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Introduction: Whether the distribution and assembly of plant species are adapted 
to current climates or legacy effects poses a problem for their conservation during 
ongoing climate change. The alpine regions of southern and central Europe are 
compared to those of the western United States and Canada because they differ in 
their geographies and histories.

Methods: Individual-based simulation experiments disentangled the role of geography 
in species adaptations and legacy effects in four combinations: approximations of 
observed alpine geographies vs. regular lattices with the same number of regions 
(realistic and null representations), and virtual species with responses to either 
climatic or simple spatial gradients (adaptations or legacy effects). Additionally, 
dispersal distances were varied using five Gaussian kernels. Because the similarity 
of pairs of regional species pools indicated the processes of assembly at extensive 
spatiotemporal scales and is a measure of beta diversity, this output of the simulations 
was correlated to observed similarity for Europe and North America.

Results: In North America, correlations were highest for simulations with 
approximated geography and location-adapted species; those in Europe had their 
highest correlation with the lattice pattern and climate-adapted species. Only SACEU 
correlations were sensitive to dispersal limitation.

Discussion: The southern and central European alpine areas are more isolated and 
with more distinct climates to which species are adapted. In the western United States 
and Canada, less isolation and more mixing of species from refugia has caused 
location to mask climate adaptation. Among continents, the balance of explanatory 
factors for the assembly of regional species pools will vary with their unique historical 
biogeographies, with isolation lessening disequilibria.
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1. Introduction

The degree to which patterns of species distribution and diversity are coupled with environmental 
drivers, versus being in geographical or historical disequilibria, will affect their response to ongoing 
climatic change (Pinto-Ledezma et al., 2018; Marta et al., 2019; Storch et al., 2022). Disentangling 
the relative importance of adaptations to the environment versus historical legacies and spatial 
patterns is a continuing project in ecology (Ricklefs et al., 1999; Whittaker et al., 2001; Van Meerbeek 
et al., 2021) that is motivated by the need to anticipate the effects of ongoing climate change (e.g., 
Graae et  al., 2018). To explore how geographical and historical legacies or adaptations to the 
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environment could determine patterns of beta diversity, we developed 
simulations of the assembly of alpine vegetation in the western 
United  States and Canada and southern and central Europe. These 
regions differ in the spatial pattern created by geological forces over the 
past 100 million years.

Alpine habitats provide a useful case for elucidating how diversity is 
structured (e.g., Testolin et al., 2020, 2021) because their spatial and 
climatic limits are relatively distinct. If species distributions and climates 
are tightly coupled, current associations of species with climate would 
indicate major losses of diversity in alpine regions over the next century 
(e.g., Barredo et al., 2020; Malanson et al., 2022b); if not, their role as 
sentinels becomes problematic (Malanson et al., 2019). Alpine vegetation 
has distinct climatic limits with restricted spatial expression (Körner, 
2003), and the spatial response to climate change, involving refugia that 
have varied in extent and connection to other habitats (e.g., Birks and 
Willis, 2008) has differed globally (Testolin et al., 2020, 2021). Thus, the 
relative importance of environmental adaptations, geographical 
patterns, and historical legacies may differ among alpine plant 
communities between regions. We compare an ecological pattern, beta 
diversity, between the western United States and Canada (WUSAC) and 
southern and central Europe (SACEU) because of their geographical 
and historical differences (these areas are biogeographically distinct 
from regions of eastern North America and northern Europe, 
respectively).

For alpine vegetation in WUSAC, dissimilarities in composition 
have been linked to spatial differentiation Taylor (1977) and Hadley 
(1987) but differences in climate may play an important role (Malanson 
et al., 2015). In Europe, Lenoir et al. (2010) identified different glacial 
histories as the cause of different patterns of diversities between the Alps 
and the Scandes, and Jiménez-Alfaro et al. (2021) reported that area and 
isolation accounted for most of the variation in alpha diversity for 23 
mountain regions in southern and central Europe (SACEU), with a 
lesser role for precipitation. For those ranges, and at a larger scale 
including the mountain regions of oroarctic and mid-latitude North 
America and Europe, Malanson et  al. (2020, 2022a, respectively) 
reported an increase in the explanatory role of distance over climate 
with increased separation. Elsewhere, Anthelme et al. (2014) identified 
isolation within the Andes as the primary determinant of patterns of 
endemism, diversity, and similarity across plant and animal taxa. Finally, 
Testolin et  al. (2021) found that the extent, isolation and bedrock 
variability were primary determinants of plant species richness in global 
alpine regions. These studies leave the continental biogeography of 
mountain regions under-investigated.

Since the Last Glacial Maximum (LGM), alpine vegetation has 
spatially tracked climate from more extensive lower-elevation 
distributions to its current position. With such movement through time, 
the potential for disequilibrium (i.e., wherein following and during 
change in the abiotic environment the community composition and 
diversity have not reached, a steady state) is high. Instances of such 
disequilibrium has been documented in paleoecology and inferred from 
current patterns. We  focus on this period because of its primary 
relevance to current assemblages (e.g., Svenning and Skov, 2007; Cubino 
et al., 2022).

The mountain regions of WUSAC and SACEU are spatially and 
temporally different. WUSAC has mountains aligned on two major, 
parallel axes, the Rocky Mountain and Sierra-Cascade cordilleras, with 
a scattering of fault-blocks and volcanoes between. The Rocky 
Mountains, except for the Wyoming Gap, are relatively continuous for 
over 4,000 km. The Sierra-Cascades include the largest individual area, 

the Sierra Nevada, and a series of isolated volcanoes between it and the 
coastal ranges of British Columbia, which merge into the Rocky 
Mountains farther north. In WUSAC the mountains arose in a east-to-
west sequence. The Rocky Mountains were uplifted in the late Cretaceous 
and early Paleogene; the Great Basin ranges arose in the Oligocene and 
more recently for some volcanoes. The Sierra-Cascades are youngest, 
with some mountains dating from the Pliocene but the main Sierra 
Nevada and Cascade volcanoes from less than 5 mya. The alpine flora of 
WUSAC developed in the Eocene following uplift (Axelrod and Raven, 
1985; Wolfe, 1987), and adaptations to local environments began in the 
Pliocene (Billings, 1974).

The mountains of SACEU are divided into more distinct regions but 
with fewer isolated volcanic peaks. The ranges are part of a large arc that 
extends from northwestern Africa into west-central Asia, but the 
separation by low elevations is more distinct than the pattern in 
WUSAC. Although the Alpide Orogeny of Europe can be lumped into 
a single framework, it was more complicated than the orogenies of 
western North America. Uplift in the Carpathians began in the late 
Mesozoic, in the central Alps in the late Cretaceous, from Eocene to 
Miocene in the Pyrenees and Cantabria, and most recently in the 
Apennines. Comes and Kadereit (2003) argued that the species pools of 
these alpine habitats developed throughout the Quaternary, not only 
late, and preceded the most intensive climatic fluctuations; however, 
evidence exists for specific responses to glacial cycles (e.g., Stehlik, 2003).

In Europe, Normand et  al. (2011) reported that, for several 
vegetation types, climate has been the most important driver of range 
shifts since LGM in Europe, but dispersal limitations were also 
important and contributed to disequilibria. Dullinger et  al. (2012) 
identified slow dispersal as a primary cause of disequilibrium in 
vegetation in the Alps but cited differences in niche breadth as a factor. 
Rixen and Wipf (2017) added facilitation among neighbors as another. 
Differences in substrate affinities have further differentiated vegetation 
response to climate change (Nicklas et al., 2021). Refugia in SACEU 
were predominantly on the southern slopes of the more northern ranges 
and on the Iberian, Italian, and Hellenic peninsulas and would have 
been less isolated at LGM than now but still distinct (Gentili et al., 2015; 
Fauquette et al., 2018; Jiménez-Alfaro et al., 2021).

In North America post-glacial assembly of alpine plant communities 
would have been influenced by the sizes and proximity of refugial alpine 
habitats, which were more extensive than at present (Billings, 1978; 
Harris, 2002, 2007; Shafer et al., 2010; DeChaine et al., 2013; Roberts and 
Hamann, 2015). Harris (2002) described a concept of disequilibrium 
conditions for the Rocky Mountains in Canada as a consequence, and 
Malanson et al. (2017) subsequently attributed the low association of 
alpine community differences with abiotic gradients to disequilibrium. 
The association of the nestedness component of similarity with low 
climatic stability and historical legacies among North American biomes 
reported by Marta et al. (2019) may not be relevant within the alpine 
habitat, which they did not differentiate, because of its high diversity.

We expect that the contrast between SACEU and WUSAC, with more 
spatially distinct ranges and climates in the former, will elucidate differences 
in the importance of climatic niches and geographical and historical legacy 
effects. The greater isolation in SACEU should have resulted in less 
biological exchange in the vascular plant taxa through the climate changes 
of the late Quaternary than would be expected for WUSAC. The species 
pools of SACEU will have developed over longer periods in their local 
climates. Thus, the differences in geography may underlie differences in the 
importance of variables that affect the beta diversity of these systems. To 
investigate this conjecture, we  devised a simulation experiment that 
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compares representations of adaptations as well as spatial patterns, and null 
alternatives, at sub-continental scale. Within the model framework and for 
explaining beta diversity, we hypothesize that:

	•	 Differences in climate will be relatively more important in SACEU 
than in WUSAC.

	•	 Legacy effects will be more important in WUSAC than in SACEU.

We assess the models by correlating simulated and observed 
regional patterns of similarity as indicative of beta diversity (Anderson 
et al., 2011). We evaluate climatic and legacy effects, but with only two 
systems we do not infer a general pattern of the drivers of community 
assembly on a gradient of geographical isolation.

2. Materials and methods

To investigate the connections among mountain regions we develop 
comparable simulations that simplified the systems. Simplified models 
can represent species adaptations completely determined either by the 
abiotic environment or by the spatial pattern on templates where these 
can be controlled; these are never definitive tests but can be heuristic. 
We constructed simulations for a simplification of the geographies of 
WUSAC and SACEU and a null model geography. We created virtual 
species with fitness representing geographic legacies or adaptation to 
climatic gradients, assuming that the former was useful for the purpose 
of comparison because a true null model was a weak strawman 
(substantiated preliminary analyses of a null model; cf. Malanson, 
2018). We created a spatially explicit individual-based simulation with 
Monte Carlo reproduction, dispersal, and mortality in Netlogo (v6.1.1; 
Wilensky, 1999); Bauduin et al. (2019) summarized the advantages of 
such simulations, which have a long history in alpine ecology (e.g., 
Humphries et  al., 1996). A particular advantage is that regional 
ecological patterns can emerge from population-level processes in 
spatially explicit landscapes and the details of both can be varied at any 
level of abstraction (e.g., Zeng and Malanson, 2006).

We describe model development and provide an example of the 
code in Supplementary material Appendix 1. Then we detail the analyses 
of model results.

2.1. Simulations

A comparison of different spatial configurations using the virtual 
species adapted to different drivers can elucidate how the pattern of 
species distributions responds to control by geography vs. biology. Our 
purpose is to assess the relative importance of adaptations to climatic 
gradients and the legacies of spatial response to climate change to the 
determination of broad patterns of beta diversity in alpine environments.

We designed four versions of the simulation model:

	A.	 Approximate spatial pattern of mountain regions; species 
response functions on two climate gradients (Figure 1A). This 
combination represents strong climatic niche with approximated 
extant spatial pattern.

	 B.	 Approximate spatial pattern of mountain regions; species 
response functions on the x, y (longitude, latitude) coordinates 
(Figure  1B). This combination represents species fitness as a 
function of locations, not climate, to represent legacy effects.

	C.	 Regions regularly arranged in space; species response functions 
on two climate gradients (Figure  1C). This combination 
represents niche without extant spatial pattern.

	D.	 Regions regularly arranged in space; species response functions 
on the x, y coordinates (Figure 1D). This combination represents 
legacy effects without extant spatial pattern.

Thus, the combinations were: geographic pattern-climate 
adaptation; geographic pattern-legacy effects; lattice pattern-climate 
adaptation; lattice pattern- legacy effects. These four combinations were 
implemented with five levels of dispersal limitation. Comparisons 
among model designs qualitatively parse the relative importance of 
niche, location, and dispersal limitation.

The comparisons of designs A with B and of C with D are contrasts 
of representations of strong climatic niche determination versus neutral 
assembly (sensu Hubbell, 2001) relations of species with the environment 
– but having been filtered by dispersal and evolution. Contrasts of 
designs A with C and of B with D should differentiate the role of 
geographical patterns of the mountain regions (A, B) by extracting the 
role of spatial pattern in the regular arrangements (C, D); these contrasts 
are with climatic control in the former and only spatial patterns in the 
latter, which reflect legacies but otherwise neutral biogeographies. 
Comparisons are in terms of how well the pattern of similarity among 
regions replicates the similarity of the observed species pools for 
WUSAC and SACEU. In all designs we  examined degrees of 
dispersal limitation.

The four high-level model designs were run independently, and 
their results are compared for both regions. Each design is run 
independently with five levels of dispersal limitation. Within each 
version, at each iteration agents reproduce, and the offspring disperse 
across the grid; agents are removed randomly to maintain a 
maximum density; and agents are removed depending on their 
adaptation to the grid cell climate or location. The number of agents 
per species of each grid cell is updated at each iteration, and the 
similarity of the areas of habitat is calculated at the end of all 
iterations (following equilibrium).

2.1.1. Initialization of species
The plant communities of these alpine habitats are represented by 

101 individual species, the agents. To simplify computation, 101 species 
is a virtual microcosm of the system that allows for inferences on 
relative relationships. Preliminary sensitivity analyses with 50 and 150 
virtual species produced results that were slightly different, with higher 
correlations for WUSAC and lower correlations for SACEU in both 
alternatives, so 101 was retained as a compromise. One of these 101 was 
added post-simulation with a ubiquitous distribution because some 
species are found nearly everywhere within a subcontinent (e.g., Nardus 
stricta is in all 23 regions SACEU regions and Trisetum spicatum is in 
50 of the WUSAC regions). Then the adaptations of 100 virtual species 
were created with Gaussian response functions, or bells, in two 
dimensions of either climate or location coordinates. This approach 
follows earlier theoretical models of species distributions on 
environmental gradients (e.g., Gauch and Whittaker, 1976), but 
we  recognize that Gaussian functions are not necessarily common 
(Falster et al., 2021). The peaks of the Gaussian bells were located on 
the surfaces (0–1 in both dimensions) at 0.10 increments from 0.05 
through 0.95 (top panels of Figure 1), and for each species i and all 
climate or coordinate combinations x, a response value, Rix, which is 
the central element of all Monte Carlo processes, was assigned as:
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–where E’x and E”x are the positions of the cell on the two climate 
or spatial gradients; the m’I and m”I are the positions of the modes of the 
species on the gradients; and σ2 is the standard deviation of the Gaussian 

function, chosen here as 0.001, which produced distributions of regional 
species richness spanning nearly the full possible range across all 
simulations. Thus, 100 such equations define 100 virtual species with the 
potential to fill all niches and occupy all locations. The shape of the bells 
and their overlap for a single row or column are illustrated in Figure 1, 
middle panels.

A B

C D

FIGURE 1

The four models (A–D) that were the basis of the simulations. The four models are for two parameterizations of the virtual species (adaptations to climate 
and to location) and two representations of geography (an approximation of the mountain ranges and a regular lattice). For either two climatic gradients or 
two spatial gradients (top panels) species adaptations were set as Gaussian response functions (middle panels; single climate and location gradients are 
shown, but two were used to define 100 virtual species). Simplified geographies and a regular lattice of the same number of ranges of SACEU are shown 
(bottom panels), but similar constructs for WUSAC were also used.
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2.1.2. Initialization of regions
For designs A-B, we assigned locations of centers for the 54 or 23 

regions on a grid with 300 cells in the longest dimension based on their 
latitude and longitude, ignoring the planet’s curvature (e.g., Figure 1, 
bottom panels). The centroids of the regions, based on observed 
geography, were located on the grid (Table A1 in 
Supplementary material Appendix 2). The cells within a circle of area 
proportional to the number of species observed (see section 2.4.1) were 
designated as the given region (radii are listed in 
Supplementary Table A1). For designs C and D, the regions were placed 
in a regular 6 × 9 or 6 × 4 less 1 pattern with 20-cell spacing between 
centers and evenly sized with radii of 7 cells.

The environment of the cells of each mountain range on the grid was 
set for two variables. First, we selected individual climate variables for 
temperature and precipitation. Individual variables are more directly 
interpretable in terms of their biological relevance than are derived 
variables, such as PCA axes, which can mix irrelevant variables or 
combinations if correlated. Based on preliminary analyses indicating 
constraining relationships, we selected mean temperature of the hottest 
quarter (HQT) and precipitation of the hottest quarter (HQP) for 
SACEU from CHELSA (Karger et  al., 2017, 2018). For WUSAC 
we  selected May 1 snow-water-equivalent (SWE) from DAYMET 
(Thornton et al., 2018) and HQT from CHELSA. The locations were 
selected within the alpine zone between treeline and the elevation of 
peaks or peak near the center of the mountain range. These values were 
assigned to all cells of the range (Supplementary Table A1). The values 
were then recalculated relative to the largest to create a gradient, 0–1, for 
both variables. For the location-based adaptations, the two values were 
set as the relative position of the cell on the grid in both the x and 
y dimensions.

2.1.3. Processes and iterations
To initialize the distributions, the species were stochastically allotted 

on each active cell if a uniform random number (0–1) was less than their 
response value for that cell. Individuals were randomly selected and 
removed while the number per cell exceeded 100, which limited 
computation size while allowing the possibility of complete coexistence.

To simulate reproduction with dispersal, in each iteration 
individuals produce an offspring that is dispersed in a random direction 
at a random distance (number of cells; >0) selected from a truncated 
Gaussian distributions with varying standard deviations: 1, 10, 20, 30, 
and 50 cells (e.g., Figure 2), which restrict interaction to regions or 
allows interaction across most regions. A Gaussian distribution has a 

relatively thin tail and so limits the effects of rare long-distance dispersal 
and was chosen to limit noise within replication runs (Malanson and 
Rodriguez, 2018).

To simulate mortality, individuals were removed at each iteration if 
a uniform random number (0–1) was greater than their response value 
for that cell. Additionally, individuals were randomly selected and 
removed while the number of individuals per cell exceeded 100.

The simulations equilibrated at <50 iterations, and the presence of 
individuals of each species on each region was written to an external file 
after 60 iterations. The simulations were replicated 10 times. In total, for 
2 continents, 4 designs were run at 5 levels of dispersal limitation, and 
the averages of the 10 replications of the 40 runs were compared in post-
simulation analyses.

2.2. Analyses

2.2.1. Observed vegetation
We recorded presence-absence of vascular plant species using a 

dataset of alpine grassland vegetation extracted from the European 
Vegetation Archive (Chytrý et al., 2016) by Jiménez-Alfaro et al. (2021). 
The WUSAC dataset was derived from a variety of sources, including 
theses and regional floras by Malanson et al. (2015) with some additions. 
The species lists for added regions that did not well-differentiate the 
alpine zone were reduced to those species that were in the alpine zone 
of at least three of the regions with good differentiation or were linked 
to the alpine by name (e.g., binomial alpinus or common name “alpine 
…”). This choice was a compromise between excluding regions and 
including species as alpine that were not. The species nomenclature was 
updated and reconciled using the Taxonomic Name Resolution Service1 
cross-checked with the UDSA PLANTS Database.2 The 54 regions with 
the sources of the species pools are listed in 
Supplementary material Appendix 2, Table A2 and the range by species 
table is stored in Dryad and associated with this paper.3 The two datasets 
are not directly comparable, but both allow comparison to the patterns 
of beta diversity in the simulation results.

In the 23 ranges of SACEU Regional species richness ranged from 
95 to 869 species and across all regions was 3,261 species. In the 54 
ranges of WUSAC, richness ranged from 14 to 504 and totaled 1,437 
species. From these presence-absence records we  calculated the 
Sørensen (1948) similarity index of all pairs per continent, which are 
also archived in Dryad.

2.2.2. Correlations of simulations to observations
The distributions of >1,400 species on the 54 regions in WUSAC or 

>3,300 on the 23 regions in Europe and those of the 100 virtual species 
in the simulations could not be compared directly. Given the limitation 
of the virtual microcosm approach, and thus the outcomes produced by 
the model – presence of a species in a region – we  calculated the 
Sørensen (1948) similarity index between all pairs of regions as observed 
and for each replicate simulation of each model. Similarity of species 
composition is commonly used to represent beta diversity (e.g., Izsak 
and Price, 2001) and as an indicator of the process of community 
assembly (e.g., Jurasinski and Kreyling, 2007). We  compared the 

1  tnrs.iplantcollaborative.org

2  plants.sc.egov.usda.gov

3  https://doi.org/10.5061/dryad.xksn02vkp

FIGURE 2

Example distributions of the relative frequency of dispersal distances 
for two of the five kernels.
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similarity outcomes in the simulations to those of the 1,431 pairs of sites 
in WUSAC and the 253 pairs in SACEU by calculating the Pearson 
correlation between the observed and means of the 10 replications of 
each model, for which we assessed the significance using randomization 
(10,000 repetitions using PC-ORD v.7, McCune and Mefford, 2018) to 
bypass the problem of lack of independence among the similarities.

3. Results

The average observed Sørensen indices are similar (means of  
0.263 for SACEU, 0.266 for WUSAC; Supplementary  
Material Appendix 2 Tables A3, A4). The correlations between the 
simulations and the observed similarities range from non-significant 
to >0.5 (Figure 3). The correlations differ among the designs and on the 
gradient of dispersal limitation. In all cases, the correlations are for the 
pattern of similarity among pairs, but the simulated similarities are 
consistently higher than those observed, as might be  expected for 
models with well-defined adaptations of a limited number of species 
when compared to nature.

The WUSAC simulations have consistent correlations with the 
observed pattern of similarity, and the one with species adapted to 
location has the highest correlation at all dispersal limitations (Figure 3, 
design B). This result indicates that spatial pattern of the mountain 
regions is a strong determinant of current similarity in WUSAC. The 
simulations with species adapted to climate are still well-correlated to 
the observed similarities, which indicates that the abiotic environment 
has some effect on the pattern.

For SACEU, simulations with species adapted to location have 
consistently low and non-significant correlations (Figure 3, designs B, 
D). The virtual species adapted to climate have correlations exceeding 
the matching case in WUSAC and approaching the highest correlations 

for the location-adapted species there – but only with minimal 
dispersal limitation (Figure 3, design A). Longer-distance dispersal 
re-sorts the species distributions at every iteration, and the resulting 
distributions have patterns of similarity more like the 
observed patterns.

The designs with the regular arrangement of mountain regions 
reveal the importance of different processes. All such simulation runs 
with the species adapted to x, y location had low, non-significant 
correlations with observed similarities (Figure 3, design D), which was 
a marked contrast for WUSAC when the actual spatial position of the 
ranges was approximated, and coordinate-adaptation resulted in higher 
correlations. The designs with the species adapted to climate had lower 
correlations for WUSAC, but those for SACEU, however, had similarities 
that significantly exceeded those with the approximated spatial position 
of the ranges (Figure 3, design C). In WUSAC, the climate plays a lesser, 
but significant role, and the extant spatial pattern is most important. In 
SACEU, climate plays a dominant role in these simulations, but only 
because the lattice arrangement of the ranges masks their true isolation.

4. Discussion

We hypothesized that the simulated beta diversity would more 
closely correlate with observed in the simulations that were designed to 
represent climatic adaptations and patterns in SACEU but in WUSAC 
the correlations would be higher in the simulations representing legacy 
effects. These hypotheses were generally supported. Given that the 
simulations are for 100 species in a simplified environment with >1,400 
and >3,300 species in complex, continental-scale environments, those 
that are significant can be  compared. Simulations suggest that the 
processes that primarily determine the patterns of beta diversity in 
WUSAC and SACEU differ because of the distinct spatiotemporal 
pattern of orogenies over the past 100 million years, not because of 
current climatic factors influencing plant reproduction, growth, or 
mortality. Within these regions, these differences have left stronger 
associations with climate in SACEU than in WUSAC. These results may 
help explain the differences in the climatic envelopes for the alpine 
grasslands in SACEU (Malanson et al., 2022b) and the weak or moderate 
relations with climate reported for WUSAC (Hadley, 1987; Malanson 
et al., 2015, 2017).

4.1. Specific results

The correlations of observed and simulated similarity support our 
hypotheses. Four lines of evidence support the conclusion that the 
pattern of beta diversity across alpine vegetation at the scale of mountain 
regions on the continents is determined by different factors in WUSAC 
and SACEU:

	 1.	 With climate-adapted species and approximated geography 
(Model A: Figures 1A, 3A), dispersal limitation is evident among 
ranges in SACEU whereas it was not in WUSAC.

	 2.	 With species responding to legacy effects and approximated 
geography (Model B: Figures 1B, 3A), correlations with observed 
patterns in SACEU were consistently low and non-significant, 
whereas in WUSAC the correlations were consistent and reached 
the highest observed in all simulations for almost every degree of 
dispersal limitation.

A

B

FIGURE 3

Correlations of simulated with observed similarities among all possible 
pairs of ranges in (A,B) SACEU (253) and WUSAC (1431) for designs A,B 
and C,D. The dispersal paramterCases with larger symbols have p < 0.01 
and their 99% confidence intervals are within the size of the symbol.
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	 3.	 With the climate-adapted species and the lattice arrangement of 
ranges (Model C: Figures 1C, 3B), correlations with observations 
in SACEU again displayed sensitivity to dispersal limitation that 
was not evident for WUSAC. SACEU simulations on the lattice 
had higher correlations than with approximated geography, 
whereas WUSAC correlations were lower for the lattice cases 
(Model C vs. Model A).

	 4.	 With legacy effect species on a lattice arrangement of ranges 
(Model D: Figures 1D, 3B), all levels of dispersal limitation for 
both SACEU and WUSAC had near-zero correlations – the only 
combination in which they were similar.

For WUSAC, a spatial but climate-neutral determination of species 
reproduction and mortality came closest to replicating the observed 
pattern of similarity among mountain ranges. The pattern is moderately 
controlled by climate variables, and instead the relative importance of 
location is evidence that the template of mountain geography is more 
likely responsible for the current pattern of species distributions. This 
balance of factors in the simulation is similar to the relative importance 
of climatic and spatial variables reported by Malanson et al. (2015).

In SACEU, however, adaptations to climate gradients appear to 
be more important for the determination of patterns of alpine vegetation, 
but these simulations are sensitive to dispersal limitations and can 
be equaled or exceeded with abstract mountain locations. Although 
climate is significant, its effects in determining the pattern of similarities 
among ranges is overridden by their isolation and dispersal limitation. 
The higher correlations with the lattice arrangement relative to those 
with approximate geography of the regions, especially with greater 
dispersal limitation, indicate that the isolation of the regions has limited 
how well the vegetation could have conformed to changing climate in 
the past. These simulations better matched observed patterns of 
similarity among pairs of ranges than did those for WUSAC even 
though SACEU is a more challenging system with more than twice as 
many species in half as many locations. The stronger role of climate 
variables for beta diversity between nearby regions, as reported by 
Malanson et al. (2022a), is paralleled in the simulations.

4.2. Spatial and temporal constraints

The low correlations are expected with a simulation based on a 
purely theoretical distribution of 100 virtual species vs. >3,300 species 
for SACEU and >1,400 for WUSAC. That the climate-based correlations 
are similar for the two continents, given the difference in gamma 
diversity, indicates that the environmental controls are relatively simple 
in SACEU. WUSAC has more extremes because of a greater latitudinal 
extent of the Rocky Mountains, both Mediterranean and marine west 
coast climates of the Sierra-Cascades, and the desert climates of the 
Great Basin (Beck et al., 2018).

These results indicate that the climatic template is relevant, but the 
geography is more important. In both continental systems the pattern 
is adjusting to climate change, but the different geographies determine 
the outcomes to this point in time. WUSAC species pools are more 
strongly determined by historical biogeography – especially the 
division between the Rocky Mountain and Sierra-Cascade cordilleras 
– than by climatic niche (Billings, 1978; Malanson et al., 2015). The 
climatic gradients are confounded with latitude and longitude in 
WUSAC, and the use of x,y coordinates captures the simple patterns of 
the regions. Conversely, SACEU does not have this relationship 

because the geography is structured differently, with a broad east–west 
arc with Mediterranean-type climates in the southwest and southeast 
and mid-latitude climates with greater continentality in the center 
(Beck et  al., 2018), and climate has a greater effect many species 
(Normand et al., 2011) and on beta diversity within broad regions than 
across the entire arc (Malanson et al., 2022a). Thus, the biogeographic 
connections of species pools in SACEU to past refugia are more 
specific than in WUSAC. These results depend on the degree to which 
our abstraction captures the spatial pattern of the observed 
mountain geography.

A clear response to limited dispersal is evident only in the 
simulations for SACEU with climate-adapted species show any response 
to limited dispersal. This result agrees with the report of Dullinger et al. 
(2012) and may further indicate that these ranges have been spatially 
isolated in the short term. If exchange is improbable, then the increased 
affinity of species to climate gradients is maintained because any initial 
species not well-adapted to climate are replaced only by immediate 
neighbors. Turnover rates will be lower, and the relative importance of 
climatic gradients in SACEU are not disrupted through repeated arrivals 
and mortality.

4.3. Environmental adaptations and legacies

Any difference between SACEU and WUSAC in the relative 
importance of factors contributing to the pattern of beta diversity across 
the ranges would be some indication of legacy effects but, given the 
differences in the vascular plant species pools, this is a trivial conclusion. 
The pattern of difference, however, suggests that the geography of the 
ranges affects this relative importance of causal factors, i.e., the 
geographical legacies affect the historical legacies. In SACEU, the more 
distinct isolation of ranges and consequent lesser interactions of their 
species pools indicates that the species pools are more limited – and 
adapted – to the given climates (e.g., Svenning and Skov, 2007; Normand 
et al., 2011; Jiménez-Alfaro et al., 2021; Cubino et al., 2022). The less 
distinct isolation in WUSAC, especially in the Rocky Mountains, may 
have contributed to greater similarities among the species pools of 
refugia, which were not as spatially distinct as those in SACEU, and 
there has been greater mixing of Arctic and southern pools in the 
Holocene (Billings, 1978; Harris, 2002, 2007; Shafer et  al., 2010; 
DeChaine et al., 2013; Roberts and Hamann, 2015). The legacies that 
differentiate the current species pools are from the more distant past in 
SACEU than in WUSAC, which is also seen in the higher rate of 
endemism among plant species in the former (Nagy and Grabherr, 2009, 
p. 185). With more distinct species pools in the refugia of SACEU, the 
pattern of beta diversity is more determined by the adaptations to 
climate that have evolved since initial periods of mountain building 
and assembly.

5. Conclusion

An underlying pattern for how legacy effects matter would 
be informative (Ricklefs et al., 1999). While the lesser role for climate in 
WUSAC could be argued as evidence for the neutral (sensu Hubbell, 
2001) assembly of the species pools, it instead is a product of greater 
disequilibrium. Indeed, neutral assembly is an equilibrium theory, and 
is not relevant to most alpine systems. It may be that legacy effects could 
explain some instances of seemingly neutral assembly.
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These simulations apply only to two places, and inference to a general 
pattern of geography and legacy effects is limited. New work using larger 
datasets may be able to take on this challenge. For example, a global 
dataset would allow comparisons of multiple regions (e.g., Testolin et al., 
2021), but further database developments are needed (e.g., to sPlot; 
Bruelheide et  al., 2019) as are simulations with higher spatial and 
biological resolution. Better quantification of isolation, with recognition 
of past pathways as well as dispersal kernels, could define a gradient of 
isolation that could underlie differences in the processes determining 
plant community assembly (Saura et al., 2014), and the inclusion of more 
realistic response or fitness functions of species, with competition, 
facilitation, and intraspecific variation (e.g., Malanson, 2015, 2018), would 
allow more rigorous tests of outcomes other than beta diversity.

The experimental design using alternative combinations of virtual 
species with climate adaptation vs. legacy effects and of realistic and 
lattice patterns of virtual geographies was effective in elucidating the 
differences in processes that could explain the biogeographic patterns in 
Europe and North America. However, the regular parameterization of 
the virtual species, which evenly filled the space of the two environmental 
or spatial gradients, might be improved by better matching them to the 
actual extant climate and its spatial distribution on alpine habitats. 
Further, parameterization of varied dispersal limitations, competitive 
and facilitative interactions, and intraspecific variability among virtual 
species within simulation runs can increase their heuristic value 
(Brooker et al., 2008; Phillips et al., 2008; Smith-McKenna et al., 2014). 
Analysis of the outcomes of well-defined virtual species in addition to 
community level results can inform the intersection of theory and the 
contingencies of historical and geographical constraints. Nevertheless, 
representing species adapted to climate versus legacy effects in general, 
when used in simulation experimental design with realistic and abstract 
patterns of geography, provide a pathway for elucidating the influences 
of geography and history, which are often unobserved. This 
understanding will be necessary for preparing for the impacts of climate 
change in alpine vegetation.
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