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Human activity causes biome shifts that alter biodiversity and spatial resilience patterns.
Rare species, often considered vulnerable to change and endangered, can be a critical
element of resilience by providing adaptive capacity in response to disturbances.
However, little is known about changes in rarity patterns of communities once a biome
transitions into a novel spatial regime. We used time series modeling to identify rare
avian species in an expanding terrestrial (southern) spatial regime in the North American
Great Plains and another (northern) regime that will become encroached by the southern
regime in the near future. In this time-explicit approach, presumably rare species show
stochastic dynamics in relative abundance – this is because they occur only rarely
throughout the study period, may largely be absent but show occasional abundance
peaks or show a combination of these patterns. We specifically assessed how
stochastic/rare species of the northern spatial regime influence aspects of ecological
resilience once it has been encroached by the southern regime. Using 47 years (1968–
2014) of breeding bird survey data and a space-for-time substitution, we found that the
overall contribution of stochastic/rare species to the avian community of the southern
regime was low. Also, none of these species were of conservation concern, suggesting
limited need for revised species conservation action in the novel spatial regime. From a
systemic perspective, our results preliminarily suggest that stochastic/rare species only
marginally contribute to resilience in a new spatial regime after fundamental ecological
changes have occurred.

Keywords: rare species, regime shifts, biome change, biogeography, conservation, spatial regimes, resilience

INTRODUCTION

With ongoing environmental change in the Anthropocene, ecosystems are changing rapidly at
local, regional, and global scales (Vellend et al., 2017). Such changes can alter their resilience and
result in spatial regime shifts (Allen et al., 2016; Sundstrom et al., 2017). For example, multiple
global change drivers (including climate warming, species invasions, changing agricultural working
landscapes) within the Great Plains of North America affect ecosystems in a south-to-north pattern
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(Roberts et al., 2019). In the Great Plains, terrestrial regime shifts
are especially pervasive and woody plant encroachment causes
regime changes from historical grassland regimes to shrubland
or woodland regimes (Engle et al., 2008). Entire ecoregions in
the southern Great Plains have changed to woodlands in the last
century, and many ecoregions in the Great Plains are increasingly
at risk of fundamental ecological change and regime shifts in
the future (Twidwell et al., 2013a; Wonkka et al., 2019; Pausas
and Bond, 2020). Such change is already evident, for instance,
in shifting geographic centers of species distributions (Hovick
et al., 2016) and native and agricultural plant phenologies
(Richardson et al., 2013).

However, this complexity of interacting stressors makes the
unambiguous determination of mechanisms steering ecological
dynamics difficult because they can confound patterns of both
natural and anthropogenic change at multiple scales of space
and time. High uncertainty around ecological dynamics further
adds to this complexity. Despite this, similar dynamics and large-
scale spatial change have been observed in other terrestrial (e.g.,
altitudinally climbing treelines in the subarctic and temperate
regions of the northern hemisphere; Lu et al., 2021), freshwater
(arctic boreal lakes; Kuhn and Butman, 2021), and marine
environments (western Baltic Sea coast; Eklöf et al., 2020), which
highlights the importance of fast broad-scale spatial ecosystems
change in recent time.

Ecologists have had a long-lasting interest in the relationship
between disturbances and the responses of ecological
communities (Pickett and White, 1985; Reynolds, 1993; Brawn
et al., 2001). Efforts over the last decades have focused on how
the structure and function of species assemblages confer stability
to disturbances at local and regional scales (Donohue et al.,
2013; Fried-Petersen et al., 2020). This research is more recently
extended to explore community-disturbance relationships
from a spatial resilience (Allen et al., 2016) and spatial regimes
(Sundstrom et al., 2017) perspective, which accounts for the
complexity inherent in ecosystems and landscapes. Specifically,
spatial resilience and regime concepts build on Holling’s (1973)
definition of ecological resilience, an emergent phenomenon
of complex systems that accounts for patterns and processes
that manifest and operate at distinct spatiotemporal scales,
threshold dynamics and non-linear, often abrupt change and the
ability of these systems to exist in and shift between alternative
regimes (Gunderson, 2000; Baho et al., 2017; Roberts et al., 2021).
Understanding biome shifts from a spatial resilience perspective
is crucial because once a spatial regime shifts to another regime,
exemplified by grasslands changing to woodlands, recovery – a
process included in ecological resilience (Allen et al., 2019) – to
a previous regime is impeded and costly management required
to emulate system conditions that existed prior to change
(Angeler et al., 2020).

Historically, research emphasized the role of dominant species
in driving biodiversity and community dynamics in response
to environmental change, assuming implicitly that they are
key players in ecological dynamics while de-emphasizing rare
species. In fact, some modeling approaches routinely used
by ecologists exclude rare species to not distort ordinations
(e.g., canonical correspondence analysis) or disregard species

that are not significantly related to model outcomes [e.g.,
correlated with canonical axes in redundancy analysis (RDA);
but see Baker and King, 2010]. However, there is mounting
evidence that rare species can play an important role in
maintaining ecological pattern-process relationships (e.g., Lyons
et al., 2005; Xiong et al., 2021). For instance, Mouillot
et al. (2013) found that rare species in alpine meadows,
coral reefs, and tropical forests comprised functional trait
combinations that were not represented by abundant species.
These authors suggested that if rare species go extinct,
negative effects on ecosystem processes might result from
the subsequent loss of ecosystems’ capacity to cope with
disturbances. Such negative effects may occur even if species
richness associated with abundant species in these systems is high
(Mouillot et al., 2013).

The important role of rare species is further evident in
their ability to replace dominant species after perturbation
and maintain ecological functions in a grazed Australian
rangeland (Walker et al., 1999). Another example, in tropical
southwest Texas (United States) rare shrub species with
larger root crowns than dominant species were able to
compensate for the loss of dominant shrub species to mechanical
disturbance by re-sprouting prolifically, thus maintaining a
shrub-dominated system despite disturbance (Wonkka et al.,
2016). These examples show that rare species may provide
a relevant but, to some extent, unpredictable degree of
an ecosystem’s capacity to adapt to change (i.e., adaptive
capacity). However, due to their rarity, many species have
been shown to be particularly vulnerable to environmental
change and extinction (Colares et al., 2021). Yet, how rare
species of one spatial regime influence a system’s adaptive
capacity once it has shifted into a novel spatial regime is not
well understood.

In this article, we study the relevance of rare species
in the context of spatial resilience and regime change.
Such change has recently been demonstrated with shifting
biome frontiers in the Great Plains of North America,
which were caused by global change (Roberts et al., 2019).
We use time series modeling based on RDA, which in
this specific modeling approach identifies “deterministic” and
“stochastic” species (Baho et al., 2014). This approach is time-
explicit which determines the individual temporal patterns
of individual species which are then synthesized by the
modeling. Presumably rare species show stochastic dynamics
in relative abundance because they may occur only in low
abundances throughout the study period, may largely be
absent but show occasional abundance peaks or show a
combination of these patterns. That is, these species are stochastic
because they do not show redundant temporal patterns in
relation to all other species in the communities. In contrast,
deterministic species arise from redundant temporal patterns
of individual species abundances, from which the modeling
derives patterns of different species groups which differ from
each other, based on different patterns of species redundancies
in the communities.

From a purely modeling perspective deterministic species are
those associated with the temporal scaling patterns identified
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by the model while stochastic species are unrelated to any
scaling patterns identified (Baho et al., 2014). This distinction
is specific to the time series modeling used here and may differ
with other approaches. In this study we interpret stochastic
and deterministic species as analogs of rare and more common
or abundant species from an ecological perspective. We will
complement our results by showing that stochastic species match
to a large degree criteria of rare taxa according to definitions
in biodiversity and ecological community research, which do
consider time only implicitly (e.g., Gaston, 1994). Although
this approach is preliminary and needs further research, it
supports the use of the analogous comparison of stochastic
and rare species at least in our study. Given the focus on
rare species in this article and reconciling the modeling and
ecological interpretation, we will refer to these species as
“stochastic/rare” species.

We study the relevance of biome-level regime changes using
breeding bird communities in the North American Great Plains
that have been shown to be useful model systems for such changes
(Roberts et al., 2019). We used a time-for-space substitution, an
approach commonly used in ecology (Pickett, 1989), especially
in a climate change context (Blois et al., 2013). Modern regime
shifts often unfold at time scales that far exceed routine
monitoring (Spanbauer et al., 2014). Space-for-time substitutions
overcome this common problem in regime shift research by
comparing spatially independent units that already occur in
alternative regimes.

Because of the south-to-north movement of avian spatial
regimes in the American Great Plains (Roberts et al., 2019),
we assess how stochastic/rare bird species of a northern
vulnerable regime may potentially influence stochastic/rare and
common species patterns once it gets encroached by the
expanding southern regime (Figure 1). In this context, the
time series modeling allows us to assess two complementary
aspects of spatial resilience, adaptive capacity and ecological
resilience: (1) We assess whether stochastic/rare species remain
stochastic/rare. Because of the role of stochastic/rare species
providing adaptive capacity in response to disturbances in some
systems (see above), our study allows us to assess patterns
about the degree the stochastic/rare species of the vulnerable
regime maintain their importance and contribution for adaptive
capacity in the expanding southern spatial regime; (2) We
study to what degree stochastic/rare species of the vulnerable
spatial regime become likely more common and potentially
manifest as “deterministic” in the time series models. This
determinism provides insight in the contribution of these species
to within-scale and cross-scale resilience attributes inherent in
ecological resilience (Peterson et al., 1998) in the expanding
spatial regime. We also assess the conservation status of
stochastic/rare species contributing to the observed patterns
to provide information about potential species vulnerabilities
and conservation implications associated with spatial regime
changes. The results may provide insight into the dynamically
changing spatial resilience of landscapes and how this might
affect management and conservation efforts for ecosystems and
species with ongoing climate change (Cumming, 2011; Allen
et al., 2016).

FIGURE 1 | Schematic outlining study design. Time series models using avian
communities are used to construct an expanding/southern and
vulnerable/northern spatial regime. These regimes account for dominant and
rare species with presumably deterministic (symbolized with 3 examples of
groups of birds showing similar scale-specific fluctuation frequencies) and
stochastic patterns (represented by dots symbolizing species) in the models.
The relevance of stochastic species of the northern regime to become
deterministic or stochastic once it has been encroached by the southern
regime will be assessed.

MATERIALS AND METHODS

Data and Study Setup
We collected 47 years of data ranging 1968–2014 from the
United States Geological Survey breeding bird survey data
(BBS) of North America1. The data contain avian community
composition that is collected by qualified observers along
georeferenced, permanent roadside routes across North America
(Sauer et al., 2017). These data are publicly available. Along each
ca 39.5 km route, observers make 50 stops once every 0.8 km
where they conduct point-count surveys. During each survey,

1https://www.usgs.gov/centers/eesc/science/north-american-breeding-bird-
survey
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observers stand at the stop and record for 3 min the abundance of
all bird species that are visually or aurally detected within a 0.4 km
radius. Surveys start 30 min before local sunrise and last until the
entire route is finished. To increase uniformity in probability of
bird detection, surveys are conducted only on days with little or
no rain, high visibility, and low wind.

We removed all aquatic species from the Anseriformes,
Gaviiformes, Gruiformes, Pelecaniformes, Phaethontiformes,
Phoenicopteriformes, Podicipediformes, Procellariiformes, and
Suliformes families from the analysis because of known

negative observation biases for waterfowl compared with
terrestrial avian families (Veech et al., 2012). We also removed
hybrids and unknowns, and we condensed subspecies to their
respective species.

Time series data across routes were heterogeneous with
many missing data, but three transects with continuous time
series for the study period were identified and used for
analyses for each of the two regimes studied. Specifically,
we used a total of 6 transects, 3 for each spatial regime
(Figure 2). Although the transects comprise a low sample

FIGURE 2 | Map showing location of breeding bird survey transects in the southern (triangles: Transect 1, Route ID 13, Latitude/Longitude coordinates
28.52/−96.50; Transect 2, ID 20, Lat./Long. 29.67/−94.34; and Transect 3, ID 21, Lat./Long. 29.74/−94.40) and northern (circles: Transect 1, ID 5, Lat./Long.
33.38/−93.47; Transect 2, ID 6, Lat./Long 33.66/−93.67; and Transect 3, ID 7, Lat./Long. 33.69/−94.12) spatial regimes. Contours show level 3 eco-region
delineations based on United States EPA and lines denote northward movements of the southern regime front over time assessed by Roberts et al. (2019).
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number they were representative of their respective regimes:
they comprised 82% of the total species pool in the southern
regime and 86% in the northern regime. For each regime,
we averaged for each year the counts of each species across
the three transects. While the averaging resulted in a loss
of site-specific temporal patterns of individual species, this
approach allowed us to obtain exhaustive species occurrences
and facilitated the comparison of species distributions between
spatial regimes. For this study, we selected a southern
(latitudes: 28.9–29.7; Western Gulf Coastal Plains) and a
northern spatial regime (latitudes: 31.8–33.4; South Central
Plains) for analyses (Figure 2). These regimes were chosen
because of documented biogeographical shifts (northward
movement of southern regimes) with ongoing climate change
(Roberts et al., 2019).

Statistical Analysis
Time Series Models
Although methods exist that allow for analyses of temporal
and space-time data (Legendre and Gauthier, 2014), we limited
our data to time series modeling [RDA where time is modeled
with Asymmetric Eigenvector Maps (AEM); Baho et al., 2015]
of each spatial regime due to the low sample size of our
data. All statistical analyses were carried out in R 3.0.2 (R
Development Core Team, 2012) using the “aem.time” function
[AEM package; Blanchet and Legendre (2013)], packages nlme
(Pinheiro et al., 2008), and the “quick PCNM” function (PCNM
package; Legendre et al., 2013). AEM were extracted from a
set of orthogonal temporal variables that were calculated from
the time vector consisting of 47 steps between years 1968 and
2014. These AEMs are used as explanatory variables to model
temporal relationships in the BBS data. In the case of AEM,
the first variable models linear trends and subsequent variables
show sine-wave patterns (Legendre and Legendre, 2012), which
allows assessing directional change and different inter-annual
and decadal variation in the BBS. These extracted temporal
variables are then used as explanatory variables in the time series
models using RDA. Two time series models were constructed,
one for the southern regime and one for the northern regime,
which consisted of 122 species and 111 species, respectively, as
response variables.

Redundancy analysis selects significant temporal variables
(AEMs) using forward selection. The selected variables are
linearly combined in the RDA models to extract temporal
structures from the bird species matrices. The modeled temporal
patterns that are extracted from the data are collapsed onto
significant RDA axes, which are tested through permutation
tests. These RDA axes are then used to distinguish deterministic
from stochastic species in the analysis. The R software generates
linear combination (lc) score plots, which visually present
the modeled temporal patterns that are associated with each
RDA axis. That is, individual RDA axes indicate fluctuation
patterns at different temporal frequencies or scales. Because
some time series models of individual transects were not
significant, we averaged all bird species raw-abundances from
three transects per regime and Hellinger-transformed them prior
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FIGURE 3 | Linear combination (lc) score plots showing significant temporal
patterns associated with different RDA axes in the time series models. Panels
on the left represent the northern regime that becomes vulnerable to the
invasion of the southern regime (right panels) due to climate change.

to the analyses of both spatial regimes (Legendre and Gallagher,
2001). Although specific information of individual transects in
terms of numbers and identities of stochastic/rare species is
lost due to the averaging, our analyses allows for obtaining
biome-focused information about their role for spatial resilience
and regime change.

Correlation of Bird Taxa With Modeled Spatial
Patterns
We used Spearman rank correlation analysis to relate the
temporal trends of raw abundances of individual bird taxa with
the modeled temporal patterns (lc scores) associated with the
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FIGURE 4 | Bar plots showing the number of deterministic (light blue color)
and stochastic/rare (yellow) species in the southern and northern spatial
regime. Shown are also the stochastic/rare species from the northern regime
that became deterministic (“Deterministic new”; dark blue) and remained
stochastic/rare (“Stochastic new”, orange) in the southern spatial regime.

RDA axes of both models. In this way we identified taxa that
contributed significantly to the temporal dynamics revealed by
the RDA (that is, deterministic species in the time series models
which in ecological terms can be interpreted as more common,
abundant species contributing to within-scale and cross-scale
resilience show significant correlation with RDA axes). Those
taxa that were not associated with any significant canonical axis
were identified as stochastic/rare species that may presumably
be important for adaptive capacity. Specifically, stochastic/rare
species showed no significant correlations with any RDA axes
revealed by the time series models in the Spearman rank
correlation analyses.

Next, we examined whether stochastic/rare species from
the northern regime occur as either deterministic and/or
stochastic/rare patterns of the southern regime (dotted arrow in
Figure 1). This provides insight regarding how species change
may alter the spatial resilience of the northern regime once it
is invaded by the southern regime with climate change. We
ascertained that stochastic/rare species fulfill criteria of rarity
using the quartile-method by Gaston (1994). Specifically, in this
method the rarity cutoff point is the first quartile of species
occurrences, i.e., rare species are the 25 percent of species with
the lowest occurrence. We also assessed the conservation status

of these species according to the IUCN Red List2 and the
United States Endangered Species Act3.

RESULTS

The analyses from the time series modeling of BBS data
revealed significant temporal structure in both spatial regimes
between 1968 and 2014. The overall variance explained by
AEM models was moderately high (adjusted R2 values; northern
regime, 0.65; and southern regime 0.63). The models revealed
fluctuation patterns at distinct temporal frequencies or scales
(Figure 3). AEM revealed temporal dynamics associated with
five and six significant RDA axes for the northern and
southern spatial regime, respectively. Comparing both regimes,
the temporal patterns were similar at RDA 1 and RDA 2
and displayed a marked component of monotonic change
in community composition and hump-bell shaped patterns,
respectively. The remaining RDA axes indicated higher temporal
variability of bird community structure within and between both
regimes (Figure 3).

From the 122 bird species present in the southern regime,
87 (71%) were deterministic and 35 (29%) stochastic/rare. From
the 110 taxa present in the northern regime, 86 species (78%)
were deterministic, and 24 taxa (22%) stochastic/rare (Figure 4).
Across deterministic species, most taxa were correlated with RDA
1 (56 northern regime, 45 southern regime), followed by RDA 2
(19 northern, 12 southern; Table 1). Only a few, generally fewer
than 8 species, correlated with the remaining RDA axes, except
RDA 4 (19 species) of the southern regime model (Table 1).

Ten stochastic/rare species present in the northern regime
were also found in the southern regime (Table 2). From these,
5 species (Thyromanes bewickii, Bubo virginianus, Pandion
haliaetus, Tachycineta bicolor, and Vireo flavifrons) remained
stochastic/rare and 5 species correlated with different RDA
axis of the southern regime (Table 2). Specifically, Dumetella
carolinensis and Buteo swainsoni correlated with RDA 1,
Eremophila alpestris and Passerina ciris with RDA 2, and
Setophaga americana with RDA 3 while no stochastic/rare species
of the northern regime were found at RDAs 4, 5, and 6 of the
southern regime model. This indicates that stochastic/rare species
can become deterministic and contribute to within-scale and
cross-scale resilience at different temporal fluctuation frequencies
(i.e., temporal scales) in a new regime. None of these species were
found to be of conservation concern according to the IUCN red

2https://www.iucnredlist.org/
3https://www.fws.gov/endangered/species/

TABLE 1 | Number of bird species correlating significantly (P ≤ 0.05) with significant RDA axes in time series models (i.e., deterministic species) of the northern and
southern regimes.

Regime RDA 1 RDA 2 RDA 3 RDA 4 RDA 5 RDA 6 Deterministic Stochastic/rare Total

Northern 56 19 4 4 3 – 86 24 110

Southern 45 12 8 19 1 7 87 35 122

Shown are also the number of “stochastic/rare” species (uncorrelated with any RDA axis), and the total number of species in the data sets. For definition of stochastic/rare
species see text.
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TABLE 2 | Stochastic/rare species from the northern regime and their
occurrences as deterministic or stochastic/rare species in the southern regime
revealed by Spearman rank correlation analysis.

Northern regime Southern regime

Stochastic/rare species Deterministic species Stochastic/rare species

Dumetella carolinensis 0.388** (RDA 1)

* Buteo swainsoni 0.467*** (RDA 1)

* Eremophila alpestris −0.437** (RDA 2)

Passerina ciris −0.469*** (RDA 2)

* Setophaga americana 0.334* (RDA 3)

* Thyromanes bewickii X

* Bubo virginianus X

* Pandion haliaetus X

* Tachycineta bicolor X

Vireo flavifrons X

For deterministic species, Spearman Rho correlation coefficients, P levels
(*P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001) and associated RDA axes from the
time series model are shown. Northern stochastic/rare species that remained
stochastic/rare (no significant correlations with RDA axes) are indicated with X.
*Denotes taxa that qualify as rare species according to the quartile species rarity
method (Gaston, 1994), see also Figure 5.

list and the Endangered Species Act. Also, 7 of 10 stochastic/rare
species match the rarity criterion according to Gaston (1994;
Table 2 and Figure 5).

DISCUSSION

We used time series modeling to assess two complementary
aspects of spatial resilience: (1) we assessed whether
stochastic/rare species remained stochastic/rare, thereby
preserving their role for and contributing to adaptive capacity in
an expanding spatial regime in the American Great Plains shown
by Roberts et al. (2019), and (2) we assessed to what degree

stochastic/rare species of a vulnerable spatial regime become
deterministic and explain within-scale and cross-scale resilience
attributes of ecological resilience in an expanding spatial regime.

Through the use of an analogy, the number of stochastic/rare
species was used to estimate their potential role for adaptive
capacity and within-scale and cross-scale resilience as proxies
of ecological resilience in a novel regime. Results revealed that
only 10 out of the 24 stochastic/rare species of the northern
regime occurred in the southern regime. Five stochastic/rare
species from the northern regime were also stochastic/rare in
the southern regime. Of these species T. bewickii, V. flavifrons,
and B. virginianus occur in woodlands, T. bicolor in open areas
near water, while Pandion bicolor is a habitat generalist4. These
range of habitat affinities indicate that stochasticity/rarity is not
necessarily associated with a specific ecosystem type, which will
be further discussed below.

Based on our analogy and previous research showing the
importance of rare species to confer adaptive capacity in relation
to disturbances (Walker et al., 1999; Mouillot et al., 2013; Wonkka
et al., 2016), our findings suggest that the stochastic/rare species
of the northern regime contribute little to the adaptive capacity in
the southern regime. However, we acknowledge that the sample
size of our study was low and the results therefore need to be
viewed with caution.

Similarly, the other set of 5 stochastic/rare species from the
northern regime were deterministic in the southern regime.
Of these species S. americana and D. carolinensis are typical
woodland species including urban woodlands. In contrast,
P. ciris, B. swainsoni and E. alpestris are grassland and
shrubland species (The Cornell Lab of Ornithology, 2022).
Also, as was the case with stochastic/rare species remaining
stochastic/rare, the different habitat preferences of these birds
suggest that stochastic/rare species becoming deterministic after

4www.animaldiversity.org, www.allaboutbirds.org

FIGURE 5 | Accumulative species abundance curve of the northern spatial regime according to Gaston’s (1994) species rarity quartile method. Only taxon names for
stochastic/rare avian species of the northern spatial regime that become stochastic/rare and deterministic in the expanding southern regime are shown. See also
Table 2.
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a spatial regime shift is not necessarily associated with a
single ecosystem type. Such a result can be expected for both
stochastic/rare and deterministic species because the Great Plains
of North America are not dominated by a single habitat type
and, for instance, conservation efforts (prescribed burning)
contribute to maintaining open, grassland areas, and thus habitat
heterogeneity, despite expanding woodlands (Twidwell et al.,
2013b).

These five species were associated with three different
temporal scales in the southern regime model. Because these
scales were relatively species rich, our results suggest that these
stochastic/rare species from the northern regime contribute a
relatively low degree of within-scale and cross-scale resilience,
two proxies of ecological resilience (Peterson et al., 1998), in
the southern regime, although the results need to be interpreted
with care. However, we were still able to derive some potentially
important implications for ecological resilience.

Ecological resilience theory posits that (spatial) regime shifts
can cause substantial structural and functional change and
ecological reorganization (Angeler and Allen, 2016; Rietkerk
et al., 2021). Notwithstanding, our results highlight that
stochastic/rare species contribute little to the temporal patterns
of the southern and norther regime. This is especially manifested
in only 10 stochastic/rare species of the northern regime being
represented in the bird community of 122 species of the southern
regime. From an ecological community perspective our results
suggest that stochastic/rare species per se enact limited structural
change, suggesting that they play only a limited role in ecological
reorganization in the Great Plains. This also suggests that
stochastic/rare species from the northern regime may only leave
a marginal “ecological legacy” (Johnstone et al., 2016) once the
northern regime becomes invaded by the southern regime.

Contrary to the general notion that rare species dominate
ecological communities (Magurran, 2013), our results show
that deterministic species, i.e., those associated with significant
RDA axes indicating the temporal scaling structure in the time
series models, dominated the temporal dynamics in both spatial
regimes, with the contribution of stochastic/rare species being
below 29%. Although wider comparisons with other ecological
communities and ecosystems cannot be made due to the lack
of studies using the methodology of this study, this finding is
preliminarily in agreement with a lake phytoplankton study,
which found stochastic/rare species to contribute less than
34% to community structure (Baho et al., 2014). Research has
suggested a relationship between the degree of disturbance and
stochastic patterns in community dynamics (e.g., Måren et al.,
2018; Santillan et al., 2019). While our study provided insight
into how the consequences of disturbance (climate-change
mediated biome shifts) influenced patterns of stochastic/rare
species, we lacked additional data (environmental, biotic) for
a more comprehensive assessments of factors mediating spatial
resilience and regime change. Further research is required to
provide a more detailed picture about the relationships between
disturbances, resilience, regime shifts, stochastic processes, and
the likely role of rare (and common) species in these processes.

Our study is based on space-for-time substitutions in which
a regime change is only implicit. That is, rather than explicitly

assessing regime changes resulting from northward migration of
spatial regimes, our approach compared community dynamics
between regimes, assuming that over time the northern regime
will be encroached by the southern regime. While space-for-
time substitutions have been criticized, they are still a valuable
alternative to long-term studies (Pickett, 1989), particularly in
a climate change context (Blois et al., 2013). Space-for-time
substitutions are therefore particularly useful for regime shift
research, which is often limited by monitoring data that do
not cover relevant scales of ecological change, which can be
slow, particularly in a spatial context. There is need to account
for both space and time in the assessment of spatial resilience
(Cumming, 2011; Allen et al., 2016; Sundstrom et al., 2017). This
further underscores the utility of space-for-time substitutions
as an important approach in spatial regime shift research,
especially given the fast biogeographical changes on a rapidly
changing planet.

We conclude by highlighting that none of the stochastic/rare
bird species were of conservation concern according to the IUCN
Red list and the United States Endangered Species Act. From the
perspective of conservation biogeography, this suggests that likely
no urgent adaptations of species conservation plans are needed
once the northern regime becomes invaded by the southern
regime. However, careful interpretation of this implication is
needed because our study design and results are agnostic to
the potential future biodiversity changes and threat status that
may occur due to non-stationary change beyond the temporal
horizon of our study.
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