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Abstract

Background: Variability added to directional climate change could have consequences for ecotone community
responses, or positive and negative variations could balance. The response will depend on interactions among
individuals along environmental gradients, further affected by stress gradient effects.

Methods: Two instantiations of the stress gradient hypothesis, simple stress and a size-mediated model, are
represented in a spatially explicit agent based simulation of an ecotone derived from observations of Abies
lasiocarpa, Picea engelmannii, and Pinus albicaulis in the northern Rocky Mountains. The simple model has two
hierarchically competitive species on a single environmental gradient. The environment undergoes progressive
climate change and increases in variability. Because the size model includes system memory, it is expected to

buffer the effects of extreme events.

Results: The interactions included in both models of the stress gradient hypothesis similarly reduce the effects of

increasing climatic variability. With climate amelioration, the spatial pattern at the ecotone shows an advance of both
species into what had been a higher stress area, but with less density when variation increases. In the size-mediated
model the competitive species advances farther along the stress gradient at the expense of the second species. The
memory embedded in the size-mediated model does not appear to buffer extreme events because the interactions

between the two species within their shifting ecotone determine the outcomes.

Conclusions: Ecotone responses are determined by the differences in slopes of the species response to the
environment near their point of intersection and further changed by whether neighbor interactions are competitive.
Interactions are more diverse and more interwoven than previously conceived, and their quantification will be
necessary to move beyond simplistic species distribution models.
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Background

As the global climate changes, shifts in climatic variabil-
ity, including extremes, could have ecological conse-
quences at least as great as would result from changes in
mean temperature and precipitation [1-3]. Thus, the
ecological impacts of climatic variability requires re-
search [4, 5], specifically on how climate variability will
affect population processes, and how to apply basic eco-
logical theory to understand community responses to
climate change. Current theory is rooted in ideas on fre-
quency dependent population processes such as compe-
tition [6], but ideas based on facilitation may provide
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new insights [7] necessitating 1) the need to incorporate
interactions among organisms in species distribution
models, e.g. [8], and 2) recognition of climatic variation
[8]. We aim to examine how different hypothesized
modes of plant interaction alter ecological response to
changing climatic variability. We use a spatially explicit,
two-species, agent-based model (derived from an earlier
model of alpine treeline in the Rocky Mountains, USA)
with contrasting gradients of change in the relative
strength of competition and facilitation to simulate re-
sponses of an ecotone to climatic variability.

Climatic variability
Work on climatic variability has indicated that anomal-
ies (in climatology, the difference from average) in one
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direction could be balanced by anomalies in the other
direction. However, the potential ecological importance
of climatic variability has also been recognized. For ex-
ample, extreme events change high or low temperature
regimes and exacerbate moisture limitations from a state
of stress to one of disturbance, because their physio-
logical effects change from reduced productivity to mor-
tality. Kayler et al. have called for inclusion of variation
in experimental approaches to ecological response [9].
Introducing variability in rain-exclusion or—addition ex-
periments should be straightforward, but otherwise well-
developed experiments sometimes do not explore this
factor (or have been too short). Where variation has
been introduced, experiments show the effects of func-
tional diversity [10]. From simulations, Malanson [11]
reported that competition affected population responses
to increasing variability more than biological (i.e., gen-
etic) or spatial constraints.

Ecotones and facilitation

Ecotones have been a focus for examining ecological re-
sponse to climate change [12]. For treeline ecotones in
particular, research has focused on positive interactions
among individuals and has downplayed competition
[13]. Given the observation of ecotone boundaries that
were abrupt relative to the environmental gradient in
which they were observed, the positive feedback switch
hypothesis [14] became the dominant explanation; e.g.,
[15-17]. This emphasis on facilitation at ecotones such
as alpine treeline became blended with the stress gradi-
ent hypothesis (SGH) [18, 19] (which is flexible in the
details depending on the stressor; alpine treelines can be
locally water stressed within a broader scale stress of
heat deficit [13]). de Dios et al. showed how a temporal
switch in interaction could be a factor in ecotone re-
sponse to climate change [20]. Rates of response to cli-
mate change may also be tied to species interactions
[21]. Moreover, treeline dynamics have been shown to
respond to interannual climatic variability [22].

At alpine treeline ecotones the population dynamics
and spatial distributions of conifers are affected by both
negative and positive feedbacks within their community.
The canopy reduces wind, which in turn reduces evapo-
transpirative stress in its neighborhood, captures snow
that becomes late-summer soil moisture in an otherwise
dry environment, and increases the accumulation of fine
sediment and organic matter in the soil [13, 23]. Further,
the canopy reduces the impact of UV radiation and of
night sky exposure and cold temperature photoinhibi-
tion in its neighborhood [24]. Conversely, the shade cast
by closed canopies (especially in krummbholz) limits light
availability, and perhaps more importantly, maintains
colder soil temperatures under the canopy, which may
be the limiting factor for treelines at global scale [25]
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(high density can also result in competition for soil re-
sources, including water); single trees may have different
effects [26]. A variety of interactions are being explored
as limits on treeline upslope advance in response to cli-
mate change [27].

At treeline, the extreme limit of the stress gradient for
trees, the most exposed individuals can benefit most from
positive feedback. Moreover, the positive feedbacks at the
edge may be critical to tree recruitment, whereas the
negative feedbacks may be limited by the small size of in-
dividuals ([28]. This size dependence is part of the ration-
ale for our size gradient model, and incorporating relative
sizes of interacting plants and the resulting effects more
be a more realistic portrayal of community processes.

Rationale

We use a corollary to the SGH, a relative size gradient
(RSG) model [29], which incorporates a more mechanistic
feedback between the abiotic and biotic components of the
environment. The SGH holds that competition will
decrease and facilitation increase along a gradient of in-
creasing environmental stress [30, 31] (. The particular en-
vironmental processes or gradients through which
interactions operate are varied and potentially combined
[32]. The RSG model mediates the SGH by providing a
more direct mechanism for a change in net interaction be-
tween positive and negative and a feedback through growth
rates. Malanson and Resler found that the RSG produces
similar patterns of response to climate change in simula-
tions [29]; the reason is that in the area of high stress the
largest plants are never so much larger than the smaller
that they become competitors instead of facilitators.

The response of alpine treeline to increasing variability
with climate change could depend on whether the feed-
back process is a direct function of level of environmental
stress (the classic SGH) or mediated by plant size, as we
suggest. The SGH embodies a direct effect of plants on
the local environment, modifying the stress on other
plants. The size gradient model builds memory into the
system. The sizes of plants can increase only incrementally
(but can decrease drastically with mortality) so the effects
of climatic variability are buffered by the existing size of
plants. We hypothesize that a stress gradient system will
be more sensitive to increasing variation in the climate
than would a size gradient system because the feedback
within the latter will change slowly. The addition of a size
gradient model contributes to an effort to include a variety
of plant-plant interactions in the study of species range
limits with climate change, e.g., [33].

To examine how interactions mediate variability, we
model the ecotone dynamics between two populations
by simulating the effects of a changing climate with
increasing variability on a spatially explicit environmen-
tal gradient. We simulate population dynamics and
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extinctions, which are likely to respond to variability
[34]; although demographic stochasticity is included, we
do not manipulate it. Ecotones may be revealing indica-
tors of the consequences of climate change. Alpine tree-
lines are simple in that they support few tree species
(often 1-2), and the environmental gradient, from the
“plant’s eye view” (sensu Harper, p 706 [35]), is relatively
simple if the decline in tree size and density is assumed
to be indicative. We acknowledge that the model is so
simplified that it will not differentiate all of the specific
processes; cf. [36]. Korner recently emphasized the role
of size on feedbacks, but did not lay out a complete
framework for the role of size that would capture effects
of neighbors and water limitations [28]. Although this is
the type of two-species model that is common in theor-
etical ecology, it is based on observations of Pinus albi-
caulis, Abies lasiocarpa, and Picea engelmannii.
Observations at alpine treeline ecotones in the northern
Rocky Mountains indicate that P. albicaulis is a pioneer
species, able to establish in open areas where it then
provides facilitation for the establishment of A. lasio-
carpa and P. engelmannii [37]. The mechanistic nature
of facilitation indicates that size is likely to be relevant
[26], and neighbors affect size [38].

We hypothesize that the simulation of outcomes in
populations, extinctions, and spatial outcomes will differ
among the models of no interaction (none), SGH inter-
action (stress), and the size model (size) of interaction.
Our expectation is that stress gradient and size gradient
feedback models will buffer the response to climatic
variability so that the relative sensitivity would be:
none > stress > size.

Methods

Conceptual model

We use a simplistic model to elucidate the effects of
variability for the types of environmental gradients and
species niche dimensions envisioned for ecotones, spe-
cifically for hierarchical competition and the SGH. We
use an approach that eliminates the need to know the
response of a particular system to specific changes in cli-
mate. Instead, we consider the plant’s-eye-view by vary-
ing habitat quality as a composite parameter and change
it through time with and without increasing variability
during a period of improving habitat quality.

The model assumes that interactions among plants are
based on the relative size of the focal individual and the
summed sizes of its neighbors and that this interaction
intensity is a multiplier the habitat quality, which is <1
for competitive effects and >1 for facilitative effects; the
range is from 0.5 to 2; [39] for details. The model com-
putes the habitat quality given an initial environmental
gradient multiplied by the interaction intensity. This
habitat quality is then used to determine the probability

Page 3 of 8

of reproduction, the amount of growth, and the prob-
ability of mortality.

Model design

We use a spatially explicit agent based model created in
Netlogo [40], Additional file 1. The model is based on a
grid of 1000 x 50 cells, wrapped as a cylinder to elimin-
ate edge effects. The plant’s-eye-view of the environment
is defined by responses of two species (SpS, for specialist
and SpG for generalist, subscript s) on the long axis of
the grid set as hierarchical Gaussian curves, Ey, 1-0
across the rows (subscript y) as shown in Fig. 1 (cf. [41]).
This approach collapses the various dimensions of niche
to a single gradient appropriate for a simple exploratory
model. The responses in this model are relative but are
based on observations of Abies lasiocarpa and Picea
engelmannii, for SpS, and Pinus albicaulis, for SpG, at
alpine treeline in western North America (see [42]). P.
albicaulis is a pioneer, keystone, and foundational spe-
cies at alpine treeline; it is able to reproduce in high-
stress environments without neighbor facilitation, and it
grows slowly. A. lasiocarpa and P. engelmanni often es-
tablish next to extant P. albicaulis and have somewhat
higher growth rates. Information on survivorship is
sparse because treeline sites are relatively new (since the
Little Ice Age in the Rocky Mountains [43]) but the ages
of P. albicaulis are much greater than any of the other
two species at sites where we have examined tree rings
(e.g., [44]). Although the gradient is smooth, the feed-
back that is simulated creates clumped patterns of spe-
cies occurrences. Feedback is likely to be more
important in the spatial heterogeneity of factors such
as microclimate or soils than are purely abiotic pro-
cesses [45].

Each cell of the grid can be occupied by one individ-
ual, and to initialize model runs, all cells are occupied by
an individual j, at a random size between 1 and 100, with
a probability proportional to Ey. The dynamics of the
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Fig. 1 The species-specific habitat quality assigned to each row of
the grid. This value is used in multiplier to compute the probability

of recruitment and mortality and the amount of growth
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population are simulated over 400 iterations of recruit-
ment, growth, and death as Monte Carlo processes with
treatments implemented in the last 100 iterations. Al-
though the initial size distribution is random rather than
realistic, age structure develops during the initial 300 it-
erations before treatments begin.

The stress gradient version is computed as a logarith-
mic increase in interaction intensity with the number of
neighbors: multiplied by a gradient from 0.5 to 2 across
the length of the grid:

d = number of neighbors

Liress = 26 + .333 Ind * (2 - 1.5E)
The size gradient version is

d = S,/S¢

Lgze|d < 33.333 = 1 + .03d

Lize|d > 33.333 = 3.25 - .0375d

where S, is the sum of the sizes of the eight neighbors
and Sy is the size of the focal individual; for empty cells
the intensity for recruitment is calculated with S¢=1
interaction intensities less than 0.5 or greater than 2 are
reset to these limits (Fig. 1). A logarithmic form was
chosen to give most weight to the first neighbor; cf. [29,
36]. While it would seem that the model would be sensi-
tive to relative size at which competition begins to out-
weigh facilitation (here at 10 times, with competition
reaching its limit at 30), trials with these points set at 3/
10 and 33.33/100 produce quantitatively similar results.
Although the stress gradient is linear with the environ-
ment, spatial patterns develop because of the density of
neighbors, especially at the treeline.

Recruitment for SpS and SpG occurs on cells with
probability a function of the size of their extant popula-
tion relative to the size of the grid and the environment
of the row:

P(Rl) = ]TNIEyl
P(Ry) = rNIEy

where N is the current population and r is 0.00001 or
0.000008 based on the size of the grid, so that the maxima
would be with rN = 1.0 or 0.64 for SpS and SpG, respect-
ively. SpG can establish only on empty cells whereas SpS
can replace SpG but with its recruitment rate halved. Re-
cruitment parameters are chosen to reduce dimensionality
by setting them to allow replacement recruitment in a
hypothetical open, ideal environment. Because of the feed-
backs, recruitment in the neighborhood of extant individ-
uals is more common in the treeline area.

SpS has a higher mortality rate than SpG to match its
higher reproductive rate:
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P(M;) = 1- 51E,
P(My) = 1- 41Ey,

The maxima are set at half of the maxima for E (1.0
and 0.8) based on the logic that once established mortal-
ity is relatively rare.

Model runs

To represent climate change, the value of E is reset to
E, s in iterations 301-400. E,s increases; the climate
ameliorates in the plant’s-eye-view. Iterations 1-300 with
Eys constant allow all relevant variables to equilibrate.

Climatic variability is created by multiplying the values
for all cells in every year by a random number drawn
from a normal distribution with a mean of 1 and a
standard deviation of 0.25. We use 0.25 based on the
standard deviation of standardized tree-ring widths re-
corded for a > 400 year-old stand of alpine larch at tree-
line in Glacier National Park, which range from 0.22 to
0.25 (personal communication, Greg Pederson); com-
parison of the two values has revealed much higher ex-
tinction rates for 0.25 when the multiplier doubled over
200 year [11]. We increase the multiplier to 1.5 over 100
year, after which it again becomes constant to represent
a new climatic equilibrium. With the multiplier E is
constrained to not exceed 1.0 or 0.8 for SpS and SpG,
respectively.

We present the results of six simulations, but we show
the differences between scenarios with constant and with
increasing climatic variability for simulations with no
feedback, with the stress gradient feedback, and for the
size gradient feedback. The metrics of analysis here are
the differences in the population sizes of SpS and SpG
between the climatic representations averaged from 100
replicate runs, and the proportion of those runs that end
in extinction for either species (extinction/200); simula-
tion runs in which extinction occurred during the first
20 iterations, prior to equilibration of population sizes,
were discarded and replaced.

Results

Even before climate change begins in the simulations,
the effect of feedbacks on response to variation becomes
evident (Table 1A). In terms of overall population num-
bers, the feedbacks are able to buffer the population re-
sponses to increasing variability. The small difference
between the stress and size gradient models depends on
the species.

With climate change and increasing variability, how-
ever, effects are more pronounced (Table 1B). Rather
than clearly buffering the population responses to in-
creasing variability as expected, the simulation repre-
senting the size gradient hypothesis had population
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Table 1 Percent difference in each population for the two model
species between scenarios with and without climatic variation for
a control with no feedback and the stress and relative size
gradient models at two times in the simulations runs

Models: None Stress Size
A

SpS -3.5 1.0 -04
SpG -26 -20 -10
B

SpS -17 -26 -18
SpG -33 -1 —42

A) before climate change (at iteration 300), and B) after climate change
(iteration 400)

changes similar to the no feedback scenario especially
for SpS, while for SpG the size gradient version had
greater population loss with climate change and increas-
ing variability and the stress gradient version lost least.
The stress gradient hypothesis is able to minimize the
impact of variability on SpG by increasing the intensity
and effect of facilitation in the area of the grid that was
previously empty, but with climate change becomes hab-
itable. However, because competition dominates in the
area occupied preferentially by SpS, i.e. the better habitat
quality, in the stress gradient simulations, its population
is more strongly affected by increasing variability than
either the no feedback or size gradient versions. The size
gradient hypothesis turns out to be sensitive to variation.
In the high stress part of the gradient, the effects of size
are limited because growth rates are low and sizes re-
main small. Relative to the amplitude of climatic vari-
ation, the effects of feedback remain small in this area.
In proportional change, the stress gradient representa-
tion buffered the responses of the populations more than
that of the size gradient hypothesis, contrary to our ex-
pectations. However, in absolute terms this difference is
because the size gradient maintained larger populations
than did the stress gradient as simulated (Fig. 2). With
the size gradient the population of SpS is higher before
climate change and both populations are higher after it.
While the stress gradient, in theory, could allow individ-
uals to develop larger populations in the high stress por-
tion of the gradient, any facilitation depends on multiple
rare recruitments, and with climatic variability rare indi-
viduals are eliminated before they are joined by others.
With respect to the probability of extinction, simula-
tions indicated that the stress and size gradient models
showed little difference in effect (Table 2). A visualization
helps to interpret the model outcomes (Fig. 3). With cli-
mate change (B, C, E, F, H, I) the populations advance into
the higher stress area. With increasing variability, the pop-
ulations are not as dense as the simulations with no vari-
ability. The advance for SpS is not as retarded by the
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Fig. 2 Absolute difference in sizes from the populations at iteration
200 for the two species in the three feedback models during the
iterations of increasing climatic variation (301-400)

increasing variability as it is for SpG. In the size gradient
model SpS is able to advance further into the high stress
zone, and without variability SpG has a denser population
(fewer empty cells in this area), but with increasing vari-
ability Sp@ is less dense than in any other case.

Before climate change begins in the simulations, differ-
ences have developed among the three models (Fig. 3
A,D,G; no feedback, stress gradient, and size gradient).
Relative to no feedback, the stress gradient has the eco-
tone between SpS and SpG in about the same place on
the grid but the transition zone is longer (Fig. 3 B,E).
Additionally, SpG is denser farther upslope. With the
size gradient model the transition zone is farther up-
slope, the area of SpG dominance is about the same, but
its density is similar to the case with no feedback (less
than for the stress gradient) (Fig. 3 C,I).

Discussion

The relative size gradient model assumes that neighbor
interactions affecting a focal individual reach a positive
peak when the neighbors are somewhat larger, but be-
come negative when much larger. It is a more mechanis-
tic portrayal of feedbacks on an environmental gradient
than the SGH, because of its direct tie between the
resulting size and the mechanism of growth. However, in
observed effects it is modestly different from simulations
based on the SGH. For both models the differences from
the no-feedback simulations are qualitatively similar in
population responses and spatial patterns.

Table 2 The percent of simulation runs in which a species went
extinct (N =no climatic variability; V = climatic variability)

NoneN NoneV StressN StressV SizeN SizeV
Sp1 0 10 3 11 1 12
Sp2 1 10 3 12 1 12
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Fig. 3 Comparison of the spatial patterns across the rows of the grid
(graph E, corresponds to Fig. 1) produced by the simulations for SpS
(blue) and SpG (orange). ABC, DEF, and GEH use no feedbacks or those
for the stress and size models, respectively. The patterns are shown
prior to beginning climate change in the simulations (iteration 300: A,
D, G) and for after climate change (iteration 400) without increasing
variability (B, E, H) and with increasing variability (C, F, ). Base variance
has the standard deviation of 0.22

While we had expected that the size gradient model
would be less sensitive to increasing climatic variability,
sensitivity varied by species. Without any feedback, SpG
was more sensitive to increasing variability as climate
improved than SpS. Although SpG was able to move up-
slope in both cases, with increasing variability it did not
lead to as many individuals over the entire gradient and
so appears to be less dense spatially. With the stress gra-
dient model of feedback, SpS is more sensitive than
SpG. The increasing climatic variability restricts the up-
slope advance of both species, but to a greater extent for
SpS, leaving a less dense ecotone with a preponderance
of SpG. The effects switch in the size gradient model.
Although the upslope advance is similar with and with-
out increasing climatic variability, in both cases the dis-
tribution of SpG is less dense.

The effects of increasing climatic variability depend on
interactions. First, although we do not differentiate
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intraspecific and interspecific interactions in the model, the
latter occur. Scramble competition occurs in the ecotone
between SpS and SpG regardless of whether the individual
interactions are positive or negative. Second, undifferenti-
ated individual interactions can be based on location.

In the stress gradient model, SpS is confined to the area
that experiences competition because the environment is
less stressful. As the environment improves, SpS moves
upslope, but still primarily experiences competition
among individuals. With increasing climatic variability,
improvements in the environment are accompanied by in-
creases in competition so SpS is not able to take advantage
of those positive anomalies. SpG is less affected because it
has open area to advance into when the environment im-
proves and it is experiencing modest facilitation which is
only increased when the anomalies are negative.

In the size gradient model, SpG is able to take advan-
tage of the improving environment without climatic
variability by moving upslope into previously unoccupied
area. With increasing variability, the dependence on size
buffers its response to the favorable anomalies because
there is a biological limit to improvement (the response
is never greater than 0.7). A negative anomaly that re-
sults in mortality is not easily reversed in a subsequent
year. Thus the net outcome is highest sensitivity for the
scenario we predicted would be lowest.

The mode of interaction does mediate the effects of in-
creasing climatic variability in our model, but not as ex-
pected. The size gradient model is more sensitive to
increasing climatic variability because of the way that the
boundary and interactions between the two species re-
spond. The interaction at the boundary is affected by how
species respond to the environmental gradient at the point
where they intersect in Fig. 1; cf. [11, 40]. Climatic vari-
ability should have the greatest effect on SpS because its
response curve is steeper at the crossover point. This is
also where size differences do not buffer responses be-
cause the greatest differences in size of neighbors is in the
least stressful part of the gradient where individual sizes
can be large next to newly recruited neighbors.

The size gradient model introduces a specific feedback
mechanism that allows a change from facilitation to
competition as the relative sizes of the plants diverge.
This model introduces a single functional trait, but from
a different perspective than most of the functional traits
commonly discussed for plant species. Most work on
functional traits is about indicators of functions within
individuals [46]. Our perspective comes from the conse-
quences of altering the abiotic environment of a neigh-
borhood. Some commonly used traits, such as canopy
height, can have either individual or neighborhood func-
tions, but differentiating the two will be important in
assessing their role in plant community response to
climate change [8].
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Conclusions
The consequences of increasing climatic variability as
climate changes depend on the environmental gradient
as experienced from the plant’s-eye-view, which is af-
fected by interactions with neighbors. At ecotones, this
plant’s-eye-view determines the transition in dominance
from one species or vegetation type to another. In our
model this interaction is determined by the differences
in slopes of the species response to the environment
near their point of intersection as represented in Fig. 1
but further changed by whether neighbor interactions
are competitive or facilitative according to the SGH.
Broad representation of species niche based on pres-
ence without quantified interactions will be inadequate
for assessing their response to climate change. While
long recognized [47] but still often ignored, inclusion of
plant-plant interactions is necessary to model the transi-
ent responses of ecosystems to climate change (along
with dispersal and fragmentation). We now see that in-
teractions are even more diverse, more interwoven, and
more important. The plant’s-eye-view will be necessary
to move beyond simplistic species distribution models.
For the specific type of ecotones that motivated this
model, alpine treelines, both variability and the nature of
stress gradient interactions will be relevant to their re-
sponse to climate change. For Pinus albicaulis, instances
of dieback as modeled here have been observed in Califor-
nia and attributed to water deficit [48]. Inclusion of tem-
poral autocorrelation of climatic variability is warrented.
How individuals and species interact is also likely to affect
the spatial response of the species to climatic change.
Interactions could exacerbate or ameliorate dieback,
depending on the climatic parameter that drives the
response [37], but general indications of facilitation even
in dry environments would support an advance of treeline
barring the extremes modeled here or exogenous distur-
bances (fire, pests, disease) not included (cf. [49]).

Additional file

Additional file 1: The Netlogo code for the size gradient model. The
Netlogo system can be downloaded at https://ccl.northwestern.edu/
netlogo/. (NLOGO 22 kb)
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