersal limitation, species interactions, and environmental
filtering on community-scale patterns, it could become possible to identify the most likely
drivers of each type of dynamics. Understanding the processes that lead to predictability and
those that do not would help delineate when community ecology can hope to become more

predictive (Fukami 2015), and when forecast horizons must remain small (Petchey et al. 2015).

Conclusion
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We have explored some of the limits to predictability in community ecology by using
community response diagrams. The overall implication of this work is that predicting community
response to past and near-future climate change will be difficult because of the diversity of
possible dynamics. The no-lag hypothesis implicit in contemporary species distribution modeling
represents a very narrow class of dynamics that may be successful at the scale of single species
but not successful at the emergent community scale. The constant-lag and constant relationship
lag hypotheses of contemporary disequilibrium ecology and the extensions of species
distribution modeling that incorporate dispersal limitation also represent a limited class of
dynamics. There is evidence that some communities have sensitive responses to climate change
(Ackerly 2003; Shuman et al. 2009; Nogué et al. 2013) and can exhibit regime shifts (Folke et
al. 2004), whereas some others do not show evidence for this (Nowacki & Abrams 2015).
Similarly, evidence for niche equilibrium at species scale is highly mixed (Veloz ef al. 2012;
Lee-Yaw et al. 2016). The possible existence of alternate unstable states and unpredictable
dynamics should lead to careful consideration of whether extant approaches have oversimplified
our perception of community dynamics.

Better delineating when and why responses to climate change will differ among
communities should become a priority. Progress on predicting rather than explaining dynamics
remains elusive and will require better understanding how processes such as species interactions
and dispersal limitation determine the dynamical rules for community dynamics in response to
climate change. We therefore suggest caution in our ability to make robust predictions about the

future.
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Supplementary Data

Supplementary Data S1 — Mathematica code to replicate all differential equation solutions

described by Table 1 and shown in Figure 3.

Supplementary Data S2 — Code (R language) to calculate summary statistics for community
response diagrams based on inputting time series for F(¢) and C(¢). The code also replicates Fig.

2.

Supplementary Table S1 - Examples of model parameters that generate each class of dynamics,
corresponding to the panels in Fig. 3. Many other parameter combinations can also generate each
of these scenarios; this list is not meant to be exhaustive. Fields marked as ‘-’ can take any value

without changing the dynamics.

Scenario Panel cr CR At R(p) | T(x) | p T Co F(t)
No lag a 0 o any - T - C@) - - sin(t)
F()
Constant delay b 0.2 10 5 sin(p) e T C@) - C@) - - t
exp(-p2) C(t-A1) F(t)
Constant relationship b same as above as t->00
Transient dynamics c 1 5 5 o T C@) - C@) - - sin(t)
C(r-At) F(r)
Constant delay c same as above as t->00
Memory effects d 1 15 35 0? T C@) - C@) - - sin(t)
C(r-At) F(r)
Alternate states e 1 8 15 sin(p) e T C(t-A1)- C@) - 0.2 sin(t)
exp(-p?) G F@
Chaos f 1 8 16 sin(p) T C(t-At)- C@) - 0.35 sin(t)
exp(-p?) G F@
Stochastic g not applicable — C(t) simulated as smoothed Brownian motion sin(t)
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Supplementary Text S1. An upper bound on the maximum state number n.

The bound comes as a consequence of the observation that if both F and C are periodic, then the
response diagram in the F-C plane will form a closed curve. It is evident that any vertical line
can only intersect a closed curve a finite number of times; hence the state number is finite.

Further, for a closed curve, the maximum number of intersection points of a vertical line cannot
be larger than the number of vertical fold points, i.e. points where % = 0. This follows from the

fact that on either side of an intersection point, the curve must fold back in order to form a closed
curve. If we define Py to be the period of F(t), and P, the period of C(t), then the period P of

the system (time for F and C to both return to the same value) will satisfy P = aP, = bPy, where
a and b are mutually prime integers. Then, if % = 0 k times in one period Pr, then we have the

bound

(S1-1) n<kb

For example, considering simple sinusoids F(t) = sin(t),C(t) = sin(%), withm > 1 an
integer (because F forces C and not the other way around, C will typically have longer [or equal]
period than F). This gives k = 2 and b = m, the least common multiple of their periods. A larger
value of b implies that the observed climate must cycle more times before the community
response repeats, and thus one value of F can correspond to more values of C. A larger value of
k, on the other hand, implies a more complex observed climate.

While this result is only strictly valid for continuous periodic functions C(t) and F(t),
the basic idea can be extended to empirical time series of C(t) and F(t) that are approximately
periodic. For instance, if the Fourier spectra of C(t) and F(t) are dominated by particular
wavelengths, then approximations for a and b may be computed and the arguments above may

be applied.
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Supplementary Text S2. Transient behavior of the model described in Box 2.
To understand the nature of transient effects and the parametric dependence, we analyze the case
of linear tracking and linear resistance, T'(x) = R(x) = x, for which analytical progress can be

made. We use Equation B2-3 for p. In this case, Equation B2-1 can be expressed as

(S2-1) df{ft) +¢,C(1)+ ¢, (C(t)=C(1 = A1) = ¢, F (1)

The solution is the sum of a solution of the homogeneous equation, with zero right hand side,
and a particular solution. Seeking a solution of the homogeneous equation in the form

C(t) = Ae’t leads to the transcendental equation A + ¢ + ¢ — cge ™24 = 0. We seck
solutions in the complex plane: taking A = x + iy and separating real and imaginary parts gives

the set of equations

X+Cp +Cp = cpe” M cos(Aty)
(S2-2) y =cpe " sin(Aty)
We begin by showing that any solution will be characterized by x < 0. First, note that when
At = 0, the only solutionis y = 0, and x = —cy < 0. In order to have x > 0, it must cross the
axis, i.e. there must be a value of At for which x = 0. However, setting x = 0 gives cos(4ty) =
cr+CR

> 1, for which there can be no solutions. Therefore, the homogeneous solution is always
R

characterized by exponential decay.

Once the homogeneous solution sufficiently decays, C(t) follows the particular solution,
whose form will be driven by the form of F(t). For example, in the case of sinusoidal forcing
(Equation B2-10), the particular solution may be constructed explicitly as a combination of
sin(wt) and cos (wt). This shows (for the linear case) that after transients decay, the system

settles into a periodic state with equivalent frequency to the forcing. While the situation is less
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straightforward with nonlinear tracking and resistance functions, the general structure of
transient decay towards a solution with the same form as F(t) has generally been observed in all
of our numerical simulations.

The duration of the transient effects is determined by the value of x closest to 0.

—-At x

Considering the graphs of the curves f(x) = Ci +1+ E—T, glx)=e cos (Aty), whose
R R

intersections define the rate of decay of transients, we see that in the limit E—T -0, f(x)
R

approaches a vertical line with intercept at f(0) = 1, and thus intersection points x* for which

f(x*) = g(x*) approach 0 from the left. In the other limit, E—T — oo, there is only a single root
R

x* = —cy. The transient time increases with decreasing ratio C—T, 1.e. as resistance effects
R

dominate tracking effects.
This simple analysis also suggests a strong difference in the potential behavior exhibited
with lagged resistance to a constant state, that is when p is given by Equation B2-4. Here

Equation S2-2 becomes

(S2-3) X +cp =—cpe” cos(Aty)
y =—cpe " sin(Aty)

These equations do admit solutions with non-negative x. Thus there are parameter regimes in the

linear case where the transient grows with time, even while the community is restoring toward a

constant state.
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Box 1. Definitions of lag statistics for community dynamics

Consider a community containing a set of {z} € (l,k) species at time ¢. Each resident species i

has a fundamental niche function that can be described by a relative fitness over a given niche
axis. Suppose that each of these niche functions has a modal value of Nj(t).
The location of the community has an observed climate F(t). The inferred climate of

the community also can be defined as the mean of the niche optima of all species (Fig. 1):
(B1-1) C(1)=E[N,(7)]

More sophisticated definitions (e.g. abundance-weighted means or medians across species) are
possible and potentially more useful in low-richness communities.
We can also define a measure of uncertainty in the inferred climate, o(t), as the standard

deviation of the modal niche values:

(B1-2) 0(t)=\/E[(Ni(t)—C(t))2]
If a community is comprised of species with similar Nj(t) values, then o(t) is close to zero;
alternatively, if species have a wide range of Nj(t) values, then o(t) is large. Large values of o(t)
can also represent community lag resulting from differences in species responses to changing
climatic conditions, but we primarily consider them as uncertainties in the context of empirical
data.

The community climate lag can be defined as the difference between the inferred

climate and observed climate. It can be calculated at any given time #:
(B1-3) A(t)=C(t)-F(1)
Because of linearity, the standard deviation (uncertainty) of A(t) is also equal to o(t).

The mean absolute deviation can be defined as:
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(B1-4) |X|=%T‘A(t)‘dt

max 0

where generally the statistic would be calculated for 7, — .

The maximum state number can be defined as the largest number of real values of C
corresponding to any of the realized values of F. Let g be the implicit constraint equation
defining the relationship between F and C, i.e. g(C,F)=0. Then n is the maximum cardinality of

the set of real roots of g for each value of F:
(B1-5) n=m3x\{cem:g(C,F)=o}\

There are several ways to calculate n. If g(C,F)=0 is a polynomial in C, then an exact value for n
can easily be obtained using Sturm’s theorem for counting distinct real roots (Dorrie & Antin
1965). In the more general case, if g(C,F)=0 is transcendental in C, then g can be approximated
to arbitrary accuracy by Chebyshev polynomials, with real roots counted using companion
matrix eigenvalue methods (Boyd 2013).

It is also possible to obtain an upper bound on the maximum state number. As we prove
in Supplementary Text S1, if F and C are both periodic in time, then the maximum state
number is always finite, with
(B1-6) n=<kb.
where £ is the number of times F folds over itself in one period in the F-C plane, and b is the
relative periodicity of F relative to C. The analytical bound essentially reflects how synchronized
the observed and inferred climates are. Thus, even with stable dynamics characterized by
periodic orbits, predictability of the community can vary strongly. Moreover, a simple
functional form for F(t) does not imply simple predictability in the inferred climate. The state

number, which can be understood as a metric that characterizes the complexity of those
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dynamics, is a valuable measure for predictability and the diversity of community responses

possible.
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Box 2. A simple model of community dynamics
We propose an ordinary differential equation model for the dynamics of a community’s state,
C(t). The model’s formulation is general, but is operationalized here with linear functions to

demonstrate the range of complex behavior that can arise from simple model structure.

ac(o)

(B2-1) =—¢,T[7(1)]-c,R[p(1)]

where T[’L’ (t)] is a function describing how the community tracks a change T (t) in its state

relative to the observed climate at time ¢ and R [ p(t)] is a function describing how the

community resists a change p(t) in its state at time ¢ relative to a past observed climate. The

coefficients cg>0 and c>0 determine the relative importance of each effect. This model
describes a forced delay differential equation, whose general properties and solutions have been

explored in the mathematics and control theory literature (Sastry 2013).

The size of the tracking change, 7 (t) , can be defined as the linear difference between the

observed climate and the community composition at time ¢:

(B2-2) 7(1)=C(t)-F(t)=A(2)
We consider two possibilities for the resistance change, p(t) . One is to define resistance by the

linear difference between the community composition at time # and the community composition

based on a time delay, Af:

(B2-3) p(t)=C(1)-C(t-Ar)

This models a scenario where the amount of restorative force is proportional to the difference

between the community’s past and present state, so that the system tends toward a past state (e.g.
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maintenance of an already-established forest type). Another is to use the difference between the

community state at time t- Az and a optimal state C.

(B2-4) p(t)=C(1-Ar)-C,

b

which models a scenario where the system tends toward a fixed climate-independent optimum.
A simple proposal for the tracking function is a linear function:

(B2-5) T(r)=T.

where the response of a community to climate is directly proportional to the lag at that time.
Similarly, a simple resistance function can be proposed with a linear response, for

example

(B2-6) R(p)=p

or with a nonlinear response, as

(B2-7) R(p) = p*

Both resistance functions are odd and therefore yield responses that are restorative, in that they

try to maintain the system in its current state. Another proposal is a nonlinear restorative function

with multiple basins of attraction:
(B2-8) R(p)=sin(p)-exp(-p°)

This equation describes a situation where small to medium changes in system state lead to
increasingly strong restorative responses, but where large changes lead to non-restorative
responses.

The model also depends on the temporal trajectory of the observed climate F(¢). Here, we

consider two simple example cases for climate change: a linearly increasing forcing with rate ¥ :

(B2-9) Fo(t)=7t

linear
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and a periodic forcing with angular frequency w :

(B2-10) F oo (1) = sin (o)

periodic
First, consider the linear forcing. In the case that ck=0 (no resistance effects), Equation B2-1

reduces to

(B2-11) =—c,(C(1)-)

and has solution when C(0)=0 of

e -1

Cr

(B2-12) C(t)=7(f+ =F(1)-L(1-e)

That is, the system is delayed by l(l - e"’Tt) . The second term rapidly decays over time, so the
c
T

lag converges on a constant value as time increases. If c1=0, the delay become zero. Thus, only
no-lag (Fig. 3A) or constant-lag (Fig. 3B) dynamics can occur.

If instead resistance does occur (cz>0), then Equation B2-1 no longer has an exact
solution. However, the system does respond with constant relationship dynamics regardless of
the choice of resistance function. Indeed, for any monotonic forcing function this will be the
case. For monotonic forcing, F and t are in a one-to-one relationship. Therefore, a given choice
F = F, will correspond to a single time t = t,. Since C(t) must be a function (emerging as the
solution of a differential equation), fixing t = t, fixes C = C, = C(t,). This implies that even
though C(t) is not necessarily (in fact, usually not) a monotonic function, a given F corresponds
to a single C, and thus the community response diagram in the F — C plane will be one-to-one,
for which the state number is always n=1 (Fig. 3B). The general implication is that only

constant-lag, constant-relationship, and no-lag dynamics are possible with linear climate change.
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Next, consider the periodic forcing. The no-lag and constant delay hypotheses can both

occur when there are no resistance effects (ck=0). The system reduces to

(B2-13)

In this case, the solution, assuming C(0)=0, becomes

2
cr+@

(B2-14) C(1) =C—72[CT sin(a)t)—wsin(g—wt)+we“'”l

That is, the community response is proportional to the sum of the observed climate, a time
delayed observed climate, and a transient coefficient that decays rapidly over time (Fig. 3C). As
the parameter cy becomes large relative to , C(¢) converges exactly on F(#) and the time lag
disappears. That is, when cz=0, a small value of cr corresponds to the constant-lag hypothesis,
and a large value of cr corresponds to the no-lag hypothesis.

Alternatively when resistance effects also occur (cg>0), the type of dynamics depends on
the size and form of the resistance. For the simple lagged resistance (Equation B2-3), constant-
lag and alternate state dynamics can occur, but are restricted to state number n=2 (Fig. 3D). For
the more complex restorative resistance change (Equation B2-4) and resistance functions
(Equation B2-7), we find far more complex dynamics exhibited, including periodic states with
state number n>2 (Fig. 3E), as well as chaos in some parameter regimes (Fig. 3F).

We can also determine when (if ever) the system reaches a steady state, depending on the
presence of resistance or tracking effects. As proved in Supplementary Text S2, we can
separate the community’s dynamics into transient effects and steady states (except in the case of
parameters leading to chaos). In the transient state, the system takes a trajectory that is highly

influenced by initial conditions that can be difficult to predict. After the system settles to a steady

state, C(t) becomes a periodic function, and the community response diagram follows a fixed
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pattern that repeats over time. The duration of the transient increases with decreases in the ratio

E—T, i.e. as resistance effects dominate tracking effects. The previous result holds except for where
R

the tracking function restores toward a climate-independent state (Equation B2-4). In this case,
are parameter regimes where the transient grows with time, even while the community is

restoring toward a constant state. Thus the system never obtains a fixed pattern that repeats over

time and instead exhibits transient dynamics for all times that may have arbitrarily high » and |X|
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Figures

Fig. 1. A) Definition of community and climate terms. A community contains a set of resident
species, each described by a different realized climate niche (cyan distributions) at time ¢. By
overlapping these niches, a climate most consistent with the occurrence of these species (blue
distribution) can be inferred and summarized by its expected value, defined as the community
climate, C() (vertical blue line). The community climate may differ from the observed climate at

the location of the community, F(¢) (vertical red line). The difference between the community

climate and the observed climate is defined as the community climate lag, A(t) . If the
community is in equilibrium with climate and there are no lags, A(t) =0, or ‘A(t)‘ >0

otherwise. B) An example of time series for C(t) and F(t). Values of zero are shown as a dashed
horizontal line. C) A community response diagram is a parametric plot of time-series of F(t) and
C(t). Data are replotted here from panel B. Values of zero are shown as dashed horizontal and

vertical lines. The 1:1 no-lag expectation of C(¢)=F(¢) is shown as a gray line.
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Fig. 2. Definition of community response diagram statistics using an example dataset. A) A
community’s trajectory of observed climate F{(t) and the community response C(t) is shown for
original data (black curve), coarsened data (gray curve), and coarsened and smoothed data (blue
curve). The 1:1 (no lag) expectation is shown as a diagonal red line. The maximum state number,
n, indicates the largest number of unique values of C(t) that correspond to any coarsened value of
F(t). It is calculated by intersecting a vertical line with the community’s trajectory at all values of

F(t) (vertical blue lines). B) The mean absolute deviation, IN

, indicates the average difference

between C(t) and F(t) across all times, with larger values indicating greater lags. The distribution

of lags is shown as a gray envelope and the statistic’s value is shown as a vertical blue line.
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Fig. 3. General classes of dynamics possible for a community’s response to climate change. In

each box, the time series shows an observed climate F(¢) (red lines) and a community response
C(?) (blue lines). Values of the state number » and the mean absolute deviation |A_| are shown as

insets for each example. A) No-lag dynamics occur where the community climate closely
matches the observed climate. This scenario can be detected when the community response
diagram matches the 1:1 line. B) Constant relationship dynamics occur when the community
response diagram is a function, i.e. has a unique value of C(¢) for every value of F(¢). C)
Constant delay dynamics occur when the community climate follows the observed climate with a
fixed time delay. This scenario cannot be detected for a linear climate change but appears as a
single loop for a sinusoidal climate change. Transient effects can also occur producing
unpredictable dynamics with high n. D) Memory effects occur when the community climate
follows the observed climate with a variable delay and magnitude. This scenario can be detected
via the presence of one or more crossing-back events that can also form loops when F(t) is
periodic. E) Alternate unstable states occur when the community shows memory effects with
multiple stacked loops, such that the state number is always greater than two. F) Unpredictable
dynamics can occur when n becomes infinite. Memory effects occur in this scenario as well. A
scenario is shown here for chaos. G) Unpredictable dynamics can also occur when the
community response is uncorrelated with the observed climate, e.g. because of stochastic
dynamics. All trajectories were generated from the model in Box 2 using parameter

combinations described Table S1.
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