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Abstract

Aim: Climate change is occurring at accelerated rates in high latitude regions such as
Alaska, causing alterations in woody plant growth and associated ecosystem patterns
and processes. Our aim is to assess the magnitude and speed that climate-induced
changes in woody plant distribution and volume may be reduced and/or slowed by
relatively static landscape features like physical characteristics (e.g. depth to gravel,
mineral cover percent and slope degree) and/or edaphic properties (e.g. soil organic
matter, soil pH and site wetness rating) that resist climate-vegetation responses.
Location: We leveraged a large field data set collected across a network of Alaskan
national parks, which allows for comprehensive spatial data analysis over a uniquely
large spatial extent.

Methods: To learn about the conditions that may either impede or accelerate vegeta-
tion changes in northern Alaska, we used a Bayesian hierarchical model to identify
which landscape features may decelerate change or offer refuge for plant species.
Our model quantifies the contribution of fast (‘dynamic’) versus slow (‘static’) chang-
ing variables to predict plant volume and categorize landscape types into either ro-
bust or nonrobust to climate changes.

Results: We found that two landscape features, low soil wetness and low soil organic
matter comprising 63.1% of sites in the data set, were the most likely landscape fea-
tures to inhibit vegetation expansion. We also found that fewer numbers of sites have
the potential to offer refuge to existing plant species (5.43% on average) because few
sites had high soil wetness as a landscape feature.

Main conclusions: Our analyses highlight the importance of incorporating static co-
variates representing landscape resistance to vegetation change for improving realism
in forecasts of vegetation change in Alaska.

KEYWORDS
Alaska, Bayesian statistics, boreal forest, climate change, national parks, tundra, vegetation
change, woody plant volume
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1 | INTRODUCTION

Understanding woody plant response to climate change in Alaska
is important, both globally and locally (Hinzman et al., 2005; Tape
et al., 2016). From a global perspective, changes in the distribu-
tion of boreal forest have been shown to affect atmospheric pro-
cesses, which, in turn, can cause amplification of global warming
effects on woody plant distribution across these ecosystems (Helbig
et al.,, 2016). Vegetation in Alaska is changing dramatically and at
an accelerated pace resulting from complex climate-environment
interactions (Beck et al., 2011; Brodie et al., 2019; Myers-Smith
et al., 2020). Interior forests exhibit decreased vegetation caused
by increased fire frequency and permafrost degradation caused by
higher temperatures (Goetz et al., 2005; Lara et al., 2019; Pastick
et al., 2019; Verbyla, 2008). These vegetation mortality trends may
have many future consequences, including altering wildlife habitat,
releasing increased amounts of carbon into the atmosphere and
degrading socio-economic systems (Chapin et al., 2006; Lloyd &
Bunn, 2007). By contrast, in alpine and Arctic ecosystems, there has
been an increase in shrub distribution (Tape et al., 2006). Proposed
consequences of increased vegetation in the Arctic include ampli-
fied warming (Betts & Ball, 1997), increased flammability (Frost &
Epstein, 2014), changing snow deposition (Sturm et al., 2001) and
reductions in species diversity in tundra plant communities (Roland
et al., 2017). In addition to increased shrub volume, northward tree
expansion has been widely observed over the 20th century (Harsch
et al., 2009). These changes may initiate transitions in ecosystem
trajectories, affecting biological and physical processes at multiple
scales (Chapin et al., 2004; Hinzman et al., 2013; Pastick et al., 2019;
Scheffer et al., 2012).

Understanding the compounding consequences of these inter-
related components across a vast, heterogeneous spatial domain re-
quires a detailed understanding of the ecological processes involved
(Roland et al., 2013, 2019). Increased disturbance and disturbance
severity has largely been driven by increases in fire in the boreal
regions of Alaska (Barrett et al., 2010; Beck et al., 2011; Brown &
Johnstone, 2012; Fang et al., 2015) and increases in permafrost deg-
radation in Arctic regions of Alaska (Jorgenson et al., 2006). While it
has been suggested that this increasing fire frequency may lead to
a state shift or change in dominant vegetation type (Scheffer et al.,
2012), it has also been found to be a variable spatial pattern that
may be influenced by site-level species response that could lead
to increased growth response from dominant species (Johnstone
& Chapin, 2006). Increasing permafrost degradation may lead to
both increased amount of suitable habitat for vegetation expansion
(Roach et al., 2011, 2013) and coastal erosion decreasing the amount
of available habitat in some eco-regions of Alaska (Jones et al., 2011,
Jorgenson et al., 2006). Increased growing season length has led
to increased drought stress amongst dominant spruce species (e.g.
Picea glauca; Barber et al., 2000).

While much research in the past decade has focused on un-
derstanding the patterns and drivers of woody plant change, it
is also important to assess which landscape features may inhibit

vegetation expansion or offer plant refugia for particular plant
species. Accelerating vegetation changes may be tempered by
relatively ‘static’ landscape features in contrast to ‘dynamic’ cli-
mate (Nicklen et al., 2019; Roland et al., 2019; Swanson, 2015).
Vegetation resistance to change may be facilitated by static
terrain-mediated and ecosystem-protected processes, reflecting
a gradient in relative degrees of ‘inhibition’ or ‘refuge’ (Stralberg
et al., 2020). Static landscape features like site wetness in bogs and
peatlands have been hypothesized to be ecosystem-protected fea-
tures that allow for continued growth in the face of temperature-
induced drought or increased fire frequency (Kasischke et al.,
2010). Ecosystem-protected landscape features are not usually in-
cluded when forecasting woody plant migration at higher latitudes
because plant volume response to these features has not been ro-
bustly determined across a variety of ecosystems. Alternatively,
some static landscape features may inhibit vegetation expansion
causing sites to be unsuitable for plant growth and provide terrain-
mediated resistance to climate changes. We seek to determine the
extent that static variables may play a larger role in woody plant
volume responses either inhibiting expansion or offering refugia
in Alaska. It has been shown that, with increasing latitudes, the
physical and edaphic environment becomes an increasingly domi-
nant control on woody plant growth (Callaway et al., 2002; Hulshof
et al., 2013; Klanderud et al., 2015; Pierce et al., 2017; Schemske &
Mittelbach, 2017). Quantifying the effects of these static terrain-
mediated and ecosystem-protected landscape features on the po-
tential rate of vegetation change in different ecological contexts
in Alaska would greatly benefit management planning and reduce
uncertainty in our understanding of plant response to dynamic cli-
mate (Chapin et al., 2006).

We seek to improve our understanding of potential woody plant
responses to climate change in Alaska by determining landscape fea-
tures that may inhibit vegetation expansion or provide plant refugia.
In our analysis, we consider climate and climate-driven variables such
as precipitation and burn status relatively ‘dynamic’ variables com-
pared to the relatively ‘static’ physical landscape characteristics and
edaphic conditions (hereafter we omit ‘relatively’). In our definition,
static landscape features are both terrain-mediated and ecosystem-
protected processes that lead to a particular site being resistant to
external forces. We refer to these sites as relatively ‘robust’ to cli-
mate changes or having higher ‘robustness.” While our data set is
comprehensive, we stress that robustness is not an absolute future
state in our framework but a condition of higher resistance to future
climate that can be estimated because of past independence from
climate.

Due to its large extent and variety of ecosystems, Alaska en-
compasses substantial gradients that directly affect patterns in
woody plant distribution and abundance, all of which need to be
considered to effectively predict responses to climate change
(Roland et al., 2019). We comprehensively assess woody plant vol-
ume response to dynamic climate and permafrost variables using
field data collected across this wide spatial domain. In our study,
we have three objectives: (1) to describe patterns in this data set
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with a uniquely large geographic extent and then leverage the data
to develop spatially heterogeneous estimates of plant species ro-
bustness to climate (and climate-related disturbance) changes in
woody plant volume across northern Alaska; (2) to learn where
plant species may be either excluded or else harboured from cli-
mate changes, we used a large plant occurrence and volume data
set and modelled species dependence on dynamic climate vari-
ables, assuming that sites where volume is accurately predicted
without climate have higher ‘robustness’ to climate changes; and
(3) to align our results with past work measuring temporal vege-
tation change to a lesser spatial extent with information from sat-
ellite imagery (Pastick et al., 2019) and oblique photograph pairs
(Brodie et al., 2019) in northern Alaska.

We expected that the majority of sites would be classified as
robust to climate changes because of the harsh-growing condi-
tions and terrain-mediated, static barriers to vegetation expansion
in Alaska (Roland et al., 2016, 2019; Swanson, 2015). We also ex-
pected that landscape types with consistent access to surface-water
such as peatlands or bogs provide static ecosystem-protected re-
fugia to species that have the ability to occupy wet soils (Stralberg
et al., 2020). Two specific species examples are Picea mariana (pic-
mar), which are well known to frequently occupy wet, acidic soils
(Mack et al., 2008; Viereck et al., 1983), and Salix pulchra (salpul),
which have been found to respond differently to climate depending
on soil wetness (Ackerman et al., 2017). We expected that robust-
ness estimates for these species would depend largely on site static

edaphic properties such as wetness because site wetness may allow

these species to escape climate change pressures and static terrain-
mediated characteristics related to site wetness, like slope angle,

may exclude them from expansion.

2 | METHODS

21 | Data

We analysed site-level woody plant volume data that were collected
throughout a network of Alaskan National Parks and Preserves in-
cluding Denali National Park (DNPP), Gates of the Arctic National
Park (GANP), Kobuk Valley National Park (KVNP), Noatak National
Preserve (NONP), Wrangell-St. Elias National Park and Preserve
(WSNP), Yukon-Charley Rivers National Preserve (YCNP) and
Bering Land Bridge National Preserve (BLNP) (Figure 1). Complete
sampling design methodologies can be found in Roland et al. (2013)
and Swanson (2015). These data consist of 2062 sites that are clus-
tered at sample locations with approximately 20 sites per location.
Each site is 200 m?. These sites span wide latitudinal (62.11-68.48),
longitudinal (-164.78 to -141.01) and elevational (2.26-1674 m)
gradients. Along with the large spatial domain, these sites cover a
broad climatic domain with total summer precipitation ranging from
11.44 cm to 77.66 cm and average July temperature ranging from
7.89 C to 16.45 C across sites (Figure 2). These data were collected
over 15 years (i.e., 2001-2015). The sites were typically measured

once because of remote access barriers in the region. These data

[ ]<300m

FIGURE 1 Map of sample locations
each containing approximately 20 sites
and park boundaries in an Alaskan
Network of National Parks
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FIGURE 2 Histograms of static and dynamic covariate values across 2062 vegetation sites in an Alaskan National Parks and Preserve
Network. The top two rows are static variables while the bottom two rows are the dynamic variables (orange boxes). The time windows
written in text in the upper right hand corners of each plot represent average temporal change based on ecological knowledge and previous
work by Roland et al. (2013, 2019), Swanson (2015), and Brodie et al. (2019). The sites with an asterisk (*) indicate covariates that typically

change slowly but may change suddenly in certain circumstances

represent our most current knowledge of plant volume and edaphic
conditions for the sites, so we treat these data as a static snapshot
(Roland et al., 2013).

There are 12 plant species in our data set including: three co-
niferous trees Picea glauca (picgla), Picea mariana (picmar) and Larix
laricina (larlar); three broadleaf trees Populus tremuloides (poptre),
Populus balsamifera (popbal) and Betula neoalaskana (betneo); four
willow shrubs Salix pulchra (salpul), Salix glauca (salgla), Salix alaxensis
(salala) and Salix richardsonii (salric); and two nonwillow shrubs Betula
nana (betnan) and Alnus viridis (alnvir). These species were selected
based on their wide geographic distribution, relatively frequent oc-
currence and ecological importance within the vegetation mosaic.
The natural history of each species is distinct, which allows us to
assess plant response variability throughout the woody plant com-
munity in terms of robustness to changes in climate on plant volume
(Table 1).

Basal area (BA) for each tree species was derived using the di-
ameters of all main stems at breast height (1.37 m, DBH, see Roland
et al., 2013). For shrub species, canopy volume was calculated using
vertically integrated point transects measured in the field and fol-
lowing the methods of Swanson (2015) where individual shrub
height was measured, summed and then divided by total plot area
(units = m3/m?). We chose these measurements instead of using a
common metric like biomass or percent cover for two reasons. First,
biomass derivations for these shrub species are unreliable because
allometric relationships are not well established and likely vary over
this spatial domain. Second, while percent cover could be calculated
for both trees and shrubs, there is less information in percent cover

than either basal area or volume, which integrate the heights of the
plants into the metric and are thus a better proxy for total volume
than simple horizontal cover. Our basal area and volume data allow
us to model the response of woody plant volume to changes in cli-
mate beyond what we could learn from occurrence-only or percent
cover data sets. Throughout, we refer to both tree basal area and
shrub volume as plant “volume.”

Comprehensive site-level covariate information, fully described
in Roland et al. (2013), was also measured at each of the sites. We
selected a subset of the covariate information that was found to
most affected plant volume in previous studies using previous iter-
ations of this data set (Brodie et al., 2019; Roland et al., 2013, 2019;
Swanson, 2015). Categorization of covariates into ‘static’ or ‘dynamic’
was based on expert understanding of temporal change of each co-
variate (Roland et al., 2019). We categorized covariates as ‘static’ if
they were largely considered site ecosystem-type characterizations.
Some covariates categorized as static (i.e. flood disturbance, mineral
cover percent, soil organic matter, soil pH, wetness rating, latitude
and longitude) may change suddenly in rare circumstances such as a
climate-related disturbance event, but typically do not change over
long period (i.e. >100 years). We categorized covariates as ‘dynamic’
if they typically change and are recorded on an annual or semian-
nual basis. While there are many dynamic covariates to choose from,
these variables were chosen based on previous research showing
these variables most affected plant volume (Brodie et al., 2019;
Roland et al., 2013, 2019).

The static variables are wetness rating, depth to gravel (cm),
equivalent latitude, flood disturbance (binary variable), mineral cover
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percent, soil organic matter depth (cm), slope degree and soil pH. We
also used squared variables for pH, organic matter depth, percent
mineral cover and depth to gravel because these variables are known
to saturate in this study area (Roland et al., 2013). The dynamic vari-
ables are burn status (binary variables for old burn and recent burn
derived from year of burn data), July mean temperature (C), summer
total precipitation (cm), thaw depth (cm) and snow-free Julian date.
Burn status was recorded as true or false for both old burns (20-
80 years) and recent burns (less than 20 years). July mean tempera-
ture, total summer precipitation and snow-free Julian date were taken
from gridded data for Alaska by the PRISM Climate Group, which rep-
resent rolling 30-year climate normals of the most recent 30 years.
Thaw depth, depth to gravel and soil organic matter depth were col-
lected at each site from a small (30-40 cm) soil pit. Wetness rating is
based on the weighted averaging method from Federal Interagency
Committee for Wetland Delineation (1989) (see Atkinson et al., 1993)
where each species in a site are assigned a wetness rating. Ratings
for plant species were developed by an interagency expert process
(Lichvar et al., 2016) and downloaded from the USDA Plants data-
base (USDA, NRCS, 2020), but a small number of missing taxa were
assigned a wetness rating by the authors. The wetness rating of a site
was the average of the constituent species’ wetness ratings, weighted
by their canopy cover. A higher rating indicates drier site conditions.
Throughout this manuscript, we refer to sites with higher wetness
ratings as being “drier” or having more “dryness” to avoid confusion.

See Roland et al. (2013) for covariate definition information.

2.2 | Statistical analysis

We use a hierarchical Bayesian model to estimate where dynamic co-
variate information improves predictions of plant volume for a variety
of species (adapted from Scharf et al., 2021). We consider sites ‘robust’
if plant volumes are largely predictable by site-level static variables,
for instance, percent mineral coverage or soil pH (Figure 3 right-hand
side, p < .33 described below). In contrast, sites are clustered into

the ‘nonrobust’ category if they depend on information from dynamic

NON-ROBUST

ROBUST

variables such as July mean temperature, total summer precipitation,
depth to thaw or recent burn status after accounting for static site-
level variables (Figure 3 left-hand side, p > .67 described below). In
particular, our modelling framework identifies site characteristics
that could facilitate climate refugia for particular species by deter-
mining sites that are currently predictably occupied without including
dynamic climate or climate-related disturbance covariates. Similarly,
sites that are predictably unoccupied by a particular species with-
out information from dynamic covariates are considered ‘excluding’
landscapes for that species. Figure 4 provides a conceptual picture to
the model specification described below. Furthermore, while this is a
study using spatial information only, we also make brief comparison
of our results in the discussion to photograph pair images in the same

study area (Swanson, 2015) to validate our results.

2.2.1 | Model specification

Our model consists of three components in a Bayesian hierarchical
framework: data, process and parameter models (Figure 4; Berliner,
1996). We utilized plant log-volume data (y;) as response variables
collected across sites i = 1,...,n (Equation 1). Observations of log-
volume are assumed to be unbiased and centred at the true log-
volume (y;). We modelled the detection process explicitly using a
censored data model where observed log-volume is greater than the
lower detection limit y; (i.e. the minimum volume observed for each
species). Our specification results in a mixture Tobit left-censored

data model for observed log-volume y; that we express as

Tobit (1", 62,y*), z

1

, (1
Tobit (u?ep, o2, y*) ,Zj=

0
Yi~
1
where 7, is a latent cluster indicator that equals O when a site is robust
and 1 when nonrobust. In our case, the left-censored value is the min-

imum species volume detected in the data set. Using the Tobit model

allows us to estimate unobserved plant volumes below the lower

Climate induced structural
variability

Suitable static conditions and

climate predicts potential for

either increased or decreased
abundance.

Plant Refugia
Suitable static
conditions alone predict
volume

FIGURE 3 Our definition of robustness

p=1 {limate dependence | c|imat_p=o

along climate (or dynamic) variable
independence (horizontal axis) and plant

Plant v

Potential habitat
Suitable static conditions but
currently uninhabited. Future
climate may change and help

predict plant volume

UNOCCUPIED ~ OCCUPIED
N

émall

Excluded landscape
Unsuitable static

conditions; climate not
needed to predict
volume

volume response (vertical axis) gradients.
The four categories within our diagram
describe useful ecological concepts that
are identifiable within our framework. The
variable p represents the probability of a
particular site being categorized as robust

or nonrobust
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detection limit and also allows us to separate the data level uncertainty
from the clustering process described below (i.e. Figure 4 middle from
bottom level). We defined two true log-volumes y;"d and y?ep as func-

tions of observed site-level covariates such that

|nd s)’ﬁ(s) 2)

p0P = X' ) 4 XD ), (3)

The covariates comprise static x‘fs) and dynamic x‘(d)

environmen-
tal variables described above, and g% and g represent their asso-
ciated coefficients. Each also includes a coefficient for the intercept
through the addition of a column of “1” in the covariate matrix. Our
model coincides with the understanding that the dynamic variables
should not affect the latent log-volume process for the sites consid-
ered robust. This model specification falls into the broader class of
mixture models and allows us to discern sites that are robust (z; = 0)
from nonrobust (z; = 1) based on whether we require information
about dynamic variables (e.g. climate and climate-related distur-
bance) to predict log-volume. We show in Appendix S1 that the
model formulation in Equation (1) represents a type of regularization
where the dynamic variable effects shrink to zero for robust sites
(Hooten & Hobbs, 2015).

To account for potential confounding amongst covariates, we re-
stricted the dynamic covariates (x (d)) such that they are orthogonal
to the static covariates (xi ) for each species. This procedure is com-
monly used in spatial statistics to alleviate confounding (e.g. Hanks
et al., 2015). Specifically, using the full static design matrix X(s)

computed the restricted dynamic design matrix as

799
Coiversiy o isrvuions BICTREN A
X(d) =(- X(S)(X/(slx(s))—lx/(s))x(u)’ (4)

where XY is the unrestricted dynamic design matrix containing
climate-related variables. This transformation allows the component of
the model based on dynamic variables to involve only climate-related
information that is not already accounted for in the static variables
(and reduces overall multicollinearity). We use 1 to denote that the dy-
namic variables are orthogonal to the static variables. For description
of restricted regression and use of orthogonal variables in ecology, see
Hanks et al., 2015.

We specified the latent cluster membership model as
z; ~ Bernoulli(p;), where logit(p;) = x'Ep)ﬁ(p) characterizes the hetero-
geneity in robustness across the landscape. We define robust sites
as sites with posterior mean cluster probabilities (p;) less than 0.33
while nonrobust sites are sites with posterior mean cluster proba-
bility (p,) greater than 0.67. We consider sites with posterior mean
values between 0.33 and 0.67 as sites that cannot be categorized
with confidence (i.e. uncategorized). We selected these thresholds
because they indicate a clear majority. A variety of choices can be
used to define x ) For example, we could use the set of static co-
variates x) = x S’. In this setting, our model allows us to understand
which slowly changing landscape features may limit vegetation en-
croachment given dynamic changes in the environment. We can
account for additional flexibility in the relationship between the
static variables and robustness using a semiparametric relationship
in which case xP is defined in terms of basis functions that represent
the static covariate space (Hefley et al., 2017). These basis functions
could be splines that span the static covariate space or, as we use in

OStochastlc D Deterministic <> Model Inputs

. ' . W and covariates

Parameters

/ on

Process

Data

FIGURE 4 Directed acyclic graph (DAG) of our model showing the model levels: data model, process model, and model parameters and
covariates. Circles indicate stochastic nodes estimated by the model while squares are deterministic nodes. Diamonds indicate model inputs.
y; is the plant volume data by site i. x/‘(s) (i.e. wetness rating, depth to gravel (cm), equivalent latitude, flood disturbance (binary variable),
mineral cover percent, soil organic matter depth (cm), slope degree and soil pH as well as squared depth to gravel, mineral cover percent, soil
organic matter and soil pH), x '(d) (i.e., burn status, July mean temperature (C), summer total precipitation (cm), thaw depth (cm) and snow-
free Julian date), and x’(p) (i.e. same as (s) are the covariate sets used along with coefficients g, % and g to obtain posterior estimates of

cluster membership (z) and cluster membership probabilities (p)
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Species Frequency Mean (P)  Median (P)
P. glauca 0.36 7.40 3.53
P. mariana 0.31 4.14 2.31
L. laricina 0.04 0.23 0.09
P. balsamifera 0.05 3.94 0.54
P. tremuloides 0.05 3.15 0.99
B. neoalaskana 0.20 4.36 1.02
S. pulchra 0.30 7.54 2.02
S. alaxensis 0.08 30.50 11.25
S. glauca 0.19 7.80 3.54
S. richardsonii 0.10 10.15 3.96
A. viridis 0.26 52.08 20.81
B. nana 0.59 5.94 3.14

Note: P represents “present-only” sites. O represents “overall” sites.

what follows and describe in more detail in Appendix S1, the basis
functions could be derived from a first-order spectral representation
of a Gaussian process model on logit(p;). This semiparameteric rep-
resentation allows us to account for highly nonlinear relationships
between robustness and the complete set of site-level static vari-
ables. To complete the hierarchical model, we specified priors for the
coefficients as multivariate normal such that, B ~ Normal(0,Z®),
ﬁ(d) ~ Normal(0,£) and ﬁ(p) ~ Normal(0, £?) where the coefficients
are assumed independent here but are expressed generally for fu-
ture implementations (see S2). Similarly, we expressed the prior for
the variance generally for future implementation where 62 ~ 1G (g, r).
We fit the model described above for each species individually.
Analysis on covariate predictive ability and model parsimony can be
found in Appendix S1. More information about model fitting and model
fit evaluation can be found in Appendix S2. We briefly evaluate our
model using photograph pair images collected by Swanson (2013) and
Brodie et al. (2019) from our study domain using a logistic regression
where the response variable was binary 1 if the site changed between
photograph pairs and O if the site did not change, and the dependent
variable was our median estimate of cluster membership (p) for the two
dominant spruce species. We selected spruce species because change
of spruce volume is most easily observed in the photographs com-
pared with smaller stature species. Lastly, all data, code, and software
information used in these analyses can be found in the Supplemental
Information with specific code descriptions in the Data S1.

3 | RESULTS

3.1 | Volume and covariate data

The most abundant tree species across our study domain was P.
glauca, which occurred in 36% of sites (basal area = 7.41 m?/ha on
average across parks). The least abundant tree species was L. la-
ricina, which was only present in DNPP (occupying 4% of all sites,
basal area = 0.23 m?/ha on average in DNPP). Tree species occurred

TABLE 2 Table describing summary

Stand. Mean L.
statistics for volume measurements across
Dev. (P) (O) . 2
species where basal area (m“/ha) was
10.04 2.63 measured for trees and volume (m3/m?)
533 1.29 for shrubs
0.45 0.01
8.30 0.18
4,94 0.15
6.74 0.87
16.00 2.26
46.64 2.32
11.14 1.51
18.54 0.98
67.23 13.74
7.44 3.52

much more frequently in southeastern parks than northern parks
(Appendix S1: Table S1). There were more shrubs than trees in Arctic
Network Parks (GANP, KVNP, NONP and BLNP) where tree growth
is limited by both harsh-growing conditions and dispersal barriers.
The most abundant shrub species was A. viridis (occupying 26% of
sites, volume = 52.2 m®/m? on average across parks) while the least
abundant species by volume was B. nana (volume = 6.04 m*/m? on
average across parks). However, B. nana occupied the most sites of
any species in our data set (59% of sites). A full accounting of fre-
quency and volume measurements by species is provided in Table 2
and Figure Sé6.

Tree species had higher occurrence in lower elevation sites
(mean = 499.8 m, SD = 273.8 m; Figure 5). P. glauca, an outlier, oc-
cupied higher elevations on average compared with other tree spe-
cies (mean 610.9 m?, SD = 300.7 mz). Shrubs span a wider elevation
gradient and are more abundant at slightly higher elevations on av-
erage (mean 681.1 m?, SD = 352.0 m?). Slope angle across sites was
shallow (mean =9.4, SD = 9.7). P. tremuloides stood out as occupying
the steepest slopes (mean = 21.0, SD = 12.0). All species occupied
sites with lower mineral cover percent on average (i.e. relatively un-
disturbed sites mean = 4.3%, SD = 12.6%). L. laricina occupied more
acidic soils while P. balsamifera, S. alaxensis and S. richardsonii occu-
pied more basic soils. Similarly, L. laricina occupied wetter soils and
deeper organic matter depths while P. balsamifera, P. tremuloides and
S. alaxensis occupied drier sites with soils that had shallower organic
matter depths. The distribution of thaw depths across sites appeared
somewhat bimodal because the data were collected with a threshold
of 120 cm with most sites having high thaw depths (>110 cm). P.
mariana, L. laricina and B. nana occupied soils with shallower thaw
depths, and the average site thaw depth for S. pulchra was slightly
shallower (mean = 77.1 cm, SD = 39.2 cm) compared to other willow
species (mean = 89.3 cm, SD = 36.7 cm). While the precipitation
gradient across sites was wide, most sites had lower average pre-
cipitation than the study region as a whole (mean = 26.7 cm, SD =
10.3 cm). S. pulchra and B. nana occupied sites with the highest levels
of summer precipitation perhaps due to their regular occurrence at
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FIGURE 5 Violin plots showing covariate distributions across all sites and across sites where species are present. White dots represent
the median of each distribution, indicating the environment type where a particular species is most likely to be present in our data set.
We include elevation to demonstrate the differing niche space of the species, but elevation was not included in the final model because it
covaries very closely with July mean temperature (see Roland et al., 2019). Similarly, ‘year since burn’ was used to derived binary variables
‘old burn’ (20-80 years) and ‘recent burn’ (less than 20 years) that were used in the final model fitting. The species listed on the vertical
axis are Picea glauca (picgla), Picea mariana (picmar), Larix laricina (larlar), Populus balsamifera (popbal), Populus tremuloides (poptre), Betula
neoalaskana (betneo), Salix pulchra (salpul), Salix alaxensis (salala), Salix glauca (salgla), Salix richardsonii (salric), Alnus viridis (alnvir) and Betula

nana (betnan)

relatively high elevation sites. Lastly, years since burned was skewed
toward mostly unburned sites (>100 years since burned Figure 5).
P. tremuloides and B. neoalaskana occured at higher frequencies at
more recently burned sites (mean = 54.2, 69.1 years, SD = 32.0,
33.9 years respectively) while S. alaxensis, S. glauca and S. richardsonii
were not present at recently burned sites (<60 years since burned).

3.2 | Coefficient estimates

The relationship between wetness rating and plant volume was es-
timated with high precision and nonoverlapping zero for the major-
ity of species where it was an included covariate. Wetness rating
was estimated to have a slightly positive effect on volume across
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species (mean = 0.48, SD = 1.14), meaning drier than average sites
had higher woody plant volumes. Also, across species, organic mat-
ter depth and depth to gravel were most positively associated with
plant volume (organic matter depth mean = 1.34, SD = 2.81; depth
to gravel mean = 1.11, SD = 2.97). Thaw depth, coefficients were
estimated with the most precision across species followed by recent
burn status, . Overall species thaw depth was estimated to be posi-
tively related to volume (mean = 0.60, SD = 0.82) while recent burn
status, was estimated to be negatively related to volume (mean =
-0.26, SD = 1.00) with the exception of P. tremuloides for which re-
cent burn status, was positively related to volume (mean = 2.27, SD
=0.37).

3.3 | Robustness categorization

The majority of sites were estimated to be robust where species are
absent (mean across species = 63.1% of sites), meaning the major-
ity of site-species combinations may inhibit vegetation change due
to changing dynamic variables (Figure 3, lower right quadrant). The
species with the most robust and absent sites was floodplain special-
ist P. balsamifera (94%), whereas the very common shrub species B.
nana had the least amount of robust, absent sites (19%). Robust, pre-
sent site-species combinations represent landscape types that offer
refugia for species from changing dynamic variables. Species A. vir-
idis, S. glauca, P. glauca, S. pulchra and P. mariana had between 6% and
10% of sites that could be considered plant refugia. Nonrobust, ab-
sent sites represent potential habitat, and these types of sites were
the least common type of site-species combinations (Figure 3, lower
left quadrant). Nonrobust, present site-species combinations indi-
cate where dynamic variables have the greatest potential to cause
variability in volume (Figure 3, upper left quadrant). B. nana had
the most nonrobust, present sites across species, which are largely
located in lower elevations in DNPP and lowland sites in northern
parks. P. glauca, P. mariana and S. pulchra also showed larger per-
centages of nonrobust sites (Figure 7 columns 2 and 5). These sites
were primarily located at lower elevations in YCNP. B. nana had the
most sites across species that were non-robust when the species
was present (43%). Other species with higher non-robust and pre-
sent values were P. glauca, B. neoalaskana, and P. mariana (>10%).
Lastly, we found that our robustness categorizations for P. mariana
and P. glauca closely matched observations from photograph pair
change detection.

We found that wetness rating and organic matter depth (SOM)
were often indicative of robustness (Table 2, Appendix S4: Figure
S7 blue versus grey). Robust sites for P. glauca and B. neoalaskana
were significantly wetter compared with the distribution of wetness
across sites while P. mariana, S. pulchra and B. nana had significantly
drier conditions at robust sites than across all sites. Slope angle was
somewhat correlated with dryness across all sites (cor = 0.47), where
higher slope angles cause more rapid drainage. Slopes were signifi-
cantly steeper for robust sites for B. nana and S. pulchra, whereas
slope angle was significantly lower for A. viridis and B. neoalaskana

at robust sites. Organic matter depth was also somewhat correlated
with dryness across sites (cor = 0.55) and was found to be a differ-
entiating robustness covariate for P. mariana, P. tremuloides, B. neo-
alaskana, S. pulchra and B. nana. Species P. mariana, S. pulchra and B.
nana were estimated as more robust (mostly excluded) in sites with
lower organic matter depths while P. tremuloides and B. neoalaskana
were more robust (mostly excluded) in sites with higher organic mat-
ter depths. Across species, the distribution of static covariates was
not significantly different in most cases for robust sites relative to
all sites (75% of cases had more than 0.8 overlap in distribution, i.e.
semitransparent in Appendix S1: Figure S7). This was because most
of the site-species combinations were estimated to be robust (mean
= 72.2%) with B. nana having the most nonrobust sites (51.5%).

4 | DISCUSSION

We accomplished three objectives with this work. First, we de-
scribed the patterns of a novel data set from a network of Alaskan
National Parks and used that data set to develop a model for es-
timating plant robustness to climate (and climate-driven) changes.
Second, we determined which landscape types may either inhibit
vegetation expansion or offer climate refugia to specific plant spe-
cies. In this discussion, we elaborate on these findings and elaborate
on our third objective of aligning our results with past work focus-
sing on temporal change.

The majority of site-species combinations were categorized as
excluding landscape types (Figure 3 lower right; Figure 7). This trend
correlated with species occurrence patterns and terrain-mediated
patterns suggesting certain landscape types that may prevent woody
plant encroachment. Soil and landscape characteristics in Alaskan
ecosystems exert important influences on species distribution and
volume patterns (Brodie et al., 2019; Callaway et al., 2002; Hulshof
et al., 2013; Klanderud et al., 2015; Pierce et al., 2017; Roland et al.,
2013, 2019; Schemske & Mittelbach, 2017; Van Cleve et al., 1986;
Viereck et al., 1983). Soil characteristics, such as soil pH or soil or-
ganic matter, can prevent woody plants from colonizing new areas
because certain soil conditions inhibit establishment and/or growth
of particular species (e.g. S. pulchra, Ackerman et al., 2017). For ex-
ample, the nonconifer tree species in Alaska rarely, if ever, occur in
high volumes on soils with a deep organic horizon (Alexander et al.,
2012, Figure 5). Specifically, we found that site dryness, slope angle
and organic matter depth were important indicators of robustness to
dynamic variables across species (Table 3). Species P. mariana, S. pul-
chra and B. nana were excluded from growing in sites that were drier
with steeper slopes and lower organic matter depths. Conversely,
the tree species P. glauca, P. tremuloides and B. neoalaskana rarely
occur in wetter sites, with shallower slopes and higher organic mat-
ter depths. Our results suggest that terrain-mediated characteris-
tics, such as slope degree or mineral cover percent, in boreal and
Arctic ecosystems may inhibit the expansion of certain species.

While exclusionary landscape types were dominant in our analy-
sis, we also improved our understanding of conditions where species
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have the best chance of finding climate refuge (Figure 3 upper right).
Soil wetness rating was the dominant driving factor for determining
species robustness (Figure 6) and may offer spruce species, in partic-
ular, ecosystem-protected refuge (Stralberg et al., 2020) and atten-
uate ecosystem transition to deciduous forest (Johnstone & Chapin,
2006; Scheffer et al., 2012). Boreal peatlands are a notable example
of an ecosystem-protected refuge where, in the face of environ-
mental stressors such as severe drought, high water table depths
can continue to promote plant growth for specific boreal species
(Shur & Jorgenson, 2007; Stralberg et al., 2020). For instance, re-
cent work illustrates that peatlands provide refuge at the southern
range margins of P. mariana distribution (Langdon et al., 2020; Spei
& Kashian, 2018). In our data set, boreal peatlands are represented
via the ‘wetness rating’ and ‘organic thickness’ static covariates.
Over 50% of sites across the Alaskan network of National Parks
can be classified as wetter (with a rating less than 3). We found that
dryness was strongly related to decreased robustness across tree
species (Table 3), indicating that peatland in this region may provide
refugia for bog-dwelling boreal species as temperatures increase or
fires remove top organic layers (Kasischke et al., 2010). Furthermore,
peatlands currently make up 19% of Far North ecosystems (Tarnocai
et al., 2009) and may provide substantial refugia from environmental
stressors not yet accounted for forecasts of carbon or habitat dy-
namics. While past studies have hypothesized that wet ecosystems
offer the potential to alleviate soil moisture growth limitations and
therefore offer a potential long-term refugia for boreal species, our
results are the first to confirm this finding using an expansive field
data set collected across broad environmental gradients. These re-
sults bolster existing support for targeted protection of Far North
wetlands (Karesdotter et al., 2021).

The strength of our modeling framework is to highlight areas

that are robust to climate changes. However, we also have the
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ability to identify which landscape types are particularly sensitive
(i.e. nonrobust). Arctic and boreal vegetation may be able to expand
into previously unoccupied sites as climate becomes more condu-
cive for growth, unlocking suitable habitat (Euskirchen et al., 2009,
Figure 3 lower left) or occupied sites may show variable growth re-
sponse depending on climate changes (Lloyd & Bunn, 2007; Nicklen
etal., 2019; Figure 3 upper left). Potential habitat was the least likely
site-species combination estimate in our data set (average 3.09%
of sites). However, for many species, there were a large number of
sites that were unoccupied but not categorized into robust or non-
robust (12.9% on average). More information about species occur-
rence would help quantify the true number of sites that are excluded
versus potentially suitable sites. B. neoalaskana and B. nana stood
out as having a larger potential for increased suitable habitat under
changing climate conditions. B. neoalaskana, in particular, was most
positively related to mean summer temperature, thaw depth and old
burn status (Figure 6). B. nana was the most frequently observed
species across sites, giving our model more predictive power to es-
timate relationships between B. nana and dynamic variables. Thaw
depth was the only dynamic variable estimated with precision for B.
nana (Figure 6, precision indicated with dot). B. nana has been shown
to spread with increasing thaw depths across alpine and Arctic eco-
systems (Bret-Harte et al., 2001). There was more uncertainty asso-
ciated with absent sites for B. neoalaskana, S. pulchra, P. tremuloides,
A. viridis, P. glauca, P. mariana and B. nana (Figure 7). To reduce these
uncertainties, additional volume data on each of these species are
required.

Sites that were occupied and nonrobust (Figure 3, upper left,
structural variability or shorthand ‘variable’) to dynamic variables
were somewhat common amongst spruce species but less com-
mon amongst willow species. Spruce species may be nonrobust to

climate changes in landscapes with higher fire frequency causing

TABLE 3 ‘X indicates static covariates with significantly nonoverlapping distributions between the overall site covariate distribution and

the robust-only site covariate distributions for each species

Equiv.

Species Lat. Long. Slope Lat.

P. glauca X X

P. mariana X X

L. laricina

P. balsamifera

P. tremuloides

B. neoalaskana X X X X
S. pulchra X

S. alaxensis

S. glauca

S. richardsonii

A. viridis X

B. nana X X X X

Total 4 4 4 2

Soil
Wetness pH Mineral Flood SOM Gravel
X
X X
X
X X
X X
X X X
3 0 0 5 3

Note: Visualization of distributions and further description can be found in Appendix S1: Figure S7.
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FIGURE 6 Tile plots of posterior median of the coefficient for the static covariates (8%, top) and the dynamic covariates (89, bottom).
These signs can be generally interpreted as the marginal effects on plant volume. In the static coefficients, we interpret the squared term

as concave up (+) or down (=) and the linear term as the inflection point in the effect of response to plant species volume. The dynamic
covariates were used as part of a restricted regression (denoted with L) therefore are not directly interpretable but highly correlated with
named dynamic variables. Points on a square to indicate coefficients that were estimated with high probability for a nonzero effect, meaning

the 95% credible intervals did not overlap zero

differences in stand ages and therefore structural variability of
spruce species amongst sites (Lloyd & Bunn, 2007; Nicklen et al.,
2019). Variation in site moisture drove differences in relative sensi-
tivity between the two spruce species. We found that P. mariana was
present and robust (Figure 3, upper right, refugia) because of the
site dryness differences, while P. glauca was present and nonrobust
(Figure 3, upper left, structural variability) across a wider range of
dryness (Table 3). Furthermore, we found that P. glauca volume re-
sponded more negatively to recent burn while P. mariana volume
responded more positively to mean summer temperature, possibly
initiating variability in growth response across our wide gradient of
sites. Willow volume has been shown to respond more uniformly to

increasing temperatures than tree volume (Ackerman et al., 2018).
Our results agree with this assessment where willow species had a
more even response to dynamic variables than other species groups
(Figure 6, bottom).

To illustrate our results for particular species, we highlight P.
mariana and S. pulchra. Increased fire frequency and severity poses
a threat to seedling establishment of P. mariana in Alaska. Previous
studies of P. mariana have found that effective establishment of
seedlings can occur on mineral soil, thin organic soil and sphagnum
because they can be continually moist (Mack et al., 2008; Viereck
et al., 1983), but if high severity fire reduces organic matter depth,
P. mariana may be out-competed by faster growing P. glauca
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A. viridis — 16 3 7.8 6.7 21
B. nana 22 24 13 14 18 8.9
Average — 11.4 413 5.16 - 7.24 16.1 — 0
T T T T T
R - P (Refugia) NR - P (Variable) U-pP R - A (Excluded) NR - A (Potential) U-A

Combination Code (Ecological Type)

FIGURE 7 Figure showing percentages of robust (R), non-robust (NR), uncategorized (U), species present (P), and species absent (A)
combinations for each species where each row sums to 100%. Robust sites are sites with estimated cluster probabilities less than 0.33 while
non-robust sites are sites with cluster probability estimates greater than 0.67. Uncategorized sites are between 0.33 and 0.67 where there
is large uncertainty about whether a site is robust or non-robust. Cells are colored by magnitude. Ecological types in parentheses describe
each robustness-presence/absence combination ecologically. Figure is ordered from top to bottom by taxonomic group

(Roland et al., 2013; Wirth et al., 2008). Two trajectories are pos-
sible for P. mariana to escape these pressures: Seeking refuge in
bogs and peatlands that are less affected by fires and less occupied
by competitors and expanding north into potential habitat (Chapin
et al., 2006). Our results show that both of these scenarios are
possible but that more sites provided refuge (5.43%) than potential
habitat (3.09%) where soil conditions such as site wetness, soil or-
ganic matter depth and depth to gravel were the best indicators of
robustness. Furthermore, our results indicate that P. mariana vol-
ume may respond positively to increasing summer temperatures
(Figure 6) at sites that are suitable for P. mariana occupancy (i.e.
potential habitat in lowland areas to the north). Shrub species are
expanding in both distribution and volume because of increased
growing season length in some areas of the Alaskan Arctic (Tape
et al., 2006). S. pulchra has been shown to have higher growth
rates in sites with wetter conditions (Ackerman et al., 2017). Our
results were in agreement with this finding by showing that S. pul-
chra was relatively less robust to dynamic variables. Higher slope
angles, drier conditions, lower soil pH and higher soil organic mat-
ter depths were related to S. pulchra robustness. Higher slope
angles with drier conditions represent excluded landscape types
while lower soil pH with high soil organic matter depths represent

refugia for S. pulchra, perhaps by excluding competition from less
acid-tolerant woody plant species. Few sites were estimated to be
potential habitat for S. pulchra (0.82%) which is counterintuitive
given that shrub expansion has been widely observed. However, S.
pulchra had the largest number of unknown absent sites amongst
the shrub species (23%) indicating that more volume information
from a larger number of sites is needed to determine where S. pul-
chra may expand. Finally, we estimated that S. pulchra volume is
negatively related to total summer precipitation and positively re-
lated to increasing thaw depth. These findings align with observa-
tions of the competing effects of permafrost degradation on shrub
expansion (Jones et al., 2011; Jorgenson et al., 2006) highlighting
a case where the static covariate, thaw depth, may be subject to
rapid change at the site level.

Our approach allowed us to quantify potential plant refugia using
a large data set distributed over an extensive area without bene-
fit of time-series data. However, we can compare our results with
auxiliary data sources that are temporally explicit. For example,
previous analyses of photograph image pairs in the Arctic National
Parks (Swanson, 2013) show that very little vegetation change has
occurred over the past 30 years (<14% of sites for shrubs and <6%
for trees). Similarly, a large change detection analysis of repeated
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historical/modern photograph pairs revealed that relatively few
image pairs showed apparent change in DNPP (Brodie et al., 2019).
Both these studies highlighted segments of the landscape where
change was most rapid but found, overall, there was considerable
stasis by their methods. Similarly, Roland et al. (2016) documented
areas of dramatic vegetation change adjacent to sites with essen-
tially no change over a 50-year repeat study of a chronosequence
in DNPP. We anticipated this finding from our results, where the
vast majority of site-species pairs were estimated to be absent
and robust (63.1%). We used a logistic regression to quantify the
relationship between our robustness score (p) and the real change
observed in the photograph pairs. We found that, for both spruce
species, the posterior mean of robustness was significantly related
to actual change in the photograph pairs in the Arctic National Parks
from Swanson (2013). Specifically, in the more southern photograph
pairs, there was evidence of increased tree growth. The photograph
pair evidence matches our estimates of robustness where less ro-
bustness to climate changes at lower latitudes in the Arctic National
Park occurs because site conditions are more conducive to vege-
tation growth. In Arctic Alaska, shrubs have expanded more than
trees (Tape et al., 2006). Specifically, A. viridis has exhibited the most
change across the photograph sample interval in Swanson (2013).
Our results identified increased thaw depth as predictive of increas-
ing A. viridis volume, which may be a causal factor for the observed
changes caused by amplifying temperatures that the Far North has
experienced over the past 30 years (Jones et al., 2011; Jorgenson
et al., 2006; Figure 6).

Our model facilitated inference about landscape types in Alaska
that may temper vegetation change caused by changing dynamic
variables like climate or disturbance regimes. However, three lim-
itations suggest important future directions for our approach are:
(1) Our data do not contain information about temporal change
at specific locations; thus, we compare volume across sites that
are similar landscape types. As described above, we can compare
our estimates of robustness to actual observed change between
photograph pairs, but future work should seek to combine snap-
shot field data sets with time-series data sets. Our field data set is
derived from a long-term monitoring program that, with repeated
sampling, will allow future researchers to assess our projections
directly over time. (2) While the variation of the predictive vari-
ables in our data set is extensive, the climate variability in Alaska
is changing beyond the historic normals (Hinzman et al., 2005), and
therefore, our data set may not completely represent future climate
regimes. (3) We segregated static from dynamic covariates based
on the relative temporal scales of change. However, some of the
static covariates (i.e. soil organic matter) in our model may change
more rapidly under climate change scenarios (Euskirchen et al.,
2009) based on warming experiments (Natali et al., 2011) (Figure 2
top with *). Future work should consider the possibility that static
covariates may become more dynamic in the future. Similarly, we
have also included some static covariates that may be confounded
with dynamic covariates (e.g. latitude and longitude; see Figure S1).
To confront this issue, we assessed the correlation between static

and dynamic covariates (Figure S1) and determined that the static
covariates were not overly confounded with the dynamic covari-
ates. However, in future research where static and dynamic covari-
ates may be more confounded, researchers may be more explicit
including spatial random effects, removing latitude and longitude
from the restricted regression or utilizing the principle components
instead of restricted regression. We specified our model generally
to allow for future model implementations flexibility to adjust this
model specification if needed.

Including woody plant volume data in our analyses allowed us
to make inference beyond simple species distribution and pinpoint
mechanisms that may exclude species volume changes affected by
rapid warming. Our model can also be extended to accommodate
temporal data, as they accumulate in the future. As more plant vol-
ume and microclimate data become available from remote sensing
operations (Zellweger et al., 2019), it will be advisable to incorpo-
rate those data to improve our understanding of plant resistance
to environmental change. Furthermore, understanding species
differential responses to climate change will help with predic-
tive mechanistic modeling. High latitudes are facing accelerated
effects of global climate change. To predict and possibly prevent
unwanted ecosystem change, it is critical to understand which fac-
tors may be accelerating or alleviating woody plant response to
climate change.
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