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Abstract. The growth response of boreal forest trees to projected changes in climate will have wide
ranging and cascading impacts on disturbance regimes, climate feedbacks, carbon storage, and habitat
ranges for flora and fauna. Recent findings in Alaska suggest the boreal biome is shifting in response to
changes in climate. It is unlikely such a shift will occur in a uniform manner over a landscape variable
in topography and site conditions, although there is little consensus of how local site characteristics will
interact with climate to alter tree growth patterns. Few studies of tree growth responses to climate in the
boreal forest have used randomized study designs encompassing the full range of site conditions, leaving
open the question of whether observed patterns in tree growth at local scales are wholly representative of
the boreal forest. We addressed these issues using a systematic sampling design to quantify the landscape-
scale patterns in annual growth for Picea mariana and Picea glauca, the two most abundant tree species
in interior Alaska. We used measurements of annual tree growth based on increment cores taken from
trees distributed across a 1.28 million-ha study area in Denali National Park and Preserve. We found
site-specific variables, namely near-surface permafrost, slope angle, and elevation, strongly modified the
magnitude, shape, and, in some cases, the direction of growth response to climatic conditions for both
species. With predicted warming, our results suggest both P. mariana and P. glauca will decrease growth
in areas underlain by shallow permafrost. P. mariana growth may increase on flat terrain, but decrease on
steep slopes, while P. glauca growth will show the greatest increases at high elevations during very warm
summers. Our results suggest future shifts in these species distributions in response to a changing climate
will be conditional on variation in site factors operating at local scales.
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INTRODUCTION

The boreal biome represents nearly 30% of the
world'’s forested area (Kuusela 1990) and harbors
22% of the carbon contained in the terrestrial eco-
system (IPCC 2014). The impacts of predicted
climate warming on the boreal forest are of par-
ticular concern because of amplified warming at
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high latitudes. Alaska’s boreal forest has warmed
1.9°C in the last half century, with an expected
increase of 3-7°C by the end of the 21st century
(Walsh et al. 2008, Bieniek et al. 2014, Chapin et al.
2014). Precipitation is also expected to increase,
but not by enough to offset increased evapotrans-
piration caused by warmer temperatures and a
longer growing season (Karl et al. 2009, Chapin
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et al. 2014, Scenarios Network for Alaska and
Arctic Planning [SNAP] 2014a). The boreal biome
is expected to experience shifts in structure and
function, potentially triggering feedbacks to
the global climate system via changes in carbon
cycling (Shaver et al. 1992, Cox et al. 2000, Schuur
et al. 2008, 2015, Chapin et al. 2009, McGuire et al.
2009) and albedo (Euskirchen et al. 2009), further
amplifying rapid changes in climate.

Alaska-wide analyses have generally shown
decreased productivity in the interior boreal
forest (Barber et al. 2000, Verbyla 2008, Beck
et al. 2011, Juday et al. 2015) but increasing pro-
ductivity in tundra areas (Verbyla 2008) and
boreal-tundra ecotones (Beck et al. 2011, Juday
et al. 2015) within the past half century. These
results are consistent with findings from simi-
lar studies across boreal North America (Goetz
et al. 2005, Bunn and Goetz 2006, Girardin et al.
2014) and circumpolar boreal forests, including
Siberia (Lloyd and Bunn 2007, Lloyd et al. 2010).
These changes in productivity have been broadly
attributed to increases in summer air tempera-
tures that promote growth in the colder and wet-
ter areas of the region (Goetz et al. 2005, Verbyla
2008, Beck et al. 2011) and reduced growth as a
result of increases in evaporative demand in the
warmer reaches (Lloyd and Bunn 2007, Beck et al.
2011). Region-wide studies showing directional
trends in productivity across climatic gradients
are of fundamental importance for our broad
sense of the current and future boreal biome foot-
print, but lack detail necessary for understanding
how variable site conditions may modify direc-
tional trends in productivity. The response of the
boreal forests in interior Alaska to climate change,
at finer resolutions than regional scales, may
depend on interactions among climate, topogra-
phy, soil conditions (Sullivan et al. 2015, Swanson
2015), competition (Okano and Bret-Harte 2015),
herbivory, species-specific responses, and dis-
turbance history (Holtmeier and Broll 2007) and
thus show different patterns than the global view
of shifting biomes. Ignoring interactions between
climate-growth responses and site conditions
can lead to flawed predictions and biased con-
clusions (Sormunen et al. 2011) regarding the
current growth and potential future footprint of
the boreal forest.

Current studies of Picea mariana and Picea glauca
offer conflicting evidence for the hypothesis that
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local site characteristics will interact with climate
to alter tree growth patterns. For instance, P. mar-
iana in interior Alaska growing in low-lying peat-
lands were insensitive to interannual variation
in temperature, while trees growing in nearby
uplands were negatively affected by increased
summer temperatures (Wilmking and Myers-
Smith 2008). Similarly, the thickness of the soil
organic layer can result in contrasting responses
to summer warming (Gewehr et al. 2014). Yet
others have found landscape position and stand
characteristics to be poor predictors of P. mariana
growth response to climate, with negative growth
responses to warm growing seasons observed
regardless of topography (Walker and Johnstone
2014). Picea glauca may respond differently to
climate conditions depending on proximity to
treeline, potentially as a result of reduced com-
petition at higher elevations (Ohse et al. 2012,
Okano and Bret-Harte 2015). Yet Wilmking et al.
(2004) found no consistent relationship between
landscape position in the Alaska and Brooks
ranges and P. glauca growth response to climate.
Conflicting results have also been reported with
respect to how slope aspect mediates P. glauca
response to climate (e.g.,, Wilmking et al. 2004,
2006, Johnstone et al. 2010). These conflicting
findings demonstrate the potential for trees of
interior Alaska to have site-specific response,
suggesting that further analysis focusing on site—
climate interactions across full landscape gradi-
ents is warranted.

Uncertainty about the magnitude and direc-
tion of the effects of climate on boreal tree growth
in different site conditions highlights the need
for an unbiased quantification of tree species
growth response to climatic conditions across
the full range of site variables. It is a primary
principle in tree-ring science that site conditions
largely dictate the degree to which annual tree
growth varies in response to climate (Fritts 1976),
and site selection governs the inferences that can
be drawn about the relationship between forest
growth and climate. Nonrandom site selection
allows inferences to be drawn only about the
fragments of landscape where trees were sam-
pled. Global climate change affects the whole
landscape, although few studies in the boreal for-
est have quantified climate-growth relationships
across an extensive heterogeneous landscape
using an unbiased and spatially balanced study
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design (but see Girardin et al. 2012, 2016, Gewehr
et al. 2014, DeRose et al. 2016, Foster et al. 2016).
Studies with nonrandom selection of sample
sites can provide significantly different results
than studies with randomly chosen sample sites
(Michalcova et al. 2011), demonstrating that true
landscape-level inference requires randomized
site selection across the full range of conditions
within the sampling area.

Our goal was to quantify the annual radial
growth of P. glauca and P. mariana in relation to
site and climate factors using data gathered at
the landscape scale via an unbiased, systematic
sampling design. We predicted that warmer
growing season temperatures would decrease
the growth of both P. mariana and P. glauca in the
warmer and/or drier locations within the land-
scape (south-facing slopes below treeline; e.g.,
Brooks et al. 1998, Barber et al. 2000, McGuire
et al. 2010, Beck et al. 2011, Lloyd et al. 2013).
We also predicted that increased precipitation
would be positively associated with the growth
of both spruce species when growing in the well-
drained landscape positions (e.g., steep slopes),
but that precipitation would have little or a neg-
ative association with the growth of both species
growing in areas where drainage is poor. We
also predicted that trees with perched root sys-
tems due to high water tables in valley bottoms
or near-surface permafrost would show reduced
growth during very warm growing seasons (e.g.,
Dang and Lieffers 1989, McGuire et al. 2010,
Walker and Johnstone 2014), while the growth
of P. glauca growing at treeline would be posi-
tively related to warm growing seasons (Lloyd
and Fastie 2002, Roland et al. 2014, Okano and
Bret-Harte 2015). To assess these predictions, we
quantified the radial growth response of P. glauca
and P. mariana to climate across the landscape
to (1) determine the direction and magnitude of
site variables’ influences on the responses of both
spruce species to climate conditions and (2) iden-
tify climate optima for the two species’ growth
across a range of landscape variables.

MEeTHODS
Study area
The study area is located almost completely on

the north side of the Alaska Range in south-
central interior Alaska DNPP and encompasses
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12,800 km? with a center near 63°41' N, 150°25' W
(Fig. 1). The study area experiences a continental
climate compared with the area south of the
mountain range with extreme low temperatures
in the winter (mean January temperatures
between -30° and —20°C in the Kuskokwim-
Minchumina Basin to between —14° and -6°C in
the Alaska Range) and warm temperatures in the
summer (mean July temperatures range between
14° and 18°C in the lowland basins to between 2°
and 10°C in the Alaska Range) (1971-2000
monthly PRISM averages [Fig. 1]; Daly 2009).
Annual precipitation ranges from less than
400 mm in the lowland basins to over 1000 mm in
the Alaska Range (1971-2000 annual PRISM
averages; Daly 2009).

The terrain within the study area includes
Alaska Range peaks over 2400 m in elevation,
which grade northwest into foothills and even-
tually into the Kuskokwim-Minchumina Basin
lying at 200 m in elevation (Fig. 1). Approximately
one quarter of our study area is underlain by
near-surface permafrost (Panda et al. 2014) with
much of the continuous and discontinuous per-
mafrost concentrated in the lowland basins in the
northern part of the study area.

Within the study area, Picea glauca is the most
common tree species, occurring most frequently
and growing to greatest diameter on moder-
ate slope angles at mid-elevations (450-500 m)
in sites with high solar gain and no permafrost
(Roland et al. 2013). Picea mariana is the second
most common tree species in the study area.
Although P. mariana achieves its greatest diame-
ter in sites similar to where P. glauca occurs most
frequently and grows best, P. mariana is most
abundant on flat sites at low-elevation areas with
cold, wet permafrost soils (Roland et al. 2013).

Sampling design

Plot locations were established using a two-
stage systematic grid sampling design (Roland
et al. 2013). In the first stage, a “macrogrid” of
20-km intervals was established, except within a
6-km buffer on either side of the DNPP road cor-
ridor the grid intervals were 10 km. In the second
stage, a “minigrid,” consisting of five rows of five
plots separated by 500 m, was set at each grid
intersection of the macrogrid. Of the 43 minigrids
and 1100+ plots visited, we cored (and cross-
dated) 500 trees from a total of 28 minigrids
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Fig. 1. A map showing location of plots with the study area of Denali National Park and Preserve. Inform-

ation is provided about species cored (Picea glauca and P. mariana) at plots, mean July temperatures, major
elevation contour lines, and the location of the single point climate data.

(Fig. 1) and 222 plots. Many of the minigrids and
plots did not have trees because they were above
treeline or contained areas too wet, or recently
disturbed to support trees.

Each of the 25 points within a minigrid con-
sisted of a 16 m diameter inner plot with an outer
plot extending an additional 10 m radius. At each
inner plot, we measured elevation, slope angle,
and aspect. We used a 1.3-m soil probe to obtain
the distance from the soil surface to an immov-
able object (either rock or frozen soil) in 16 loca-
tions. The outer plot area was divided into four
quadrants. In each quadrant, we dug a soil pit
to a 30-cm depth to measure soil characteristics.
Soil temperatures were recorded at 10 cm depth
at each soil pit. We sampled during the months of
June—August in the years between 2003 and 2010.
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Tree-ring measurements

We cored the largest tree within the four quad-
rants of outer plot area, although some of the
sites had fewer than four trees to core or the trees
were too small for coring (<5 cm at 1.37 m above
ground surface). We extracted a bark-to-bark
core (whenever possible) as low to the base as
possible while avoiding buttressing or unusual
growth to maximize the number of growth rings
obtained. Dried, mounted and sanded cores were
sent to the tree-ring laboratories at either
Middlebury College in Vermont, United States,
or Greifswald University in Germany where they
were measured to the nearest 0.001 mm and
cross-dated. Ring measurements were taken
using WinDENDRO Image Analysis system
(Regent Instruments) in the Middlebury College
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tree-ring laboratory and with a Velmex sliding
stage at Greifswald University. Cross-dating was
validated using COFECHA and the Dendro-
chronology Program Library in R (dplR; Bunn
2010).

After averaging replicate ring widths by year
from multiple radii taken from one tree, we used
ring widths and tree radius to calculate basal
area increment (BAI), the area of wood pro-
duced by each tree during each year of growth.
In contrast to raw ring widths, BAI facilitates
comparisons among trees of differing diame-
ters. BAI also has a more direct relationship to
area of wood produced by a tree than standard-
ized ring widths. We used the tree diameter at
the core location divided into half, with average
bark width subtracted to estimate the radius.
If the sum of the ring widths was larger than
this radius, we used the ring width sum as the
radius. We did this to avoid underestimated
radius values that occur in cores with missing
inner rings (due to rot or missing the pith). We
used the radius to calculate the total basal area
of the tree and then sequentially subtracted
the ring width of the next inner ring from the
radius and calculated the basal area of the pre-
vious year and so on. By subtracting the basal
area of year X — 1 from the basal area of year X,
we obtained the “washer”-shaped area of wood
accreted at the core located in year X (i.e., BAL
following Johnson and Abrams 2009).

Site and climate variables

Based on results from a previous study of tree
abundance in DNPP (Roland et al. 2013), we
chose elevation and slope angle as explanatory
site variables expected to influence spatial pat-
terns in spruce growth while remaining rela-
tively constant over the time period for which we
have climate and BAI data. Elevation was
recorded at the center of each plot with a global
positioning system (GPS, GeoExplorer2; Trimble,
Sunnyvale, California, USA). We measured slope
angle both for the overall plot location and
directly at the base of each cored tree (Tables 1
and 2).

We also calculated three variables related to
plot aspect and solar gain (Tables 1 and 2). First,
we calculated two measures of slope aspect:
southness = cos(n x (aspect + 180)/180) and east-
ness = sin(n x aspect/180), following Pereira and
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Table 1. Site variables tested in the first stage of the
variable selection process.

Site covariates Competing site covariate

Plot slope, plot slope? Tree slope, tree slope?

Growing season shallow  Permafrost category (soil map)
frozen soil (GsSES)

Solar radiation Southness/eastness

Elevation

Lithologyf

Note: Highly correlated variables, shown in columns, were
competed in separate models.

+ Lithology was only included in the Picea glauca models as
this variable is an important predictor of P. glauca, but not
P. mariana, occurrence in DNPP (Roland et al. 2013).

Itami (1991). This calculation results in continu-
ous values ranging from -1 to 1, with maximum
values for southness and eastness occurring on
slopes with aspects of 180° and 90°, respectively
(Table 2). Plots with slope angles <4° were con-
sidered flat and assigned 0 for both measures of
aspect. Finally, we used the Solar Analyst tool
in ArcGIS 10.0 (Dubayah and Rich 1995), which
uses slope angle, aspect, latitude, sun angle, and
surrounding topography (based on the United
States Geological Survey 60-m digital elevation
model from the National Elevation Dataset) to
determine radiation values for a given topo-
graphic surface (Rich et al. 1994).

We also considered several substrate-related
covariates. We used ArcGIS 10.0 to extract soil
lithology type and permafrost status based on
the work of Clark and Duffy (2006). We con-
densed soil lithology type to the following five
types: bedrock, alluvium, drift, Nenana gravels,
and eolian. Because soil lithology was an import-
ant predictor for the occurrence of P. glauca, but
not P. mariana in DNPP (Roland et al. 2013), this
categorical variable was considered only in the
P. glauca candidate models (Table 1). We calcu-
lated permafrost status in two ways. First, we cat-
egorized each plot as continuous, discontinuous,
or no permafrost based on the Denali Soil Map
(Clark and Duffy 2006). Secondly, we created a
yes/no “growing season shallow frozen soil”
(GsSFS) based on field measurements. The plot
was classified as having growing season shallow
frozen soil if the average of 16 soil depths mea-
sured within each plot using a 130-cm soil probe
was less than 50 cm and we found ice in the one
of the four soil pits. The plot was also classified as
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Table2. The mean, SD, minimum, and maximum values observed for each continuous site and climate variable

competed in the model selection process for P. mariana and P. glauca.

Picea mariana

Picea glauca

Variables Mean SD Min. Max. Mean SD Min. Max.
Site variables
Age proxy (ring count) 59 48 1 331 80 54 1 343
Plot elev (m) 308 190 154 874 618 220 162 1017
Plot slope (°) 45 5.7 0.0 25.0 9.0 7.8 0.0 36.0
Slope at tree (°) 4.6 6.6 0.0 28.0 9.0 8.4 0.0 35.0
May-Aug solar rad. (WH/m?)t 496,988 21,620 400,531 567,660 519,370 40,613 388,882 607,380
Southness 0.0 0.4 -1.0 1.0 0.2 0.5 -1.0 1.0
Eastness 0.0 0.5 -1.0 1.0 0.1 0.5 -1.0 1.0
Climate variables
T May 8.3 2.1 1.0 13.9 6.0 1.6 1.5 10.0
P May 25 13 2 91 25 16 2 85
T Jun-Aug 14.1 1.7 9.0 18.6 11.7 1.0 9.9 15.1
P Jun-Aug 175 58 59 530 193 54 95 337
T Sep 6.0 1.6 1 10.5 4.8 1.4 1.8 9.0
P Sep 43 24 6 180 42 24 4 124
P Oct-Apr 155 62 42 498 156 42 64 261

Notes: For P. mariana, there were 11,176 BAI measurements from 143 trees, 72 plots, and 15 minigrids, and for P. glauca, there
were 30,425 BAI measurements from 357 trees, 159 plots, and 26 minigrids. The climate variables for P. mariana were interpo-
lated for each plot; the climate data for P. glauca were from a single location. The spatially interpolated climate values were
extracted from each plot location where P. mariana were cored and for each year for which we have a BAI value from that plot
location. The single point climate values were extracted from one location (63.720103 N, —-148.963606 W) near park headquar-
ters around 880 m in elevation (Fig. 1). T = mean temperature (°C) and P = precipitation sum (mm).

+ Units for solar radiation are the sum of watt hours per square meter.

having GsSFS if the four soil temperatures taken
at the plot were all below 1°C. If these criteria
were not met, the plot was classified as not hav-
ing growing season shallow frozen soil.

We used two sources of climate data for anal-
ysis (Table 2). First, we considered downscaled
spatially interpolated temperature and precip-
itation data provided by Scenarios Network
for Alaska and Arctic Planning (SNAP 2014b;
Retrieved in 2014 from https://www.snap.uaf.
edu/tools/data-downloads; temperature ver-
sion CRU TS 3.1 and precipitation version CRU
TS53.1.01) for the years 1902-2009. These data
provide estimates of historical monthly climatic
conditions for any given location in Alaska at ~1-
km spatial resolution. SNAP downscaled data
for Alaska to a finer grid resolution (771 m) using
PRISM (Parameter—elevation Relationships on
Independent Slopes Model) which incorporates
information on location, elevation, coastal prox-
imity, topographic facet orientation, vertical
atmospheric layer, topographic position, and
orographic effectiveness of the terrain (Daly et al.
2008). For each plot location with cored trees and
each year for which we had tree-ring data within
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1902-2009, we extracted the monthly mean tem-
perature (°C) and precipitation sum (mm). We
also considered climate data from this same
spatially interpolated data set, but from a single
location within our study area (Table 2; Fig. 1;
see Model construction and data analysis section for
details).

We selected 13 climate variables for consid-
eration based on past work (Table 3). Because
many studies have found climate conditions in
the previous growing seasons are correlated with
spruce growth in the current year (Dang and
Lieffers 1989, Barber et al. 2000, Wilmking et al.
2004, Lloyd et al. 2013, Walker and Johnstone
2014, Girardin et al. 2016), we included climate
variables from June through August (Jun-
Augringyr-1) and September (Sepringyr-1) in the
year prior to ring growth. Because some studies
have found evidence of temperature-induced
drought stress, particularly in spring (Juday
and Alix 2012, Walker and Johnstone 2014), we
included winter precipitation sum (October
through April preceding ring development) as
snow pack contributes to the recharging of water
reserves in spring (Girardin and Wotton 2009).
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Table 3. Climate covariates included in the second
stage of the variable selection process: mean
temperature (T, °C) and precipitation sum (P, mm).

Number Climate variables tested
1 TJ un—Augringyr—l
2 T Jun-Aug + T Jun-Aug?ingyr-1
3 P ]un—Augringyr,l
4 T Sepringyrfl
5 TSep+T Sepzringyrq
6 P Sepringyrfl
7 P OctApr
8 T Ma}’ringyr
9 T May + T MayZingy:
10 P MaYringyr
11 T ]un—Aug,ingyr
12 TJun-Aug+T ]un—Augzringyr
13 P Jun—-Augringyr

Note: The subscripts ringyr and ringyr-1 indicate climate
from the year the annual ring was formed and from the year
prior to ring formation, respectively.

Finally, we included mean temperature and pre-
cipitation sum for May and June through August
in the year of ring growth. We expected a non-
linear relationship between climate variables and
BAI (Lloyd et al. 2013) and thus included qua-
dratic terms for temperature variables (Table 3).
Although a nonlinear relationship may exist
between BAI and precipitation, this term was
kept linear because gridded precipitation data
are notoriously inaccurate (McAfee et al. 2014)
and we wanted to avoid identifying spurious
relationships in our models.

Age-related variable

We included a minimum age term to account
for growth trends over time in the BAI series for
each tree. The mean growth curves in our study
area show increasing basal area when young and
decreasing or variable basal area when older
(Appendix S1: Fig. S3). We considered three
alternative age curves: a straight line, a quadratic
function, and a cubic function. Our minimum
age term was the ring count, with the inner most
ring assigned 1 and the outer most ring assigned
the total ring count (Table 2). The count of rings
is an underestimated approximation of tree age
as we missed early rings by not coring directly at
the ground surface and because we did not
always hit the pith. Because the ring count does
not accurately reflect actual age, we did not inter-
pret the coefficient values for this term.
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Model construction and data analysis

We used linear mixed-effects models to quan-
tify the annual basal area growth response to site
and climate variables for P. glauca and P. mari-
ana. We log-transformed BAI for each species
and modeled the growth response of the two
species separately. Each of the continuous pre-
dictor variables was standardized to have a
mean = 0 and SD = 1. Our base model included
age proxy as a main effect and growth year and
minigrid as random effects to account for nonin-
dependence of BAI measurements within a
given growth year and within plots spatially
clustered into minigrids. The base model addi-
tionally included an autoregressive (AR1) ran-
dom effect for each individual tree to account for
temporal autocorrelation. All other candidate
models were built upon this base model. We
used the Ime4 package (Bates et al. 2014, version
1.1-7) in program R for fitting mixed-effects
models (R Development Core Team, 2014, ver-
sion 3.1.1).

We expected site and climate variables to
explain variation in growth in different ways,
with site covariates explaining mean growth
patterns across trees and climate and interaction
terms explaining annual variability around the
mean. For this reason, we found it most appro-
priate to separate the model selection process
into two stages. In the first stage, candidate mod-
els were constructed and fit using nearly all pos-
sible combinations of site variables (57 different
models for P. mariana and 51 for P. glauca). Highly
correlated variables, such as the two measures of
slope or measures of solar radiation and aspect,
were never included in the same model but were
instead competed in separate models (Table 1).
We used Akaike information criterion (AIC) to
select among competing site models (Burnham
and Anderson 2002). A potential pitfall in select-
ing site variables in isolation from climate vari-
ables is that we may miss important site variables
if strong site—climate interactions exist. To avoid
this, we fit our top site models, those with AIC
values within two points of the model with the
lowest AIC value, with the full suit of climate and
climate-site interactions. To avoid overfitting, the
full suit of climate-site interactions included only
the two most important site variables (highest
estimate value) and excluded interactions with
site variables with more than two categories.
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From this subset of models we chose the site
variables from the most parsimonious model
with AIC values within two points of the lowest
AIC value (Appendix S2: Tables S1 and S3). The
site variables were then used in stage 2 of model
selection.

In the second stage, we added the climate vari-
ables and interactions terms to the selected site
variables from stage 1. Importantly, elevation is
highly correlated with summer temperatures in
the spatial climate data (R?> > 0.7; Appendix S1:
Fig. S1). If elevation was identified as an import-
ant site variable in the first stage, we used climate
data from the single climate station located within
the study area (Fig. 1) to avoid multicollinearity.
If elevation was not an important site variable, we
used the spatial climate data as we expected these
data to be more representative of local climate at
the plot locations. Using the same AIC selection
process as in the first stage, we fit models with
multiple combinations of climate variables and
interaction terms ranging from the full model to
models with only a few climate and interaction
terms (Appendix S2: Tables S2 and 54). Visual
inspection of residual plots did not reveal any obvi-
ous deviations from homoscedasticity, normal-
ity, or temporal autocorrelation. Variables in the
selected models were considered interpretable if
the 95% confidence intervals (estimate + 1.96 x SE
of estimate) around the estimate did not overlap
zero or were not within 0.001 of zero. Unless spe-
cifically noted, we report model outputs with all
other parameters set to mean values.

REesuLTs

Site variables

The presence of growing season shallow fro-
zen soil (GsSFS) significantly reduced the overall
radial growth of both Picea mariana and Picea
glauca (Table 4). Elevation was negatively related
to P. glauca radial growth, but was not an import-
ant site variable for P. mariana. The addition of
plot slope improved model fit only for P. mari-
ana, although its influence on BAI prior to the
addition of interactions was not significant
(Table 4). For both species, the random autore-
gressive term by individual tree explained the
most variance in BAI (Appendix S2: Table S5),
while the random effects for year and minigrid
explained considerably less variation.
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Site by climate variables—Picea mariana

Site and climate main effects.—The presence of
GsSES reduced the estimated mean P. mariana
BAI by 6% (11 mm?/yr). Elevation was not
identified as an important predictor; therefore,
the climate relationships were based on the
spatial climate data. Picea mariana BAI was
positively related to precipitation sums during
May and Jun—Augsingyr-1. P. mariana BAI showed
a “humped” response to mean Jun—Augyingyr-1
and Sepringyr-1, but a positive response to
Jun—Augingyr temperatures (Table 4, Fig. 2; App-
endix S1: Fig. S4). These responses to summer
precipitation and temperature were modified by
the presence of GsSFS and slope angle (interac-
tion effects are detailed below). Increasing May
temperatures had a negative effect on P. mariana
radial growth irrespective of GsSFS or slope
angle (Table 4).

GsSFS—climate interactive effects.— Although
GsSFS had a net negative effect on P. mariana BAI,
the negative effect was minimized or reversed in
cool summers and maximized during very wet
summers. During particularly cool summers,
with mean Jun-Aug temperatures less than 12°C,
the BAI of P. mariana in areas with GsSFS was
similar or greater than BAI in areas without
GsSFS (Fig. 3A). BAI of P. mariana growing in
areas with GsSFS decreased linearly with
increasing mean ]un—Augringyr_l temperature,
while P. mariana in areas without GsSFS increased
with summer temperature until about 14°C after
which radial growth declined (Fig. 3A). The
presence of GsSFS substantially reduced the
benefit of Jun—-Aug precipitation to P. mariana
wood accretion (Fig. 3B). During wetter than
average summers, with Jun—-Aug precipitation
sums greater than 300 mm, P. mariana growing
with GsSFS was estimated to have 11-20% less
radial growth (22-38 mm?/yr) than trees on well-
drained sites without GsSFS (Fig. 3B). Similarly,
the presence of GsSFS reduced P. mariana radial
growth with increasingly wet conditions in the
September prior to ring formation (Fig. 3C).

Slope—climate interactive effects.—The shape of
P. mariana radial growth response to prior
growing season temperature and to a much
lesser extent, precipitation, depended on plot
slope angle. First, P. mariana BAI on steeper
slopes had an overall negative response to
increasing temperatures in the summer prior to
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Table4. Coefficient estimates (+1 SE) for significant relationships between log-transformed basal area increment
and model covariates in the final model for each species.

Covariates and interactions

Picea mariana (interpolated climate)

Picea glauca (single climate location)

Estimate + SE

Estimate + SE

Site covariates
Intercept
Age proxy
Age proxy?
Age proxy®
Elevation of plot
Slope of plot

Growing season shallow frozen soil (GsSFS)

Lithology

Climate covariates
T MaYringyr
T May2ringyr
P Mayﬁngyr
T ]un—Augringyr]
TJ un—Augzringyr—l
p ]un—Augringyr—l
T] un—Augringyr
T] un—Aungingyr
P ]un—Augringyr
T Sepringyrfl
T sepzringyrfl
p Sepringyr—l
P Oct-Apr

Site x climate interactions
GsSFS x T Mayringyr
GsSFS x T Mayzringyr
GsSFS x P Mayringyr
GsSFS x T Jun—Augringyr-1
GsSFS x T ]un—Augzrmgyr_l
GsSFS x P Jun—-Augringyr-1
GsSFS x T Jun—-Augringyr
GsSFS x T ]un—Augzrmgyr
GsSFS x P Jun—-Augringyr
GsSFS x T Sepringyr-1
GsSFS x T Sepzringyr_1
GsSFS x P Sepringyr-1
GsSFS x P OctApr
Slope x T Mayingyr
Slope x T May?iingyr
Slope x P May ingyr
Slope x T Jun—Augringyr-1
Slope x T ]un—Augzringyr_l
Slope x P Jun—Augringyr-1
Slope x T Jun—Augringyr
Slope x T Jun—Aug?ingyr
Slope x P Jun—Augingyr
Slope x T Sepringyr-1
Slope x T Sepzrinng
Slope x P Sepringyr-1
Slope x P OctApr

5.196 £ 0.196
-0.023 £ 0.007
(not included)

-0.054 +0.016
(not included)

-0.040 = 0.016
0.019 + 0.007
-0.023 + 0.007

0.021 +0.010
0.056 + 0.019

-0.009 + 0.003

-0.046 + 0.012
0.021 + 0.007
-0.027 £ 0.006

-0.018 £ 0.006

-0.028 + 0.005
0.008 + 0.002
-0.006 +0.003

-0.008 +0.002

5.870 = 0.022
-0.027 £ 0.007
-0.024 +0.003

0.007 +0.001
-0.046 +0.013
(not included)
-0.061 +0.021

0.048 £ 0.013

0.024 +0.011

-0.012 = 0.003

-0.014 +0.003

(Elev) -0.009 + 0.002
(Elev)

(Elev)

(Elev) —0.006 + 0.002
(Elev)

(Elev) —0.003 + 0.001
(Elev) 0.015 = 0.002
(Elev)

(Elev) -0.007 + 0.001
(Elev) -0.004 + 0.002
(Elev) 0.003 +0.001
(Elev)

(Elev) 0.005 + 0.002

Notes: The model for P. mariana includes climate data interpolated across the landscape, while the model for P. glauca
includes elevation and climate data from a single location. Note that in this table, elevation replaces slope in the site-by-climate
interactions for P. glauca. “Not included” indicates a variable was not included in the model selection process, while a blank
cell indicates the variable was included and found not significant.
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8° slope angle

B

15° slope angle

Jun—Augring yr-1 Precip. sum
W
(=2
(=]

12

16
Mean Jun—Aug Temperature (°C) in year prior to ring formation

16 10 12 14 10

Fig. 2. The modeled relationship of Picea mariana basal area increment (BAI, mmz/yr; in white boxes) to
climate conditions in Jun-Aug in the year prior to ring formation for trees growing on flat, 8°, and 15° slope
angles. Mean temperature (°C) values and precipitation (mm) sums span the range experienced in the plot years
(1902-2009) for which we had P. mariana BAI measurements; mean climate values are shown in dashed lines. The
transparent triangular area represents combinations of high temperature and high precipitation that were
unobserved in our sample. BAI values are for areas without GsSFS, and all model variables not shown were held

at mean values.

growth, while the BAI of P. mariana on flat or
moderately sloped surfaces increased radial
growth with increasing summer temperatures to
a certain point and then decreased growth (Fig. 2;
Appendix S1: Fig. S4A). Second, optimum Jun—
Aug temperatures for radial growth declined
with increasing slope angle (Fig. 2; Appendix S1:
Fig. S4A). Specifically, estimated optimum Jun—
Augyingyr-1 temperature for BAI growth dropped
from 14.8°C on flat terrain to 13.5°C on 8° slopes
to 9°C on 15° slopes. The positive radial growth
response to current summer temperatures was
only moderately influenced by slope angle:
P. mariana radial growth on 15° slope angles did
not increase above 16°C, while trees on flatter
terrain increased linearly with current summer
temperatures (Appendix S1: Fig. 54B). Overall,
P. mariana had a strong positive growth response
to increasing Jun—Aug precipitation regardless of
slope angle, although sensitivity to precipitation
did peak on flat terrain and modestly declined on
steeper slopes (Fig. 2, Table 4).

Site by climate variables—Picea glauca

Site and climate main effects. —Mean predicted
BAI for Picea glauca growing in average climatic
conditions and without GsSFS was 354 mmz/yr.
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This value is about double the predicted P. mariana
mean BAI over the same period. The presence of
GsSFS decreased mean P. glauca radial growth by
an estimated 21 mm?/yr (6% decrease). Overall,
elevation was negatively related to annual radial
growth with P. glauca growing at 1000 m in
elevation producing 18% less basal area annually
than P. glauca growing at 200 m in elevation.
Because elevation was determined to be an
important site variable, climate data from a single
location within the study area were used in place
of the spatial climate data. Temperatures in the
summer of ring formation and the September
prior to ring formation were positively related to
P. glauca radial growth, although the relationship
changed depending on the presence of GsSES and
elevation.

GsSFS—climate interactive effects.— Picea glauca
in areas with GsSFS had a different growth
response to May and September temperatures
than trees in areas without GsSFS (Fig. 4). An
increase in mean May temperature from 1.5° to
10°C had no effect P. glauca radial growth in areas
without GsSFS, but decreased radial growth by
an estimated 6% in areas with GsSFS (Fig. 4A).
P. glauca BAI responded positively to mean
Sepringyr-1 temperatures, but the presence of
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BAI (mm?2/year)

140

10 12 14 16 18 100 200
Mean Jun—-Aug Temp. (°C)
in year prior to ring formation

Jun—Aug Precip. (mm) sum
in year prior to ring formation

300 400 500 0 50 100 150
Sept Precip. (mm) sum
in year prior to ring formation

Fig. 3. Modeled Picea mariana basal area increment (BAI) response in areas with growing season shallow
frozen soil (GsSFS, solid lines) and without GsSFS (dash-dot-dot lines) to (A) mean Jun—-Aug temperature (°C),
to (B) Jun—Aug precipitation (mm) sum, and (C) Sep precipitation sum (mm) in the year prior to ring formation.
All model variables not shown were held at mean values. Temperature and precipitation values span the range
experienced in the plot years (1902-2009) for which we had P. mariana BAI measurements.

GsSFS dampened this positive effect (Fig. 4B).
P. glauca had the same estimated response to Jun—
Aug temperature, regardless of the presence of
growing season shallow frozen soil.

Elevation—climate  interactive  effects.— Picea
glauca at all elevations produced more annual
basal area when current summer temperatures
were high, but this positive influence was
amplified for P. glauca at higher elevations
(Fig. 5A). When the mean Jun-Augingyr
temperature at the park headquarters area was
warmer than 14.8°C, P. glauca at the limit of
treeline (1000 m in elevation) was estimated to
have radial growth surpassing that of lower
elevation trees (Fig. 5A). Summer temperatures
in the year before ring formation were positively
related toradial growth for trees atlow elevations,
but had a weak negative effect on P. glauca at high
elevations (Table 4). Summer precipitation was
positively related to P. glauca BAI at low
elevations, but the relationship was negative at
high elevations (Fig. 5B). Increasing winter
precipitation and colder May temperatures were
estimated to increase high-elevation P. glauca
radial growth, but reduce radial growth at low
elevations (Appendix S1: Fig. S5).

Discussion
We used tree-ring data collected in an unbiased,

systematic sampling design over a 12,800-km?
study area in DNPP to quantify the relationship
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between annual radial growth of Picea mariana and
Picea glauca and site and climate variables. We
found that slope angle, elevation, and the presence
of shallow frozen soil during the growing season
govern how the two most common tree species in
interior Alaska respond to climate. Overall, our
results suggest the interactive effects of local site
conditions may mediate species responses to
changing climate regimes over large areas.

Implications of climate—site interactions on growth
While studies have shown trends of increasing
spruce growth along the cooler and wetter mar-
gins of the boreal biome and decreasing growth
within the interior Alaskan boreal forest (Beck
etal. 2011, Juday et al. 2015), the growth responses
of individual trees within stands often show a
range of positive to negative correlations with
warming (Wilmking et al. 2004, Beck et al. 2011,
Juday et al. 2015). Our results, which demon-
strate different growth responses to climate
within our study area, help explain some of this
within-region variability in growth responses to
climate. In the former studies, gradients in cli-
mate regime were shown to drive broad patterns
of growth responses, while our work shows how
gradients in site conditions determine both the
magnitude and shape of tree growth responses
to climate. That is, topographic heterogeneity
and site characteristics strongly influence an
individual tree’s growth response to climate such
that trees within a given stand (containing
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Fig. 4. Modeled Picea glauca BAI response to mean (A

in year of ring formation

) Mayringyr and (B) Sepringyr-1 temperature (°C) in areas

with growing season shallow frozen soil (GsSFS, solid lines) and without GsSFS (dash-dot-dot lines). All
continuous covariates not shown are held at mean values. Mean temperature values span the range experienced
at a single location near Denali National Park headquarters between the years 1902 and 2009.

topographic and site variability) can show oppos-
ing responses to the same climate regime.

Climate thresholds for interior Alaska spruce growth

One of our objectives was to identify optimum
or threshold climate conditions for both spruce
species as thresholds may represent critical pivot
points in growth trends as climate conditions
warm. Although a growing number of studies
have identified threshold temperatures for
P. glauca radial growth, few have done this for
P. mariana. Studies from Alaska and Canada have
found temperature optima for P. glauca radial
growth mostly between 11° and 14°C (D’Arrigo
et al. 2004, Wilmking et al. 2004, Beck et al. 2011,
Lloyd et al. 2013). We found linear temperature

relationships were better and more parsimoni-
ous predictors of BAI than nonlinear relation-
ships, suggesting P. glauca in DNPP, even those
at low elevations, have not reached a growth
threshold due to temperature. The best explana-
tion for this linear relationship is that although
the mean June through August temperature
across the plots where P. glauca were cored
ranged from 7° to 18°C, the majority of years
were below the 14°C threshold (Appendix S1:
Fig. S1). The historical mean summer tempera-
ture from our plots with cored P. glauca (12.1°C)
was within the range of optimum temperatures
for growth observed in other studies, while the
mean summer temperature in all of DNPP is
quite a bit lower (7°C, SNAP 2014a, b),

450
425
400
375
350
325
300
275

BAI (mm?2/yr)

250

10 11 12 13 14

Mean Jun—AugTemp (°C)

in year of ring formation

100 150 200 250 300
Jun—Aug Precip. sum (mm)
in year of ring formation

15

Fig.5. Modeled basal area increment (BAI) response to (A) mean temperature (°C) and (B) precipitation sum
(mm) in Jun—Aug during the year of ring formation for Picea glauca growing at 200 m (solid line), 600 m (dashed
line), and 1000 m (dotted line) in elevation. Graphed estimates assume no growing season shallow frozen soil
and mean values for all continuous covariates not shown. Mean temperature and precipitation values span the
range observed at a single location near Denali National Park headquarters between the years 1902 and 2009.
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suggesting future warming could improve grow-
ing conditions throughout much of our study
area and DNPP.

Our P. mariana model suggested a mean prior
June through August temperature optimum
between 9° and 14.8°C, contingent on slope angle.
The historical mean temperature of the plots with
cored P. mariana (14.1°C) is within this range of
optimum growth temperatures. One tree-ring
study found threshold mean summer tempera-
ture values for P. mariana around 14°C (Girardin
et al. 2014). Others found a minimum threshold
of ~9°C and a linear decline in growth in relation
to mean maximum summer temperatures starting
at 18°C (Dang and Lieffers 1989). Measurement of
P. mariana photosynthetic rates in response to tem-
perature found a needle thermal optimum of 15°C
for trees at treeline (Vowinckel et al. 1975). Each
of these findings accords with the temperature
optima identified for P. mariana in our study area.

Importance of random sampling designs

Our use of a randomized sampling design
enabled us to draw inferences about P. mariana
and P. glauca growth across a spatially extensive
study area. Our finding that these species
respond differently to climate depending on
variable site conditions underscores the impor-
tance of randomized site selection when extrapo-
lating to larger spatial extents. Nonrandomized
sampling designs in tree-ring studies, where site
selection is often intentionally nonrandom (Fritts
1976) and typically dominant, healthy trees are
selected for coring, can result in strong biases in
estimated forest growth and productivity
(Nehrbass-Ahles et al. 2014). Although nonran-
dom site selection is clearly important when
addressing targeted questions, the results of such
studies often cannot be extrapolated beyond the
selected (or similar) sites themselves.

Landscape context

To understand how our model results relate to
tree growth across our study area, it is helpful to
consider what percentages of the study area are
characterized by different site conditions. Thirty-
six percent of our study area is relatively flat (i.e.,
slope <5°). Picea mariana was disproportionately
found on flat sites. Specifically, two-thirds of the
plots in the study area containing measurable
basal area of P. mariana and just fewer than 40%
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of the plots with P. glauca had slope angles <5°.
Thus, with modestly warmer summer tempera-
tures and small increases in precipitation in
DNPP (SNAP 20144), about two-thirds of the
DNPP P. mariana population would be expected
to show no change or modest increases in growth
(assuming no shallow permafrost). However,
with the predicted increase of over 3°C in sum-
mer temperatures in DNPP by 2080 (SNAP
2014a), P. mariana may show widespread declines
in radial growth in DNPP, although this decline
may be offset by the positive influence of pre-
dicted increasing precipitation (again, assuming
no shallow permafrost). Similar to the findings of
Walker and Johnstone (2014), increasing May
temperatures would be expected to diminish
P. mariana growth on all slope angles. The con-
trasting effect of warming in May vs. warming in
summer on BAI also highlights the significance
of seasonality; the seasonal timing of warming
conditions can have opposing effects on growth
(Girardin et al. 2014, 2016).

Our results suggest there will be a shift to
greater P. glauca radial growth in the 36% of the
study area between 600 and 1200 m relative to
the 52% of the study area below 600 m as mean
summer temperatures rise above 14.7°C, which
is predicted to have occurred by 2080 in DNPP
(SNAP 20144, b). Until then, we predict contin-
ued greater basal area production in the 52% of
the study area below 600 m relative to higher
elevation areas. However, our results suggest
the amplified growth at higher elevations may
be dampened by a slight, but significant, nega-
tive effect of very warm previous summer con-
ditions on high-elevation trees. Indeed, others
have found some trees growing at treeline show
reduced or mixed growth responses to warm
summer conditions in the last half century
(Jacoby and D’Arrigo 1995, Lloyd and Fastie
2002, Wilmking et al. 2004, D" Arrigo et al. 2008).
We found the P. glauca growing in the half of our
study area at lower elevations (below 600 m)
had positive BAI responses to both current and
previous warm summers, which is in contrast
to other studies in interior Alaska which have
found reduced P. glauca growth in mature forests
and lowland floodplains with increasing tem-
peratures (Barber et al. 2000, McGuire et al. 2010,
Juday and Alix 2012, Juday et al. 2015). The over-
all cooler, moister conditions in DNPP relative to
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central interior Alaska (Roland et al. 2014) may
contribute to this difference. Differences in com-
petition, tree age, or stand successional stage in
DNPP relative to other areas in interior Alaska
may also play a role in the different growth
responses observed.

Our results suggest that in the 22.5% of our
study area now underlain with near-surface per-
mafrost (Panda et al. 2014), BAI will decline in
both P. mariana and P. glauca as growing season
temperature increases (Figs. 3 and 4). Thus, as
long as near-surface permafrost persists in DNPP,
we expect reduced tree growth in these areas as
growing season climate warms. However, mod-
els of permafrost in DNPP combined with global
climate models predict less than 2% of our study
area will have active layer depths thinner than
1 m by 2050 (Panda et al. 2014). This represents a
dramatic change in near-surface permafrost, and
opens the possibility of a substantial increase
in spruce growth in these areas relative to the
past. The presence of GsSFS reduced P. mariana
and P. glauca growth by an estimated 6%; thus,
as GsSFS degrades, we might expect greater pro-
ductivity in these areas. Although the develop-
ment of thaw ponds associated with degrading
permafrost may preclude tree growth or cause
shifts from forested areas to fens or bogs in some
areas (Jorgenson et al. 2001), the edges of thaw
ponds have drier soils than surrounding perma-
frost flats, potentially allowing the establishment
of P. glauca stands (Lloyd et al. 2003). Thus, in
our study area where permafrost is predicted
to degrade, we may expect the margins of thaw
ponds to show increases in spruce productivity.
It is also possible areas with thawing permafrost
could experience a shift in species dominance
from stunted P. mariana forests to more produc-
tive P. glauca stands (e.g., Wirth et al. 2008).

Evidence for a boreal biome shift?

Although radial growth alone is not an adequate
metric of shifting biome distributions, it is one
important component in shifting species distribu-
tions. Our estimates of radial growth suggest that
while the prediction of a “biome shift” within
Alaska (e.g. Beck et al. 2011) may be true with
respect to the expansion of forests into areas cur-
rently occupied by tundra, they do not necessarily
support the idea that forests will evacuate their
current footprint in DNPP (Juday et al. 2015) for
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three reasons. First, we found P. glauca growth at
all elevations responded positively to increasing
summer temperatures. Furthermore, we estimated
optimum P. mariana growth in flat areas without
shallow permafrost at temperature values slightly
higher than the historical average, suggesting
modest warming would benefit P. mariana growth
in these site conditions. Finally, our results suggest
the predicted reduction of shallow permafrost in
DNPP in the coming decades (Panda et al. 2014)
may stimulate tree growth over large segments of
this landscape relative to the past as suggested for
this area by Roland et al. (2013), depending on cli-
mate and other site factors.

Conclusions

Our work yields insight into how site-specific
characteristics and climate interact to determine
tree growth at the landscape scale in DNPP. Our
results show that annual productivity of both
Picea species occurring in interior Alaska does
not respond uniformly to variation in climate,
but instead responds to multiple interacting
environmental and climatic gradients, and that
climate optima for growth are dependent on
landscape position. Thus, it may not be valid to
discuss a wuniform climate—growth response
across the interior boreal forest region for P. mar-
iana or P. glauca. Rather, predictions about future
growth responses of these species to climate
should be conditional on variation in site factors
operating at local scales. As we found contrast-
ing responses to climate within DNPP, it is possi-
ble, if not likely, that there are similar influences
of site factors on larger regional patterns within
interior Alaska and elsewhere in the North
American boreal forest.
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