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Abstract

The boreal forest provides essential ecosystem services and helps regulate global climate. With

climate change occurring at a faster rate at high latitudes, including in the boreal forest biome, it

is critical to understand how boreal forests are responding to these unprecedented changes.
Despite much effort, uncertainty remains as to how boreal forest productivity has and will
change with ongoing climate changes. Some of the uncertainty reflects the complex mosaic of

regional climatic patterns, direct and indirect species-specific responses to regional climate, and
heterogenous local site conditions that affect boreal forest productivity. I focused on the latter
uncertainty: the potential role of topographic, edaphic, and biotic conditions in mediating the
climate-growth responses of boreal tree species. My overarching goal was to quantify the radial

growth response of black spruce (Picea mariana) and white spruce (Picea glauca), the two most

common tree species in interior Alaska, to climate variability across a suite of site conditions to
better understand the observed and predicted variation in climate driven productivity across a

variable landscape. I employed a systematic sampling design to quantify the landscape-scale

patterns in both environmental conditions and incremental annual growth of trees distributed
across a 1.28 million-ha study area in Denali National Park and Preserve (and beyond in Chapter
4). I also used targeted sampling of carbon isotopes in tree rings to investigate potential drought

stress. I found that near-surface permafrost, slope angle, and elevation strongly modified the
magnitude, shape, and, in some cases, the direction of radial growth response of both species.
For white spruce, the negative growth response to warm and dry summer conditions intensified
in high competition stands and in areas receiving high potential solar radiation. During years
with high cone and seed production, white spruce shifted its current year's carbon resources from
radial growth to reproduction and showed signs of drought stress. I also observed differences
iii

between black and white spruce climate-growth responses, with near-surface permafrost driving

their contrasting responses to June-July temperatures and with black spruce growth showing an
overall more positive response to summer precipitation. These results demonstrate that local site

and stand variables can force contrasting growth responses to similar climate conditions and help
predict how future black and white spruce growth may play out with climate changes across a
heterogeneous landscape. My results underscore the pivotal role of near surface permafrost in

both the climate-growth responses and competitive dynamics of black and white spruce.
Consequently, my results emphasize the importance of ongoing and predicted changes in the

distribution and prevalence of permafrost for the future of the boreal forest.

iv

Table of Contents
Page

Abstract .......................................................................................................................................... iii
List of Figures ................................................................................................................................ ix
List of Tables .................................................................................................................................. x
List of Appendices

xi

Acknowledgments

xii

Chapter 1 . General introduction.................................................................................................... 1

7

Literature cited

Chapter 2 . Local site conditions drive climate-growth responses of Picea mariana and Picea

glauca in interior Alaska.............................................................................................................. 15

Abstract ..................................................................................................................................... 15
Introduction ............................................................................................................................... 16

Methods ..................................................................................................................................... 19
Study area .............................................................................................................................. 19
Sampling design .................................................................................................................... 20

Tree ring measurements ........................................................................................................ 21

Site and climate variables ...................................................................................................... 22
Age-related variable .............................................................................................................. 25

Model construction and data analysis.................................................................................... 25
Results ....................................................................................................................................... 27

Site variables ......................................................................................................................... 27
Site by climate variables - Picea mariana ............................................................................. 28
v

Site by climate variables - Picea glauca................................................................................ 29

Discussion ................................................................................................................................. 31
Implications of climate-site interactions on growth .............................................................. 31

Climate thresholds for interior Alaska spruce growth........................................................... 32
Importance of random sampling designs............................................................................... 33
Landscape context ................................................................................................................. 33

Evidence for a boreal biome shift? ........................................................................................ 35

Conclusions ........................................................................................................................... 36

Acknowledgments ..................................................................................................................... 37

Figures ....................................................................................................................................... 38
Tables........................................................................................................................................ 43

Literature cited.......................................................................................................................... 47

Appendices ................................................................................................................................ 54
Chapter 3 . Stand basal area and solar radiation amplify white spruce climate sensitivity in

interior Alaska: Evidence from carbon isotopes and tree rings .................................................... 65

Abstract ..................................................................................................................................... 65
Introduction ............................................................................................................................... 66

Materials and methods.............................................................................................................. 70

Study area.............................................................................................................................. 70
Study design.......................................................................................................................... 71

Tree sampling........................................................................................................................ 72

Model covariates................................................................................................................... 74

vi

Modeling climate-competition effects on white spruce radial growth (full DNPP tree

sample).................................................................................................................................. 77
Relationship among climate-competition effects, site, Δ13C, iWUE and radial growth in a

subset of the DNPP tree sample ............................................................................................ 78
Results....................................................................................................................................... 80
Climate-competition effectson white spruce radial growth (full DNPP tree sample)........... 80
Relationship among climate-competition effects, site, Δ13C, iWUE and radial growth (subset

of DNPP tree sample) ............................................................................................................ 82
Discussion................................................................................................................................. 83

Acknowledgements................................................................................................................... 91
Figures....................................................................................................................................... 92

Tables ........................................................................................................................................ 95
Literature cited.......................................................................................................................... 97

Appendix ................................................................................................................................. 107
Chapter 4 . Divergent responses to permafrost and precipitation reveal mechanisms for the
spatial variation of two sympatric spruce ................................................................................... 1 19

Abstract ................................................................................................................................... 1 19
Introduction ............................................................................................................................. 120

Methods ................................................................................................................................... 125

Study area ............................................................................................................................ 125
Plot selection ....................................................................................................................... 125
Plot and tree sampling ......................................................................................................... 126

Radial growth metrics........................................................................................................... 127
vii

Climate variables ................................................................................................................. 128

Statistical analyses............................................................................................................... 129
Model construction and assumption testing ........................................................................ 130

Results ..................................................................................................................................... 132
Paired T-Test ....................................................................................................................... 132

Mixed effects growth model................................................................................................ 133

Growth over time................................................................................................................. 135

Discussion ............................................................................................................................... 136
Differences in black and white spruce climate-growth responses....................................... 137

The role of thaw depth of the active layer on climate-growth responses and growth trends

............................................................................................................................................. 139

Species differences in growth over time ............................................................................. 141
Study limitations.................................................................................................................. 144
Conclusions ......................................................................................................................... 145

Acknowledgments ................................................................................................................... 145

Figures......................................................................................................................................146
Tables...................................................................................................................................... 151

Literature Cited ....................................................................................................................... 154

Appendices .............................................................................................................................. 163
Chapter 5 . Conclusions .............................................................................................................. 169
174

Literature cited

viii

List of Figures

Page
Figure 2.1. A map showing the location of plots and study area.................................................. 38
Figure 2.2. The modeled relationship of Picea mariana basal area increment ............................ 39
Figure 2.3. Modeled Picea mariana basal area increment (BAI) response in areas with growing

season shallow frozen soil. ........................................................................................................... 40
Figure 2.4. Modeled Picea glauca BAI response ......................................................................... 41
Figure 2.5. 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........................... 42

Figure 3.1. Map showing the location of sampled white spruce. ................................................ 92
Figure 3.2. Estimated white spruce annual basal area increment (BAI, mm2/yr).........................93
Figure 3.3. Estimated Δ13C as a function of live conifer basal area and current year mean JuneJuly vapor pressure deficit (VPD; a, b), and estimated 2-year mean BAI as a function of live

conifer basal area and intrinsic water-use efficiency (iWUE; c, d) at the floodplain (a, c) and
south-facing hillslope site (b, d).................................................................................................... 94

Figure 4.1. Map showing the study region and locations for plots..............................................146
Figure 4.2. Basal area increment (BAI) response of black (orange line) and white spruce (blue
line).............................................................................................................................................. 147

Figure 4.3. Basal area increment (BAI) response to the cumulative effect of previous year and
current year June-July mean temperature and precipitation sums .............................................. 148

Figure 4.4. Four-curve RCS detrended ring width chronologies................................................ 149
Figure 4.5. Heatmap showing the difference in climate correlations over time ..........................150

ix

List of Tables

Page
Table 2.1. Site variables tested in the first stage of the variable selection process ...................... 43

Table 2.2. 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.......... 44

Table 2.3. Climate covariates included in the second stage of the variable selection process ..... 45
Table 2.4. Coefficient estimates (± 1 SE) for significant relationships between log transformed
basal area increment and model co-variates in the final model for each species ......................... 46

Table 3.1. Characteristics of covariates used in models of white spruce radial growth for the
entire DNPP sample...................................................................................................................... 95

Table 3.2. Standardized coefficient estimates for significant relationships between logtransformed white spruce BAI and covariates in final selected model......................................... 96

Table 3.3. Standardized coefficient estimates for models ............................................................ 97
Table 4.1. Plot characteristics ......................................................................................................151
Table 4.2. Characteristics of sampled black and white spruce trees and raw ring width series
overall, and for trees on plots with shallow (<57 cm) and deep (>57 cm) midsummer thaw depths

(TD)..............................................................................................................................................152

Table 4.3. Climate-growth correlations were assessed for both species by plot and by study area
......................................................................................................................................................153

Table 4.4. Two sets of model comparisons.................................................................................154

x

List of Appendices
Page

Appendix 2.1. Supplementary figures...........................................................................................54
Appendix 2.2. Supplementary tables........................................................................................... 59
Appendix 3.1. Supplementary tables and figures..................................................................... 107
Appendix 4.1. Supplementary figures........................................................................................163
Appendix 4.2. Comparison of detrendingmethods on model estimates.....................................165

xi

Acknowledgments

This dissertation would not have been possible without Carl Roland, who designed the Central

Alaska Network (CAKN) vegetation monitoring program, hired me a long time ago, and gave
me the time and space to work on this project. His keen insight to Alaskan ecology helped me

immensely in my own thinking and decidedly improved the work presented here. Throughout
this process, my advisor, Roger Ruess, provided steady support, excellent guidance, and always
pushed me to dig deeper into the ecological mechanisms driving my observations. I could not

have asked for a better advisor.
I also want to thank Maggie MacCluskie for leading and focusing the CAKN on

producing meaningful science. Josh Schmidt, CAKN biometrician, was incredibly helpful and

patient with all my statistical questions. All my committee members— Carl Roland, Dave

McGuire, Andi Lloyd, and Teresa Hollingsworth--have provided great insight and have patiently
stuck with me even though I have hung around kind of a long time.
My co-authors, Martin Wilmking, and Tobias Scharnweber, more than they know, have

been instrumental in getting me on my feet as a dendroecologist. My second chapter would not
have happened without the carbon isotope work (and help in understanding it) of Adam Csank
and his student, Laurel Muldoon. Rosemary Sherriff generously welcomed me to her lab teach
me the essential process of cross-dating when I needed a dendroecology mentor.

I want to thank my colleagues and friends at the National Park Service, with who I have

spent so much time with trudging up shrub slopes, and over tussocks, and tundra, discussing our
observations and ideas--especially Sarah Stehn, and Celia Miller, Amy Larsen, Dave Swanson,

Pam Sousanes, Ken Hill, and Amy Miller—who are so incredibly smart, deeply thoughtful, and
amazing to work with.

xii

Chapter 1 . General introduction
The boreal forest represents nearly a third of the global forested area and provides a wide

range of critical ecosystem services that benefit human populations from local to worldwide
scales. The boreal forest harbors 32% of the global forest carbon stock (Pan et al. 2011) and
contains more surface freshwater than any other biome and 25% of global wetlands (Natural

Resources Canada 2009). Through the exchange of carbon, energy, and water the boreal forest
helps regulate Earth's climate (Shaver et al. 1992, Cox et al. 2000, Chapin et al. 2009,

Euskirchen et al. 2009, McGuire et al. 2009). Given its global and local importance, it is critical
to understand how the boreal forest will respond to climate changes.

The boreal biome is defined by tolerance of long periods of freezing temperatures and
short growing seasons. These climatic features are actively changing as the climate warms at an

accelerated pace at high latitudes. For example, Alaska's climate has warmed at twice the rate

of the global average since the mid-20th century (Markon et al. 2018). Interior Alaska's mean
annual temperature has warmed at an average rate of about 0.1°C/decade between 1925 and 2012

(Bieniek et al. 2014, Vose et al. 2017), though this rate has fluctuated over time. There is
uncertainty regarding precipitation trends in Alaska with most studies reporting little to no

significant trends in interior Alaska (McAfee et al. 2013, Bieniek et al. 2014, Vose et al. 2017),
but see Wendler et al. (2017). By the end of the 21st century, the Representative Concentration

Pathway (RCP) 4.5 climate models using intermediate warming scenarios project mean annual
temperature and precipitation for Alaska to be 2.2-4.4°C and 5% to over 15% above the 1971

2000 averages (Sun et al. 2015).
In theory, longer growing seasons, warming temperatures and increasing atmospheric

CO2 concentrations are expected to increase primary productivity, particularly at the cooler
1

and/or wetter margins of the boreal forest (Penuelas et al. 2011, Stinziano and Way 2014), but
not if other factors, such as temperature thresholds (D'Arrigo et al. 2004), availability of water
(McGuire et al. 2010, Verbyla 2015, Girardin et al. 2016), nutrients (Sullivan et al. 2015), or
light (Kirdyanov et al. 2020), limit growth, or if there is physiological acclimation to changing

conditions (Way and Sage 2008a, 2008b, Penuelas et al. 2011). At the warmer margins, boreal
forest productivity is expected to decline as temperature thresholds for optimum growth and/or

drought stress outweigh the benefits of increasing atmospheric CO2. In practice, however, while

there is some evidence for these changes, consistent with an ongoing biome shift (Lloyd and
Bunn 2007, Beck et al. 2011, Verbyla 2011, Juday et al. 2015), there is little consensus in how

climate changes have or will impact boreal forest productivity and considerable uncertainty in
the fertilization effect of atmospheric CO2.

While these disagreements over the future of the boreal forest in part stem from
methodological and sampling choices (Brienen et al. 2012, Bowman et al. 2013, Nehrbass-Ahles
et al. 2014, Sullivan et al. 2016, Duchesne et al. 2019), they also reflect the reality of the

heterogenous nature of the dominant tree species, climate regimes, and local site conditions
across the circumpolar spread of the boreal biome. Tree species or functional groups often

respond differently to climate changes, both directly and indirectly, complicating our
understanding of boreal forest response to climate changes as whole. Different productivity

responses to climate warming among species can reflect varying tolerances to weather and
climate conditions (Brooks et al. 1998, Lloyd et al. 2011, Rogers et al. 2015, Sullivan et al. 2017,
2021, Marchand et al. 2019, Nicklen et al. 2021), or more complicated responses mediated
through changing disturbance regimes such as wildfires (Kasischke et al. 2010, Barrett et al.

2011, Rogers et al. 2015), insects (Cahoon et al. 2018) and pathogens (Ruess et al. 2021), or

2

increasing rates of permafrost thaw (Jorgensen et al. 2001, Wirth et al. 2008, Nicklen et al.
2021). Both direct and indirect responses of the boreal forest to climate changes are likely
occurring at the same time. The synergistic effects of incremental direct effects of climate

change on boreal trees combined with the indirect effects of climate on disturbance events are

potentially transformative but difficult to predict (Johnstone et al. 2016).

The spatial variation of climate regimes across the boreal forest contributes to the various
uncertainties regarding boreal forest responses to climate changes (Griesbauer and Green 2012,
Hellmann et al. 2016), but provides an opportunity for natural experiments to clarify these

responses. For example, in response to recent warming over the past two to six decades, black

spruce (Picea mariana) tends to show increasing growth trends in the more humid Eastern

Canada (Sulla-Menashe et al. 2018), but declining growth trends in interior Alaska and Western
Canada (Walker and Johnstone 2014, Chen and Luo 2015, Ju and Masek 2016, Sulla-Menashe et
al. 2018), although others have found increasing growth trends across all boreal forests of

Canada when examining longer time periods (Hember et al. 2019). Similarly, there is an
increasing east-west moisture gradient from across boreal Alaska. In wetter regions of western

Alaska white spruce have shown positive growth responses to warm summer temperatures, while

in the drier eastern portion, either negative growth responses (Juday et al. 2015) or a
deterioration of the positive correlation between temperature and growth, commonly called
“divergence” (Brownlee et al. 2016) were found. Indeed, moisture availability is a strong
regulator of boreal forest tree species productivity (Yarie et al. 1990, McGuire et al. 2010, Yarie

and Van Cleve 2010, Walker et al. 2015, Girardin et al. 2016, Sullivan et al. 2021), although not

always in anticipated ways (Dang and Lieffers 1989, McGuire et al. 2010, Walker et al. 2015,
Brownlee et al. 2016).
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These broad climatic gradients and varied species-specific responses are overlaid by
variation in localized site conditions that mediate both boreal forest productivity and tree

response to climate changes at smaller scales. Growth responses of boreal forests trees to climate
change at local to landscape scales are influenced by interactions among climate, topography,
soil conditions (Sullivan et al. 2015, Swanson 2015), competition (Okano and Bret-Harte 2015,

Ford et al. 2017, Nicklen et al. 2018, Wright et al. 2018), herbivory and pathogens (Anderegg et
al. 2015, Csank et al. 2016, Cahoon et al. 2018), and disturbance history (Holtmeier and Broll

2007, Johnstone et al. 2010, Roland et al. 2016, 2019) and thus, may show more complex
patterns than the global view of shifting biomes. Ignoring interactions between climate-growth
responses and site conditions may lead to flawed predictions and biased conclusions (Sormunen

et al. 2011) regarding the current growth and potential future footprint of the boreal forest.
Alternatively, quantifying these site-mediated climate-growth responses may elucidate

unexplained variation in boreal tree responses to climate changes and clarify the mosaiced boreal
forest response to weather and climate patterns (Nicklen et al. 2016).

Our understanding of the boreal forest response to climate change comes from three

complementary sources: permanent sampling plots, tree rings, and satellite imagery, each with
strengths and weakness. Permanent sampling plots provide rich, site-level information, but often
are temporally (at least initially) and spatially limited. Satellite imagery is used to expand our

spatial understanding of the vast and mostly inaccessible boreal forest, but interpretation of

trends can be challenged by disturbance events (Goetz et al. 2005), forest structure, succession
(Fiore et al. 2020), and image scaling issues (Ju and Masek 2016, Myers-Smith et al. 2020).

Trees rings have been used in concert with permanent plot data and satellite imagery to extend
our temporal understanding, at an annual resolution, back hundreds to thousands of years to

4

provide historical context. Annual ring widths yield information about growing conditions in

each year, responses to climate variation, and growth trends. Ring widths can be used to

calculate two- and three-dimensional metrics to estimate basal area growth or aboveground
biomass. Carbon, oxygen, and hydrogen isotopes in the wood can provide annual data about

stomatal conductance, photosynthetic rates, and summer irradiance and temperatures. The
limitations of tree ring data arise from covarying trends having to do with tree age, size, stand

succession, climate, atmospheric CO2 or other factors that are difficult to untangle (Bowman et
al. 2013). Further, standard sampling methods, such as selecting larger trees (Nehrbass-Ahles et
al. 2014), or issues related to tree growth and mortality, such as a tendency for fast-growing

young trees and slow-growing old trees to be over-represented (Brienen et al. 2012, Duchesne et
al. 2019), may introduce substantial bias in growth trends that can be difficult to interpret, but

see Hember et al. (2019).
In Chapter 2, I used tree ring and permanent plot environmental data to quantify the role
of local site conditions in modifying the growth responses of white spruce (Picea glauca) and

black spruce (Picea mariana) to climate variability. Key to this work is a systematic, random
study design implemented across an extensive and heterogeneous landscape. This unbiased and
spatially balanced study design enabled quantification of spruce climate-growth responses across

the full range of site conditions and to the extrapolation of these responses to the landscape scale

within the study area, 1.28 million-ha permanent plot monitoring area in Denali National Park
and Preserve. By focusing on climate-growth responses, I avoided some of the pitfalls associated
with interpreting trends over time (Brienen et al. 2012, Bowman et al. 2013, Duchesne et al.
2019). The data used in this and other chapters of the dissertation are from the Central Alaska
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Network's vegetation monitoring program, which is part of the National Park Service's
Inventory and Monitoring program (Roland et al. 2004, 2013).

While the negative growth response of interior boreal forest trees to warm summers and
the constraint of competition on tree growth are well documented, the likely interaction between
climate and competition in the boreal forest is considerably less well understood. Indeed, the

interactive effects of co-occurring and directionally changing factors such as stand structure and
climate on tree growth are likely to confound our understanding of the causes for observed

changes in boreal forest. For example, climate warming is responsible for increasing mortality
rates of northern forests (van Mantgem et al. 2009, Peng et al. 2011, Luo and Chen 2015, Zhang

et al. 2015), reducing stand basal area and shifting stand age. These changes in mortality may be

exacerbated by stand competition but may also feed back to subsequently reduce the negative
impacts of competition and/or climate-competition interactive effects on remaining trees. Thus, it
is critical to understand the role current forest structure plays in tree growth responses to climate
for assessing and managing forest productivity in a warming climate. In Chapter 3, I investigate
the interactive effects of competition and site moisture characteristics with climate variability on
white spruce radial growth and stomatal regulation using tree ring and carbon isotope data. I
further examine the impact of large reproductive events (mast years) on white spruce radial

growth and stomatal regulation.
Results presented in Chapter 2 and 3 demonstrated that site conditions mediate the

growth response of black and white spruce to climate variability. Because these two spruce

species often occur in very different landscape positions within the same geographic area
(Roland et al. 2013, 2019), it is difficult to directly compare the climate- growth responses of
these species as the responses are confounded by the differences in their distribution on the
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landscape. It is critically important to understand how a changing climate and associated changes

in permafrost and fire regimes will interact to shape future species composition and ecosystem

functioning in the boreal forest as the role of species composition plays a substantive role in the
species-poor boreal forest where plant traits have a large effect on the function of boreal forest
ecosystems (Chapin and Danell 2001). In Chapter 4, I remove the confounding effect of site
condition by examining black and white spruce only in sites where they are growing together to
determine whether the two spruces respond similarly or differently to annual variations in

weather. I expand my study area to include numerous plots in Yukon-Charley Rivers National

Preserve and Wrangell-St. Elias National Park and Preserve to include as many plot locations as
possible where both spruce species co-occur. The role of near surface permafrost, which is a key

factor delineating these two species' habitat preferences, resurfaces as a primary driver of the
differences in black and white spruce climate-growth responses. Because permafrost is actively

warming and thawing as the climate warms across the boreal forest biome, these results have

important implications for informing predictions of how these two dominant conifers will
respond to future climate change.
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Chapter 2 . Local site conditions drive climate-growth responses of Picea mariana and
Picea glauca in interior Alaska 1
0F0F

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, though 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

Nicklen, E.F., C.A. Roland, R.W. Ruess, J.H. Schmidt, and A.H. Lloyd. 2016. Local site conditions drive climate
growth responses of Picea mariana and Picea glauca in interior Alaska. Ecosphere 7(10): e01507.
10.1002/ecs2.1507
1
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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.
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 ecosystem (IPCC 2014). The impacts of predicted
climate warming on the boreal forest are of particular concern because of amplified warming at

high latitudes. Alaska's boreal forest has warmed 1.9°C in the last half century, with an expected

increase of 3 to 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
evapotranspiration caused by warmer temperatures and a longer growing season (Karl et al.

2009, Chapin et al. 2014, Scenarios Network for Alaska and Arctic Planning [SNAP] 2014). 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, McGuire et al. 2009, Chapin et al. 2009, Schuur et al. 2015) 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

productivity 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 similar
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
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temperatures that promote growth in the colder and wetter 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 footprint but lack detail
necessary for understanding how variable site conditions may modify directional 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, topography, soil

conditions (Sullivan et al. 2015, Swanson 2015), competition (Okano and Bret-Harte 2015),

herbivory, species-specific responses, and disturbance 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
conclusions (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 local site characteristics will interact with climate to alter tree growth patterns.

For instance, P. mariana in interior Alaska growing in low-lying peatlands were insensitive to
inter-annual 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). In
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contrast, Picea glauca may respond differently to climate conditions depending on proximity to

treeline, potentially as a result of reduced competition at higher elevations (Ohse et al. 2012,
Okano and Bret-Harte 2015). However, 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, Wilmking et al. 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 gradients is warranted.

Uncertainty about the magnitude and direction of the effects of climate on boreal forests

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. Non-random site selection allows inferences to
be drawn only about the fragments of landscape where trees were sampled. Global climate
change affects the whole landscape, although few studies in the boreal forest have quantified
climate-growth relationships across an extensive heterogeneous landscape using an unbiased and

spatially balanced study 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 (Michalcová et al.

2011) demonstrating that true landscape-level inference requires randomized site selection across
the full range of conditions within the sampling area.

18

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
landscape (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 negative association with the growth of both species growing in areas where

drainage is poor. We also predicted that trees with perched root systems 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 positively 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) identify climate

optima for the two species' growth across a range of landscape variables.
Methods

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 12,800 km2 with a center near 63°41' N, 150°
25' W (Fig. 2.1). The study area experiences a continental climate compared to the area south of
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the mountain range with extreme low temperatures in the winter (mean January temperatures

between -30° C and -20° C in the Kuskokwim-Minchuminia basin to between -14° C and -6° C

in the Alaska Range) and warm temperatures in the summer (mean July temperatures range
between 14° C and 18° C in the lowland basins to between 2° C and 10° C in the Alaska Range)

(1971-2000 monthly PRISM averages (Fig. 2.1); 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 eventually into the Kuskokwim-Minchumina basin

lying at 200 m in elevation (Fig. 2.1). Approximately one quarter of our study area is underlain
by near-surface permafrost (Panda et al. 2014) with much of the continuous and discontinuous
permafrost 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 moderate 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
diameter 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 “macro-grid” of 20-km intervals was established, except within a 6-km

buffer on either side of the DNPP road corridor the grid intervals were 10-km. In the second
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stage, a “mini-grid”, consisting of five rows of five plots separated by 500 m, was set at each
grid intersection of the macro-grid. Of the 43 mini-grids and 1100+ plots visited, we cored (and
cross-dated) 500 trees from a total of 28 mini-grids (Fig.1) and 222 plots. Many of the mini-grids

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 consisted 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 1.3m soil probe to obtain the distance from the soil surface to an

immovable object (either rock or frozen soil) in 16 locations. The outer plot area was divided
into four quadrants. In each quadrant we dug a soil pit to a 30cm 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.
Tree ring measurements
We cored the largest tree within the four quadrants outer plot area, though 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 labs at either Middlebury
College in VT, USA or Greifswald University in Germany where they were measured to the

nearest 0.001 mm and cross-dated. Ring measurements were made using WinDENDRO Image
Analysis system (Regent Instruments, Inc.) in the Middlebury College tree ring lab and with a
Velmex sliding stage at Greifswald University. Cross-dating was validated using COFECHA and
the Dendrochronology Program Library in R (dplR; Bunn 2010).
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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
produced by each tree during each year of growth. In contrast to raw ring widths, BAI facilitates

comparisons among trees of differing diameters. BAI also has a more direct relationship to area

of wood produced by a tree than standardized ring widths. We used the tree diameter at the core

location divided in half, with average bark width subtracted to estimate the radius. If the sum of
the ring widths was larger than this radius, we use the ring width sum as the radius. We did this

to avoid underestimated radius values that would 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 previous 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. BAI; 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
patterns in spruce growth while remaining relatively 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, CA, USA). We measured slope
angle both for the overall plot location and directly at the base of each cored tree (Tables 2.1,
2.2).

We also calculated three variables related to plot aspect and solar gain (Tables 2.1, 2.2). First, we

calculated two measures of slope aspect: southness = cos(π (aspect + 180)∕180) and eastness
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= sin (π × aspect ∕ 180), following Pereira and Itami (1991). This calculation results in

continuous values ranging from -1 to 1, with maximum values for southness and eastness
occurring on slopes with aspects of 180° and 90° respectively (Table 2.2). Plots with slope angles

<4° were considered 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 topographic 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

condensed soil lithology type to the following five types: bedrock, alluvium, drift, Nenana
gravels, and eolian. Because soil lithology was an important 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 2.1). We calculated permafrost status in

two ways. First, we categorized 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 measured within each plot
using a 130 cm soil probe was less than 50 cm and we found ice in the one of the 4 soil pits. The
plot was also classified as 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 having growing season
shallow frozen soil.
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We used 2 sources of climate data for analysis (Table 2.2). First, we considered
downscaled spatially interpolated temperature and precipitation data provided by Scenarios

Network for Alaska & Arctic Planning (SNAP; Retrieved in 2014 from
https://www.snap.uaf.edu/tools/data-downloads ; temperature version CRU TS 3.1 and

precipitation version CRU TS3.1.01) for the years 1902 to 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 proximity, 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 1902 to 2009, we extracted the monthly mean temperature (°C) and precipitation sum

(mm). We also considered climate data from this same spatially interpolated dataset, but from a
single location within our study area (Fig. 2.1; see Model construction and data analysis section
for details).
We selected 13 climate variables for consideration 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, Walker and Johnstone 2014, Lloyd et al. 2013, Girardin et al. 2016), we included climate
variables from June through August (Jun-Augring yr -1) and September (Sepring yr-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 snowpack
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contributes to the recharging of water reserves in spring (Girardin and Wotton 2009). Finally we

included mean temperature and precipitation sum for May and June through August in the year

of ring growth. We expected a nonlinear relationship between climate variables and BAI (Lloyd

et al. 2013) and thus included quadratic terms for temperature variables (Table 2.3). 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 (Fig. 2.S1-C). 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 2.2). The count of rings is an underestimated approximation of tree age since 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 interpret the
coefficient values for this term.

Model construction and data analysis
We used linear mixed-effects models to quantify the annual basal area growth response to site

and climate variables for P. glauca and P. mariana. We log transformed BAI for each species and
modeled the growth response of the two species separately. Each of the continuous predictor
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 mini-grid as random effects to account for non
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independence of BAI measurements within a given growth year and within plots spatially
clustered into mini-grids. The base model additionally included an autoregressive (AR1) random
effect for each individual tree to account for temporal autocorrelation. All other candidate models

were built upon this base model. We used the lme4 package (Bates et al. 2014, version 1.1-7) in
program R for fitting mixed-effects models (R Development Core Team, version 3.1.1, 2014-07

10).
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

appropriate to separate the model selection process into two stages. In the first stage, candidate
models were constructed and fit using nearly all possible 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 2.1). We used Akaike information
criterion (AIC) to select among competing site models (Burnham and Anderson 2002). Out of

the all the candidate site models, the models with AIC values within 2 points of the “best-fit” site

model (model with the lowest AIC value) were fit with the full suite of climate and climate-site
interactions (Tables 2.S2-A, C). To avoid overfitting, we only included climate-site interactions

involving the two most important site variables (highest estimate value) and excluded
interactions with site variables with more than 2 categories. From this subset of models fit with
the full set of climate and interaction terms we chose the most parsimonious model with AIC

values within 2 points of the model with the lowest AIC value (Tables 2.S2-A, C). The site
variables from the selected model were then used in stage 2 of model selection.
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In the second stage, we added the climate variables and interactions terms to the selected
site variables from stage 1. Importantly, elevation is highly correlated with summer temperatures

in the spatial climate data (R2 > 0.7; Fig. 2.S1-A). If elevation was identified as an important site
variable in the first stage, we used climate data from the single climate station located within the

study area (Fig. 2.1) 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 (Tables 2.S2-B, D). Visual
inspection of residual plots did not reveal any obvious deviations from homoscedasticity,
normality or temporal autocorrelation. Variables in the selected models were considered

interpretable if the 95% confidence intervals (estimate ± 1.96 x standard error of estimate)
around the estimate did not overlap zero or were not within 0.001 of zero. Unless specifically
noted, we report model outputs with all other parameters set to mean values.
Results

Site variables
The presence of growing-season shallow frozen soil (GsSFS) significantly reduced the overall

radial growth of both Picea mariana and Picea glauca (Table 2.4). Elevation was negatively

related to P. glauca radial growth but was not an important site variable for P. mariana. The
addition of plot slope improved model fit only for P. mariana, though its influence on BAI prior

to the addition of interactions was not significant (Table 2.4). For both species, the random

autoregressive term by individual tree explained the most variance in BAI (Table 2.S2-E), while
the random effects for year and mini-grid explained considerably less variation.
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Site by climate variables - Picea mariana

Site and climate main effects

The presence of GsSFS reduced the estimated mean P. mariana BAI by 6% (181 to 170 mm2/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-Augring yr-1. P. mariana BAI showed a “humped” response to mean JunAugring yr-1 and Sepring yr-1, but a positive response to Jun-Augring yr temperatures (Table 2.4, Figs.

2.2, 2.S1-D). These responses to summer precipitation and temperature were modified by the

presence of GsSFS and slope angle (interaction effects are detailed below). Increasing May
temperatures had a negative effect on P. mariana radial growth irrespective of GsSFS or slope

angle (Table 2.4).
GsSFS - climate interactive effects

Though 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. 2.3A). BAI of P. mariana

growing in areas with GsSFS decreased linearly with increasing mean Jun-Aug ring yr-1
temperature, while P. mariana in areas without GsSFS increased with summer temperature until

about 14°C after which radial growth declined (Fig. 2.3A). The presence of GsSFS substantially
reduced the benefit of Jun-Aug precipitation to P. mariana wood accretion (Fig. 2.3B). During

wetter than average summers, with Jun-Aug precipitation sums greater than 300 mm, P. mariana

growing with GsSFS was estimated to have 11 to 20% less radial growth (22 to 38 mm2/yr) than
trees on well drained sites without GsSFS (Fig. 2.3B). Similarly, the presence of GsSFS reduced
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P. mariana radial growth with increasingly wet conditions in the September prior to ring

formation (Fig. 2.3C).
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
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 (Figs.
2.2, 2.S1-Da). Second, optimum Jun-Aug temperatures for radial growth declined with

increasing slope angle (Figs. 2.2, 2.S1-Da). Specifically, estimated optimum Jun-Augring yr-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 angels did not
increase above 16°C, while trees on flatter terrain increased linearly with current summer
temperatures (Fig. 2.S1-Db). 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. 2.2, Table 2.4).
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 mm2/yr. 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

mm2/yr (6% decrease). Overall, elevation was negatively related to annual radial growth with P.
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glauca growing at 1000m elevation producing 18% less basal area annually than P. glauca
growing at 200m 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, though the relationship changed depending on

the presence of GsSFS 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. 2.4). 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 6% in areas with GsSFS (Fig. 4A). P. glauca BAI responded positively to mean
Sep ring yr-1 temperatures, but the presence of GsSFS dampened this positive effect (Fig 2.4B). 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. 2.5A).When the mean Jun-Aug ring yr temperature at the park headquarters area

was warmer than 14.8°C, P. glauca at the limit of treeline (1000 m elev) was estimated to have
radial growth surpassing that of lower elevation trees (Fig. 2.5A). Summer temperatures in the
year before ring formation were positively related to radial growth for trees at low elevations but
had a weak negative effect on P glauca at high elevations (Table 2.4). Summer precipitation was

positively related to P. glauca BAI at low elevations, but the relationship was negative at high
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elevations (Fig. 2.5B). Increasing winter precipitation and colder May temperatures were

estimated to increase high elevation P. glauca radial growth but reduce radial growth at low
elevations (Fig. 2.S1-E).

Discussion
We used tree ring data collected in an unbiased, systematic sampling design over a 12,800 km2

study area in DNPP to quantify the relationship 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
margins of the boreal biome and decreasing growth within the interior Alaskan boreal forest

(Beck et al. 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 demonstrate 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 climate 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
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trees within a given stand (containing topographic and site variability) can show opposing

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 since 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 parsimonious predictors of BAI than nonlinear relationships,
suggesting P. glauca in DNPP, even those at low elevations, have not reached a growth threshold

due to temperature. The best explanation 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 (Fig. 2.S1-A). The historical mean

summer temperature 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 2014), suggesting future warming could improve
growing 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 temperature 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
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in relation to mean maximum summer temperatures starting at 18° C (Dang and Lieffers 1989).
Measurement of P. mariana photosynthetic rates in response to temperature 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 importance of

randomized site selection when extrapolating to larger spatial extents. Non-randomized 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 non-random
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
contained measurable basal area of P. mariana and just fewer than 40% of the plots with P.
glauca were growing on slope angles < 5°. Thus, with modestly warmer summer temperatures

and small increases in precipitation in DNPP (SNAP 2014), about two thirds of the DNPP P.

mariana population would be expected to show no change or modest increases in growth
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(assuming no shallow permafrost). However, with the predicted increase of over 3°C in summer

temperatures in DNPP by 2080 (SNAP 2014), P. mariana may show widespread declines in

radial growth in DNPP, though this decline may be offset by the positive influence of predicted

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 contrasting effect of warming in May versus 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 2014). Until then, we predict continued 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, negative
effect of very warm previous summer conditions 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 temperatures (Barber et
al. 2000, McGuire et al. 2010, Juday and Alix 2012, Juday et al. 2015). The overall cooler,

moister conditions in DNPP relative to central interior Alaska (Roland et al. 2014), may
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contribute to this difference. Differences in competition, 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
permafrost (Panda et al. 2014), BAI will decline in both P. mariana and P. glauca as growing

season temperature increases (Figs. 2.3, 2.4). Thus, as long as near surface permafrost persists in
DNPP, we expect reduced tree growth in these areas as growing season climate warms. However,

models of permafrost in DNPP combined with global climate models predict less than 2% of our
study area will have active layer depths thinner than 1m 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 productivity in these areas. Although, the development 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 permafrost 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 productive P. glauca stands (e.g., Wirth et al. 2008).

Evidence for a boreal biome shift?
Though radial growth alone is not an adequate metric of shifting biome distributions, it is one
important component in shifting species distributions. Our estimates of radial growth suggest
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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 currently occupied by tundra, they do not

necessarily support the idea that forests will evacuate their current footprint in DNPP (Juday et
al. 2015) for 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
climate 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
uniform climate-growth response across the interior boreal forest region for P. mariana 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. Since we found contrasting

responses to climate within DNPP, it is possible, 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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Figures

Figure 2.1. A map showing the location of plots and study area in Denali National Park and
Preserve. Information 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.
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Mean Jun - Aug Temperature (oC) in year prior to ring formation
Figure 2.2 The modeled relationship of Picea mariana basal area increment (BAI, mm2/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.
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Figure 2.3. 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.
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Figure 2.4. Modeled Picea glauca BAI response to mean A) May ring yr and B) September ring yr-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 1902-2009.
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Figure 2.5. 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 1902-2009.
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Tables
Table 2.1. Site variables tested in the first stage of the variable selection process.
Site covariates
Plot Slope, Plot Slope2
Growing Season Shallow
Solar Radiation
FErloevzaetnioSnoil (GsSFS)
Lithology †

Competing site covariate
Tree Slope, Tree Slope2
Permafrost category (soil map)
Southness/eastness

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).
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Table 2.2. 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
SD
Min.

Picea glauca
SD
Min.

Variables
Mean
Mean
Max.
Max.
Site Variables
59
48
1
331
80
54
1
343
Age proxy
(ring count)
308
190
154
874
618
220
162
1017
plot elev (m)
4.5
5.7
0.0
25.0
9.0
7.8
0.0
36.0
plot slope (°)
4.6
6.6
0.0
28.0
9.0
8.4
0.0
35.0
slope at tree (°)
496,988
21,620
400,531
567,660
519,370
40,613
388,882
607,380
May-Aug Solar
Rad. (WH/m2)†
0.0
0.4
-1.0
1.0
0.2
0.5
-1.0
1.0
South-ness
0.0
0.5
-1.0
1.0
0.1
0.5
-1.0
1.0
East-ness
Climate variables
8.3
2.1
1.0
13.9
6.0
1.6
1.5
10.0
T May
P May
25
13
2
91
25
16
2
85
14.1
1.7
9.0
18.6
11.7
1.0
9.9
15.1
T Jun-Aug
175
58
59
530
193
54
95
337
P Jun-Aug
6.0
1.6
1
10.5
4.8
1.4
1.8
9.0
T Sep
43
24
6
180
42
24
4
124
P Sep
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 interpolated 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
headquarters around 880 m in elevation (Fig. 2.1). T = mean temperature (°C) and P = precipitation sum
(mm). † Units for solar radiation are the sum of watt hours per square meter.
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Table 2.3. Climate covariates included in the second stage of the variable selection process:
mean temperature (T, °C) and precipitation sum (P, mm).

Number
1
2
3
4
5
6
7
8
9
10
11
12
13

Climate variables tested
T Jun-Aug ring yr-1

T Jun-Aug + T Jun-Aug2 ring yr-1
P Jun-Aug ring yr-1
T Sep ring yr-1

T Sep + T Sep2 ring yr-1
P Sep ring yr-1

P OctApr
T May ring yr

T May + T May2 ring yr
P May ring yr

T Jun-Aug ring yr
T Jun-Aug + T Jun-Aug2 ring yr
P Jun-Aug ring yr

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.
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Table 2.4. Coefficient estimates (± 1 SE) for significant relationships between log transformed
basal area increment and model co-variates in the final model for each species.

Covariates and interactions
Site covariates
Intercept
Age proxy
Age proxy2
Age proxy3
Elevation of plot
Slope of plot
Growing season shallow frozen soil (GsSFS)
Lithology
Climate covariates

P. mariana
(interpolated climate)
Estimate ± SE

P. glauca
(single climate location)
Estimate ± SE

5.196 ± 0.196
-0.023 ± 0.007

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

(not included)
-0.054 ± 0.016
(not included)
-0.040 ± 0.016

T May ring yr

T May2 ring yr
0.019 ± 0.007

P May ring yr

T Jun-Aug ring yr-1

-0.023 ± 0.007
0.021 ± 0.010
0.056 ± 0.019

T Jun-Aug2 ring yr-1
P Jun-Aug ring yr-1

T Jun-Aug ring yr
T Jun-Aug2 ring yr
P Jun-Aug ring yr

0.048 ± 0.013

0.024 ± 0.011

T Sep ring yr-1

-0.009 ± 0.003

T Sep2ring yr-1
P Sep ring yr-1

P Oct-Apr
Site x Climate interactions
GsSFS x T May ring yr
GsSFS x T May2 ring yr
GsSFS x P May ring yr
GsSFS x T Jun-Aug ring yr-1
GsSFS x T Jun-Aug2ring yr-1
GsSFS x P Jun-Aug ring yr-1
GsSFS x T Jun-Aug ring yr
GsSFS x T Jun-Aug2 ring yr
GsSFS x P Jun-Aug ring yr
GsSFS x T Sep ring yr-1
GsSFS x T Sep2 ring yr-1
GsSFS x P Sep ring yr-1

-0.012 ± 0.003

-0.046 ± 0.012
0.021 ± 0.007
-0.027 ± 0.006

-0.014 ± 0.003
-0.018 ± 0.006
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Table 2.4, continued.
GsSFS x P OctApr
Slope x T May ring yr
Slope x T May2ring yr
Slope x P May ring yr
Slope x T Jun-Aug ring yr-1
Slope x T Jun-Aug2 ring yr-1
Slope x P Jun-Aug ring yr-1
Slope x T Jun-Aug ring yr
Slope x T Jun-Aug2 ring yr
Slope x P Jun-Aug ring yr
Slope x T Sep ring yr-1
Slope x T Sep2ring yr-1
Slope x P Sep ring yr-1
Slope x P OctApr

-0.028 ± 0.005
0.008 ± 0.002
-0.006 ± 0.003
-0.008 ± 0.002

(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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Appendices
Appendix 2.1. Supplementary figures.
Supplementary figures showing the relationship between elevation and temperature from all plot

locations, the relationship between temperature and precipitation as well as graphed model
results for BAI relationship with climate variables for both P. mariana and P. glauca.

Fig. 2.S1.The relationship between mean Jun-Aug temperature and elevation from the spatially
interpolated data for each plot location is shown. Grey dots indicate plots with Picea glauca and
black dots plots with Picea mariana.
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Fig. 2.S2.The relationship between mean Jun-Aug temperature and precipitation sum from the
single location climate data (see Fig. 2.1 for location).
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Fig. 2.S3. Graphs show the raw BAI age trend and sample size for each age proxy. BAI
measurements are plotted by minimum age proxy (ring count: 1 for inner most ring, total ring
count for outer most ring) for A) Picea mariana and C) Picea glauca. Also shown are the ring
counts for each minimum age proxy for B) Picea mariana and D) Picea glauca.
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Fig. 2.S4. Modeled Picea mariana basal area increment (BAI) relationship to mean June-August
temperature (C°) in A) the summer prior to ring formation) and B) during the summer concurrent
with ring formation for trees growing on flat (solid line), 10° (dashed line) and 20° (dotted line)
slopes without growing season frozen soil and with all other variables held at the mean.
Temperature values span the range experienced in the plots years (1902-2009) for which we had
P. mariana BAI measurements.
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Fig. 2.S5. Modeled basal area increment (BAI) response to A) precipitation sum (mm) during
Oct-Apr in the winter prior to ring formation and B) Mean May temperature (°C) 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 estimated at a single location near Denali National Park headquarters
between the years 1902-2009.
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Appendix 2.2. Supplementary tables.
Supplementary tables showing the variables in candidate models with Akaike weights ≥ 0.02.

All models included three random effects not shown in the first four tables: growth year, site and
an autoregressive term (AR1) by individual tree. The final table shows the variance explained by

the random effects in the two species final models.
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Table 2.S1. Variables included in candidate site models (stage 1) for Picea mariana. Of the 57
competing models, only models with Akaike's weights ≥ 0.02 are shown. The three candidate

age-only models are presented first and other candidate models follow ordered from smallest Δ
AIC to largest. The full set of climate and site x climate interaction terms were added to the site
models with Δ AIC.
Candidate site models
with Akaike weight ≥0.02
A
A+A2
A+A2_A3
A+GsSFS
A+ST+GsSFS
A+PC
A+E+PC

Δ
AIC
14.8
15.7
15.4
0
0.9
1.1
1.4

A+SP+GsSFS

1.8

df
11168
11167
11166
11167
11166
11166
11165
11166

Top site models with full
Climate and Interactions

Δ
AIC

df

Akaike
weight

+C+GsSFSxC
+=CG+sSFTSxxCC+lGimsSe.FSxC
+C+PCxC

33.9
19.7
49.5

11140
11127
11127

0.0
0.0
0.0

0

11127

1.0

†

+C+SPxC+GsSFSxC

1.9
11166 +C+southxC+GsSFSxC
43.2
11127 0.0
A+south+GsSFS
1.9
11166 +C+SRxC+GsSFSxC
34
11127 0.0
A+SR+GsSFS
2
11166
A+E+GsSFS
2.4
11165
A+SP+GsSFS+east
A+ST+ST2+GsSFS
2.4
11165
2.5
11165
A+E+ST+GsSFS
2.9
11165
A+ST+SR+GsSFS
A+SP+SP2+GsSFS
3.1
11165
3.7
11165
A+E+SP+GsSFS
3.7
11165
A+SP+GsSFS+south
A+SP+SP2+GsSFS
3.7
11163
3.7 11165
A+SP+SR+GsSFS
3.9 11165
A+E+SR+GsSFS
A+SP+SP2+south+
3.9 11163
eAa+stE++GSsPS+FGSsSFS+east
4.2 11164
A+E+ST+ST2+GsSFS
4.2 11164
A=age proxy, SP=slope of the plot, ST=slope at the cored tree, E= elevation, GsSFS = growing season
shallow frozen soil category, PC=permafrost category (Clark and Duffy (2006)), south and east =
southness/eastness metric, SR=solar radiation calculation, E=elevation. C=full set of climate variables.
†Did not consider models with elevation and spatial climate data due to high correlation between summer
temperature and elevation.
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Table 2.S2. Variables included in the candidate site plus climate models (stage 2) for Picea

mariana BAI. Of the 71 competing models, only models with Akaike's weights ≥ 0.02 are
shown. All fixed effect variables are shown for the chosen model (called top model). The other

models show the variables that differ from the top model. Also shown are the change in AIC and
BIC values from the lowest value of the fit models, the degrees of freedom (df), and Akaike
weights.
Δ
AIC
0.0

Δ
BIC
6.4

df
11144

Akaike
weight
0.24

1.0

0.0

11145

0.15

1.1

0.2

11145

0.14

Top model + GsSFS*TJunAugc +GsSFS*TJunAugc2

1.5

11143

0.11

Top model + POctAprc, remove SP*PSeppr

1.8

15.2
0.9

11145

0.10

Top model, remove GsSFS*PMayc
Top model + POctAprc+ GsSFS*POctAprc+ SP*POctAprc

2.2

-6.0

11146

0.08

2.3

23.4

11142

0.08

Top model, remove GsSFS*PMayc and SP*PSeppr

3.8

1312.85

11147

0.04

Candidate site-climate-interaction models with Akaike weight > 0.01
Top model + POctAprc
A+ SP+ GsSFS+ TMayc+ PMayc+ TJunAugc+ TJunAugc2+
TJunAugpr+ TJunAugpr2+ PJunAugpr+ TSeppr+TSeppr2+ PSeppr +
GsSFS*PMayc+ GsSFS *TJunAugpr+
GsSFS*TJunAugpr 2+GsSFS*PJunAugpr+GsSFS*PSeppr+SP*TJun
Augc+SP*TJunAugc2+SP*TJunAugpr+SP*TJunAugpr 2+SP*PJunAu
gpr+SP*PSeppr
Top model + POctAprc, remove GsSFS*PMayc

Top model+ PJunAugc + GsSFS*TJunAugc + GsSFS*TJunAugc2 +
4.1
11141
0.03
SP*PJunAugc
A=age proxy, SP=slope of plot, GsSFS=growing season shallow frozen soil category, the prefix T = mean
temperature, the prefix P = precipitation sum. The suffix c indicates current year while the suffix pr
indicates previous year. Thus, TMayc = mean temperature in the May during ring formation and
PJunAugpr = precipitation sum during the Jun-Aug in the year prior to ring formation.
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Table 2.S3. Variables included in candidate site models for Picea glauca (stage 1). Of the 51
candidate models, only models with Akaike weights ≥ 0.02 are shown. Changes in AIC values

from the lowest value of the all the models, degrees of freedom (df) and Akaike weights are

shown. The base age models are presented first, and other candidate models follow ordered from
smallest Δ AIC to largest. The full set of climate variables and site by climate interaction terms
were added to the site models with Δ AIC < 2 (see right four columns). From this subset we

selected the site model with the lowest AIC and highest Akaike weight (in bold) as the model to
include with climate and interaction terms in the second stage of model selection.
Candidate site models with Akaike
weight ≥0.02
A
A+A2
A+A2+A3

Δ
AIC
96.9
77.5
13.7

A+A2+A3+E+GsSFS

0

df

Δ
AIC

df

Akaike
weight

0

30374

0.29

30417
30416
30415
30413

+C+ExC+GsSFSx

A+A2+A3+E+ST+GsSFS
0.6
30412
30373 0.21
CC+ExC+GsSFSxC 0.7
+
A+A2+A3+E+SP+GsSFS+ Lith
1.4
30408
30369 0.14
+C+ExC+GsSFSxC 1.5
A+A2+A3+E+GsSFS+SR
1.7
30412
30373 0.13
+C+ExC+GsSFSxC 1.6
A+A2+A3+GsSFS+Lith
1.7
30410
1.9
30373 0.11
+C+GsSFSxC
A+A2+A3+E+SP+GsSFS
1.9
30412
30373 0.11
+C+ExC+GsSFSxC 1.9
A+A2+A3+SP+GsSFS+ Lith
3
30409
A+A2+A3+ST+GsSFS+ Lith
3.4
30409
A+A2+A3+Lith+SR
3.6
30409
A+A2+A3+SP+GsSFS+ south
3.7
30411
A+A2+A3+SP+SP2+ GsSFS+Lith
4.5
30408
A+A2+A3+ST+ST2+ GsSFS+Lith
4.7
30408
A+A2+A3+SP+GsSFS+
4.9
30408
LAi+thA+2s+oAu3th+SP+GsSFS+ Lith+SR
4.9
30408
A=age proxy, SP=slope of the plot, ST=slope at the cored tree, SM= site moisture category, GsSFS =
growing season shallow frozen soil category, Lith=lithology category (Clark and Duffy (2006), south and
east=southness and eastness metrics, SR=solar radiation calculation, E=elevation. C=full set of climate
variables.
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Table 2.S4. Variables included in the candidate site plus climate models (stage 2) for Picea

glauca BAI. Of the 63 candidate models, only models with Akaike weights ≥ 0.02 are shown.
All variables are shown for the chosen model (called top model). The other models show the
variables that differ from the top model. Also shown are the changes in AIC and BIC values

from the lowest value of the all the models, the degrees of freedom (df), and Akaike weights.
Δ
AIC
0.0

Δ
BIC
30.0

df
30392

Akaike
weight
0.29

A+A2+A3 + E + GsSFS+ TMayc+ TMayc2 + TJunAugc + TJunAugpr
+ PJunAugc+PJunAugpr+TSeppr+TSeppr 2+POctAprc+
GsSFS*TMayc + GsSFS*TSeppr + E*TMayc + E*TMayc2 +
E*TJunAugc + E*TJunAugpr + E*PJunAugc + E*PJunAugpr +
E*TSeppr + E*TSeppr2 + E*POctAprc

0.9

22.7

30393

0.19

Top model + PSeppr+GsSFS*TMayc2 + GsSFS*TSeppr2 +
GsSFS*PSeppr + GsSFS*POctAprc + E*PSeppr

1.6

73.3

30387

0.13

Top model +GsSFS*TMayc2+ GsSFS*TSeppr2

2.0

40.3

30391

0.11

Top model +GsSFS*TMayc2+ GsSFS*TSeppr2 +GsSFS*POctAprc

2.2

48.9

30390

0.10

Top model +PSeppr+ GsSFS*TMayc2 +GsSFS*PJunAugpr+
GsSFS*TSeppr2+ GsSFS*PSeppr + GsSFS*POctAprc+ E*PSeppr

2.9

82.9

30386

0.07

Top model, remove E*TMayc2

4.1

17.5

30394

0.04

Top model, remove TMayc2 and E*TMayc2

4.4

9.5

30395

0.03

Candidate site-climate-interaction models with Akaike weight ≥ 0.02
Top model + GsSFS*TSeppr2

Top model +PSeppr + GsSFS*TMayc2 + GsSFS*PJunAugc +
4.9 93.2 30385
0.03
GsSFS*PJunAugpr + GsSFS*TSeppr2 + GsSFS*PSeppr +
GsSFS*POctAprc + E*PSeppr
A=age proxy, E=elevation of plot, GsSFS=growing season shallow frozen soil category, the prefix T =
mean temperature, the prefix P = precipitation sum. The suffix c indicates current year while the suffix pr
indicates previous year. Thus, TMayc = mean temperature in the May during ring formation and
PJunAugpr = precipitation sum during the Jun-Aug in the year prior to ring formation.
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Table 2.S5. Variance ± 1 standard deviation explained by the random effects in the two species

final models as well as the variance remaining in the residuals. As random effects, we had

intercepts for mini-grids and years as well as an intercept and slope for an autoregressive (AR1)
term by individual tree.

Random Effect
Tree
AR1 by tree
Year
Minigrid
Residuals

P. mariana
20.317 ± 4.518
0.772 ± 0.879
0.014 ± 0.117
0.001 ± 0.033
0.051 ± 0.226

P. glauca
23.704 ± 4.867
0.702 ± 0.838
0.011 ± 0.105
0.004 ± 0.066
0.050 ± 0.222
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Chapter 3 . Stand basal area and solar radiation amplify white spruce climate sensitivity
in interior Alaska: Evidence from carbon isotopes and tree rings 2
1F1F

Abstract
The negative growth response of North American boreal forest trees to warm summers is well

documented and the constraint of competition on tree growth widely reported, but the potential

interaction between climate and competition in the boreal forest is not well studied. Because
competition may amplify or mute tree climate-growth responses, understanding the role current
forest structure plays in tree growth responses to climate is critical in assessing and managing

future forest productivity in a warming climate. Using white spruce tree ring and carbon isotope
data from a long-term vegetation monitoring program in Denali National Park and Preserve we
investigated the hypotheses that 1) competition and site moisture characteristics mediate white

spruce radial growth response to climate and 2) moisture limitation is the mechanism for reduced

growth. We further examined the impact of large reproductive events (mast years) on white
spruce radial growth and stomatal regulation. We found that competition and site moisture
characteristics mediated white spruce climate-growth response. The negative radial growth
response to warm and dry early- to mid-summer and dry late-summer conditions intensified in
high competition stands and in areas receiving high potential solar radiation. Discrimination

against 13C was reduced in warm, dry summers and further diminished on south-facing hillslopes
and in high competition stands, but was unaffected by climate in open floodplain stands,
supporting the hypothesis that competition for moisture limits growth. Finally, during mast

years, we found a shift in current year's carbon resources from radial growth to reproduction,

Nicklen, E.F., C.A. Roland, A.Z. Csank, M. Wilmking, R.W. Ruess, L.A. Muldoon. 2019. Stand basal area and
solar radiation amplify white spruce climate sensitivity in interior Alaska: Evidence from carbon isotopes and tree
rings. Global Change Biology 25: 911-926.
2
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reduced 13C discrimination, and increased intrinsic water use efficiency. Our findings highlight
the importance of temporally variable and confounded factors, such as forest structure and

climate, on the observed climate-growth response of white spruce. Thus, white spruce growth
trends and productivity in a warming climate will likely depend on landscape position and

current forest structure.
Introduction

Forest structure and demography are changing with a warming climate. Widespread increases in

tree mortality have occurred in the western US (van Mantgem et al., 2009) and Canada (Peng et
al., 2011; Luo & Chen, 2015; Zhang et al., 2015), reducing stand basal area and shifting stand

age. Changing disturbance regimes associated with climate warming further alter forest structure
and demography (Johnstone et al., 2010a; Barrett et al., 2011). Forest structure and demography
are a product of, and feed back to tree growth, death, and recruitment rates. In particular,

competition is known to have large, often species-specific (Aakala etal., 2013; Fernández-de-

Uña etal., 2015), effects on tree growth, recruitment and mortality (Coomes & Allen, 2007;

Cortini et al., 2012; Zhang et al., 2015; Alam et al., 2017; Trugman et al., 2017). Nonetheless,
competition is frequently not considered in tree climate-growth analyses, though it has been
getting more attention recently in a variety of forest types around the world (Piutti & Cescatti,
1997; Cortini et al., 2012; Ruiz-Benito et al., 2014; Fernández-de-Uña et al., 2015, 2016; Alam

et al., 2017) including in the boreal forest in interior (Trugman et al., 2017) and southwest
Alaska (Wright et al., 2018). Studies of productivity in mature stands in boreal forests have

found negative growth responses to warm summer temperatures (Barber et al., 2000; Angert et
al., 2005; Bunn & Goetz, 2006; Huang et al., 2010; Beck et al., 2011; Juday & Alix, 2012; Lloyd

et al., 2013; Walker & Johnstone, 2014; Zhang et al., 2015; Juday et al., 2015; Girardin et al.,
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2016; Jiang et al., 2016; Sullivan et al., 2017), though these climate growth responses can be
variable within (Wilmking et al., 2004, 2006) or across site physical (Nicklen et al., 2016),
vegetative (Bunn & Goetz, 2006) and regional (Lloyd & Bunn, 2007; Hellmann et al., 2016)

conditions.

Though the negative growth response of non-treeline boreal spruce forests to warm

growing seasons is well documented (Barber et al., 2000; Juday & Alix, 2012) and the strong
negative effect of competition on tree growth is known, the likely interactive effect of

competition on climate growth responses is poorly studied. The potential interactive effect of
competition and climate may confound our understanding of climate-growth responses (e.g.,
negative growth responses attributed to climate may be partially related to stand competition

levels), but if quantified, may elucidate unexplained variability in climate-growth response

within and across boreal forest stands. The potential interactive effect between competition and

climate may result in unexpectedly amplified or muted growth responses to climate affecting the

future structure and demography of the boreal forest. This gap in our understanding of boreal
forest climate-growth relationships is of particular concern for two reasons. First, the climate is

warming at a faster rate in high latitude forests compared to lower latitude forests (Hinzman et
al., 2005; IPCC, 2014) and the unknown interaction of this warming with tree growth presents

greater uncertainly about future boreal forest structure and function. Second, the boreal forest
represents nearly a third of the world's forests (Kuusela, 1990) and 22% of the carbon storage on

Earth's land surface (IPCC, 2014). Thus, the growth response of trees in the boreal forest to

climate change will greatly affect the future footprint of the boreal biome, carbon dynamics
(Shaver et al., 1992; Cox et al., 2000; Chapin et al., 2009; Koven, 2013) and albedo (Betts &
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Ball, 1997; Bonan, 2008; Euskirchen et al., 2009) and influence habitat for flora and fauna over
large areas.
White spruce (Picea glauca) is vulnerable to decreased water availability (Yarie et al.,
1990; Barber et al., 2000; McGuire et al., 2010; Yarie & Van Cleve, 2010). Thus, white spruce

in high basal area stands, where competition for water may be increased, could suffer

exacerbated drought stress during warm, dry growing seasons relative to spruce in more open
stands with less competition. Indeed, white spruce growth response to climate in western Canada

was reduced when growing in stands with high aspen basal area (Cortini et al., 2012). Similarly,
the correlation between growth and temperature for European beech changed from positive to

negative as competition increased (Piutti & Cescatti, 1997). In central Canada, climate enhanced

conspecific competition increased mortality in Pinus banksiana and Populus tremuloides (Luo &
Chen, 2015). There is some evidence for similar climate-competition interactions for white

spruce in interior Alaska: growth was negatively correlated with soil moisture deficit in un
thinned, but not thinned stands (Yarie et al., 1990) and more positively associated with

precipitation in mature forests than in open treeline stands (Ohse et al., 2012).
Stable carbon isotopic ratios in tree rings record the balance between stomatal

conductance and photosynthetic rate (Farquhar et al., 1982; Francey & Farquhar, 1982)
providing annually resolved information about physiological responses to environmental
conditions (McCarroll & Loader, 2004). Thus, environmental conditions that influence stomatal

conductance (soil water availability, vapor pressure deficit) and photosynthesis (air temperature,
nutrient availability, irradiance) will also be recorded in the isotopic ratios of tree rings. During

photosynthesis, ribulose-1,5-biphosphate carboxylase/oxygenase discriminates against the

heavier 13C in favor of 12C contributing to a lower 13C to 12C ratio (δ13C) in the leaves and wood
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of trees than in the atmosphere (Farquhar et al., 1982). When drought stressed, trees limit water
loss from transpiration by closing stomata, which also limits the atmospheric CO2 available for
photosynthesis, forcing increased assimilation of 13C during carboxylation and leading to greater

intrinsic water-use efficiency (iWUE). Carbohydrates produced under drought stress conditions

have a higher δ13C value reflecting less 13C discrimination (Δ13C) and higher iWUE. This
drought stress signature is preserved within the annual growth rings of trees. Arctic treeline

white spruce stomatal closure has been observed in response to high vapor pressure deficit and is

exacerbated by limited soil water availability (Sullivan & Sveinbjornsson, 2011). In Alaska and
western Canada, white spruce carbon isotopic ratios are also correlated with temperature (Barber

et al., 2000; Porter et al., 2009; Holzkamper et al., 2012; Csank et al., 2016) and relative
humidity (Porter et al., 2009).

In this study we investigate potential interactive effects of competition as well as site
moisture characteristics with climate on white spruce radial growth and stomatal regulation.
Using tree ring and carbon isotope data from a long-term vegetation monitoring program in
Denali National Park and Preserve (see Roland et al. 2013) we address the hypotheses that 1)

white spruce growth response to climate can be mediated by stand competition and site moisture

characteristics and 2) moisture limitation is the mechanism for reduced growth in warm, dry
years. If competition does mediate climate growth responses, we expect radial growth will have a
less positive or more negative response to warm, dry growing seasons in high competition stands

compared with radial growth in open stands. If competition for water (as opposed to nutrients or
light) is driving the reduction in radial growth, we expect reduced ring growth and decreased 13C
discrimination (and increased iWUE) during warm, dry growing seasons in dry versus moist sites
and in high versus low competition stands. If competition for nutrients or light limits growth
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rather than competition for water, photosynthesis may be reduced relative to stomatal
conductance, and we expect reduced radial growth in high BA sites in concert with either no
change in or increased Δ13C (and decreased iWUE).

Materials and methods
Study area
The 1.28 million ha study area is situated in south-central interior Alaska within Denali National
Park and Preserve (DNPP), almost entirely on the north side of the Alaska Range within DNPP

(center near 63°41'N, 150°25'W; see Roland et al. 2013). The area includes steep Alaska Range
hillslopes > 2400 m elevation, foothill ranges and extensive lowland basins. Permafrost is
continuous to discontinuous in the lowland basins and discontinuous to sporadic in the Alaska

Range (Clark & Duffy, 2006). The study area experiences a continental climate with very cold,

dry winters and short, warm summers. Temperature and precipitation are variable across the
study area, which spans two climate regions (Bieniek et al., 2012). Mean January temperatures
are ~ -22°C in the lowland basins in the NW end of the park and ~ -12°C in the Alaska Range.

Mean July temperatures are ~16°C in the basins and ~ 8°C in the Alaska Range (1971-2000

monthly PRISM averages; Daly 2009). Annual precipitation sums range from less than 400 mm
in the lowlands to over 1000 mm in the mountains (1971-2000 monthly PRISM averages; Daly

2009), with the majority falling in June through August (Sousanes, 2008). Fire return intervals in
the most fire prone area of the park, the NW lowland basin, are around 200-300 years (Kasischke

et al., 2002). Fires are much less frequent at higher elevations.
Six tree species occur in our study area: white spruce (Picea glauca), black spruce (Picea
mariana), Alaska birch (Betula neoalaskana), trembling aspen (Populus tremuloides), balsam
poplar (Populus balsamifera), and tamarack (Larix laricina; Roland et al., 2013). Of these, white
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and black spruce are by far the most frequent and abundant trees in the study area. White spruce

occupies 32% of plots in the study area with a mean basal area (BA) for occupied plots of 6.0
m2/ha and occurs in a wide range of topographic positions, including being the most common
treeline species in DNPP (Roland et al. 2013). The highest BA white spruce stands occur on

warm, well-drained south-exposed mid-elevation slopes, in permafrost-free terrain. Black spruce
occurs in 27% of plots with a mean BA of 1.0 m2/ha for occupied plots and is generally restricted
to the lowland basins and hills in DNPP primarily in areas affected by permafrost (Roland et al.

2013). The remaining four tree species each occur in 13% or fewer plots in the study area and are

relative habitat specialists (Roland et al. 2013). Alaska birch and trembling aspen are strongly
associated with burned areas, where aspen occurs in the warmest and driest sites. Balsam poplar
is primarily found along rivers and in gravelly soils, and tamarack is found within a subset of

black spruce habitat, generally in wet areas
Study design
As a part of the National Park Service's inventory and monitoring program, a systematic

sampling grid was established across the study area (Roland et al., 2004, 2013). Grid spacing

was 20-km, but with 10-km spacing within 6 km of the one park road (Fig. 3.1). At each grid
intersection was a “mini-grid” consisting of five rows of five plots spaced 500 m apart. Each of
the 25 points within a “mini-grid” entailed a circular 16 m diameter plot and an outer meta-plot
extending another 10 m in radius.

At each plot we measured a suite of topographic, edaphic, and vegetative variables

(details in Roland et al. 2004, 2013). In addition to slope angle, elevation and aspect, we

recorded the diameter of each tree species at 1.37 m above ground level (DBH) within the plot
and calculated plot basal area (BA; m2∕ha). We used point intercept transects to estimate percent
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tall shrub cover. At four cardinal directions within the meta-plot, we dug soil pits where, in
addition to collecting soil for physical and chemical analysis, we measured the depth of the

living mat and the soil organic layer (SOL) and recorded soil temperature at 10 cm below soil

surface. We classified plots as either having growing season shallow frozen soil (GsSFS) or not.
A plot was considered to have frozen soil during the growing season if the average of 16 soil

depths measured within each plot using a 130-cm soil probe was less than 50 cm and we found
ice in at least one of the four soil pits or if the four soil temperatures taken at the plot were all <

1°C. Otherwise, the plot was classified as free of near surface frozen soil during the growing
season. We obtained potential solar radiation receipts for each of our plot locations using the

Solar Analyst tool in ArcGIS 10.0 (Dubayah & Rich, 1995), which incorporates slope angle,
aspect, latitude, sun angle, and surrounding landscape (based on the United States Geological
Survey 60-m digital elevation model from the national Elevation Dataset) into monthly radiation

value estimates (Rich et al., 1994). We summed the monthly values into one potential solar
radiation estimate per plot. We assigned each plot one of five lithology categories (bedrock,

alluvium, drift, Nenana gravels, and eolian) based on the Denali Soil Map (Clark & Duffy,
2006). Sampling occurred between 2003 and 2010 during the months of June, July, and August.
Tree sampling

Of the 43 mini-grids and 1107 plots sampled, we cored and cross-dated 357 white spruce trees
10,347 growth rings) from a total of 26 mini-grids and 160 plots. We cored the largest tree
within each of the four quadrants of the meta-plot, though often there were fewer than four trees
to core or the trees were too small to core (<5 cm at 1.37 m from ground surface; see Fig. 3.S2

for size bias in cored trees). Many of the plots contained no trees as they were above treeline, too

wet or too recently disturbed. We extracted penetrating cores whenever possible and cored as
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low to the ground as possible while avoiding bole deformities. Dried, mounted and sanded cores
were measured to the nearest 0.001 mm and cross-dated (see Nicklen et al. 2016). Dating was

validated with COFECHA and the Dendrochronology Program Library in R (dplR, Bunn, 2008;
Bunn & Korpela, 2016). We averaged replicate rings widths from individual trees by year. We

used ring widths and tree radius to calculate basal area increment (BAI), an estimate of the area

of wood produced by each tree in each year of growth (Nicklen et al., 2016). Because we were

interested in the effect of biotic variables on growth, and biotic variables (moss depth, stand
basal area) change over time, we limited our ring width sample to within 30 years of the

sampling date as a balance between sample size and changing site conditions. The earliest years
considered in our sample ranged from 1974 to 1981.

We selected six trees from each of two mini-grids for additional carbon isotope analysis

(Fig. 3.1). To target our interest in competition and drought stress we selected trees and mini
grids based on: 1) capturing a large gradient in tree BA across the plots (competition proxy), 2)
one mini-grid was to be located in a floodplain and the other on a south-facing hillslope and 3)

other variables such as tree age and size, elevation and general mini-grid location were to be kept
as similar as possible, such that BA and site moisture were the focal covariates (Fig. 3.1, Table
3.S1). All selected trees were cored in 2009 or 2010 and Δ13C analysis was conducted on each

ring with sufficient wood going back to 1980. Each ring was sampled using a Foredom flexshaft
drill (Foredom Electric Company, Bethel, CT, USA) fixed in place under a microscope. Samples
were subsequently processed to α-cellulose using the modified version of the Brendel et al.

(2000) method recommended by (Anchukaitis et al., 2008). Samples were weighed into tin
capsules and analyzed for δ13C using a Delta V Advantage with EA in the Organic

Biogeochemistry Laboratory at the University of Notre Dame. The combustion reactor was run
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at 1000C', reduction reactor at 650oC, with the column at 65oC. Each run took 450 seconds with
three reference gas peaks run at the beginning and end of the run (N2 at the beginning, and CO2

at the end). The CO2 ran with a 75% dilution. Analytical precision was 0.2‰. Carbon isotope
discrimination (Δ13C) was calculated as:

Annual estimates of δ13Ca is the δ13C value of atmospheric CO2 obtained from flask data
collected at Point Barrow station for the years 1982 to 2009 (Keeling et al., 2001) and from

McCarroll and Loader (2004) for 1980 and 1981. δ13Ctree is the value of δ13C measured from
tree-ring cellulose for a given year. We calculated intrinsic water use efficiency (iWUE) using
two equations, from Farquhar et al. (1982):

where a is the fractionation of 13CO2 relative to 12CO2 during diffusion (4.4‰), b is the

biochemical fractionation during photosynthesis (27‰), and ci/ca is the ratio of CO2 inside the
leaf to CO2 in the atmosphere. Solving for ciand using the ratio of diffusivities of water vapor
and Ca we calculate iWUE (Farquhar et al., 1989):

Model covariates
We focused on site and tree variables expected to represent or influence competition and
moisture availability, but additionally included variables known to influence white spruce growth

in DNPP (Table 3.1). Conifer BA was our primary metric of competition. Although BA is a

measure of stand productivity, it has also been successfully used as a measure of plot crowding
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as it integrates both stand density and tree size (Martin & Ek, 1984; Trugman et al., 2017). We

focused on within conifer competition for two reasons. First, competition within species or
among congeners (e.g. Picea glauca and Picea mariana) is expected to be more intense than

interspecific competition as different species or functional groups differ in resource use and
phenology (Man & Lieffers, 1999). Second, there was considerably more conifer basal area

across our study than broadleaf basal area (Table 3.1, Roland etal., 2013) making this dataset
unsuitable for testing white spruce-broadleaf competition.. We did include broadleaf basal area

as a main effect to account for those few areas where there was high broadleaf BA. We included
individual tree DBH both as a measure of tree relative dominance and as a potential variable in

drought stress susceptibility, as larger trees can be more sensitive to drought than smaller trees
(Bennett et al., 2015). We assessed tall shrub cover as a possible competition factor as tall shrubs
have been found to negatively affect white spruce growth (Cortini & Comeau, 2008). We
evaluated plot slope angle and potential solar radiation estimates as site variables that may

influence site moisture balance and tested depth of living mat and SOL as variables likely to
influence soil moisture availability and climate-growth responses (Drobyshev et al., 2010;
Gewehr et al., 2014). Finally, we considered several variables known to influence white spruce
growth in DNPP as main effects only: ring age (ring count), lithology type, and the presence or

absence of growing season shallow frozen soil (Nicklen etal., 2016). We modeled ring age as a

cubic function to account for growth trends related to age (Nicklen et al. 2016). We also included

a binary variable to indicate mast seeding years in spruce as mast years are strongly associated
with reduced radial growth of that year (Juday et al., 2003). Mast data were based on records

from interior Alaska (Juday et al., 2003; Roland et al., 2014).
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We considered the following climate variables: mean vapor pressure deficit (VPD) from
June-July and August of the previous growing season and from May and June-July of the current

growing season (Table 3.2). We also considered precipitation sums from the same time periods,
as well as from the winter season (October-April) prior to ring formation. These data are

downscaled and spatially interpolated climate data provided by Scenarios Network for Alaska
and Arctic Planning (SNAP 2014; Retrieved in 2014 from https://www.snap.uaf.edu/tools/ datadownloads; temperature and vapor pressure from CRU TS 3.1, precipitation from CRU
TS3.1.01) for the years 1974-2009. The climate data are estimates of historical monthly climatic

variables for any given locale in Alaska at 1-km resolution. SNAP downscaled monthly climate
data for Alaska to a finer grid resolution using PRISM (Parameter-elevation Relationships on

Independent Slopes Model) which integrates location, elevation, coastal proximity, topographic
variables, vertical atmospheric layer, and orographic effectiveness of the terrain (Daly et al.,

2008). For each plot and each year for which we had tree-ring data within 1974-2009, we

extracted the monthly mean vapor pressure (hPa), temperature (°C) and precipitation sum
(mm). We used the temperature data (Temp) to calculate mean monthly saturated vapor pressure
(SVP) in hectoPascals (hPa) from Murray, (1967):

We then subtracted the mean monthly vapor pressure (VAP) value to obtain mean monthly vapor

pressure deficit (VPD = SVP — VAP). Nonlinear climate-growth relationships have been found
for white spruce (D'Arrigo etal., 2004; Wilmking et al., 2004; Lloyd etal., 2013; Nicklen etal.,

2016; Sullivan etal., 2017), thus, we included nonlinear (quadratic) VPD terms (Table 3.2). As

gridded precipitation data can be imprecise (McAfee et al., 2014), we included only linear
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precipitation-growth relationships to minimize detecting spurious precipitation-growth

relationships.
Modeling climate-competition effects on white spruce radial growth (full DNPP tree sample)

We used linear mixed effects models to quantify the effect of competition-climate and site
moisture-climate interactions on the BAI of white spruce. We log-transformed BAI and
standardized continuous model covariates to have a mean of zero and a standard deviation of

one. Thus, model coefficients were standardized and comparable. Because of the complexity of
variables involved, we used a three stage approach to model development. In the first stage we

established a “base” model by comparing models with the essential factors contributing to radial
growth (ring age, tree size, reproductive effort, climate variables, and competition effects) and

then tested whether the inclusion of climate-competition interactions improved model fit. Thus,

we tested models with different ring age curves and iteratively included mast year, tree DBH,
climate variables, conifer and broadleaf BA, and conifer BA in two-way interactions with
climate variables. The model with the lowest AICc was selected as the best “base 1” model; it

included a cubic ring age term, mast year, DBH, climate variables, broadleaf BA and climate
conifer BA interactions (Table 3.S2). The “base 1” model also contained two random effects: 1)
mini-grid ID to account for spatial non-independence of plots, and 2) an individual-specific

autoregressive (AR1) term to account for temporal autocorrelation and differences among
individual trees. In the second stage of model selection, we tested our hypothesis that model fit

would be improved by adding climate interactions with site factors associated with drought stress
as well as adding main effects known to influence white spruce growth in DNPP (Table 3.1).

Thus, we tested whether including climate interactions with tree DBH, percent tall shrub cover,
plot slope angle, potential solar radiation, living mat depth, or SOL improved the “base 1”
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model. We tested a set of 88 competing models (Table 3.1, Table 3.S2). For model simplicity,

we limited the number of terms interacting with climate to two in a single model, one of which

was always conifer BA, and we excluded quadratic terms from interactions with the aim of
maintaining a sample size of approximately 10 sampled trees per model covariate. We found the
addition of climate interactions with potential solar radiation, percent shrub cover, tree DBH,

living mat depth, and SOL all improved the base model of BAI (lowered AICc); however, the
addition of potential solar radiation-climate interactions produced the greatest reduction in AICc

(Table 3.S2). Thus, we selected potential solar radiation as the second variable (after conifer BA)
to interact with climate terms. In stages 1 and 2, we used the full suite climate variables, while in

stage 3 we assessed which of the climate variables and interactions should be in the final model.
We compared 50 models with different combinations of climate variables interacted with conifer

BA and potential solar radiation (Table 3.S3). We also tested including some quadratic terms in
the interaction terms. The final selected model was the most parsimonious model with an AICc

value within 2 points of the lowest AICc value (Table 3.S3).

Relationship among climate-competition effects, site, Δ13C, iWUE and radial growth in a subset
of the DNPP tree sample

Our goals in the analyses of a subset of trees selected from a floodplain and south-facing
hillslope were to 1) model the relationship of Δ13C and iWUE in tree rings to mean June-July
VPD, conifer BA, and site location (floodplain vs hillslope), 2) determine whether radial growth

response to climate and competition in these selected trees was similar to the overall sample, and
3) examine the relationship between radial growth and possible drought stress signals (Δ13C and
iWUE). We began by modeling Δ13C and iWUE as a function of mean June-July VPD interacted

with conifer BA and site. We included tree ID as a random effect. The iWUE model additionally
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included a term to account for the linear increase in iWUE over time. We then fit the same model
to log-transformed BAI averaged over two years. We chose the mean of BAI concurrent with

and following the current growing season year as radial growth is often related to conditions in

both the current and previous growing seasons. Finally, we modeled the two-year BAI average as

a function of Δ13C interacted with conifer BA and site and separately as a function of iWUE
interacted with conifer BA and site. The models of BAI included a tree-specific autoregressive
(AR1) term to account for temporal autocorrelation and differences among trees. Tree age can
significantly affect both growth rates as well as δ13C values (McCarroll & Loader, 2004; Sullivan

etal., 2017). For this reason, we tested including ring age in each of the models (Table 3.S4).

Continuous model covariates were standardized to have a mean of zero and a standard deviation
of one. Thus, model coefficients were standardized and comparable.

We fit all mixed-effects models using the lme4 package (Bates et al. 2015, version 1.1
14) in program R (R Core Team 2017, version 3.4.2). The correlation coefficients among model

covariates were all between -0.6 and 0.6 (Fig. 3.S3). Residuals from each selected model were
assessed for violations of normality, homoscedasticity, and temporal autocorrelation using the
DHARMa package in R (Hartig, 2018). Residuals from models conformed to all model

assumptions, save those from the full dataset BAI model, which showed some departure from
normality (Fig. 3.S4). Variables in the selected models were considered interpretable if the 95%

confidence intervals (estimate ± 1.96 × SE of estimate) around the estimate did not overlap zero
or were not within 0.001 of zero. AICc values and conditional and marginal R2 values were

calculated with the Multi-Model Inference package (Barton, 2017, version 1.40.0)
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Results
Climate-competition effects on white spruce radial growth (full DNPP tree sample)

The addition of climate-competition interaction variables to the base climate model significantly
improved model fit as measured by AICc (Table 3.S2). The inclusion of climate interactions with
potential solar radiation, percent shrub cover, tree DBH, living mat depth, and SOL all improved
the base model of BAI, but potential solar radiation-climate interactions produced the greatest

reduction in AICc (Table 3.S2). Thus, in the final model we selected potential solar radiation as
the second variable (after conifer BA) to interact with climate terms. The estimated effects of

covariates included in the final model on BAI are described below.
The estimated mean white spruce BAI from the final selected model, for the period of
observation, 1974-1980 to 2003-2009, was 330 mm2∕yr. Living mat depth, potential solar

radiation and plot slope angle were negatively related to annual radial growth (Table 3.2). Thus,
an increase of +2SD above the mean for each value would be expected to reduce annual BAI by
11%, 8%, and 7%, respectively. Additionally, radial growth was reduced by an estimated 8% in

mast years relative to non-mast years. Radial growth was similar across lithology types except
for eolian soils (loess), which were associated with high radial growth. Unsurprisingly, tree DBH

was positively associated with radial growth. Plot conifer BA alone had no overall influence on
radial growth (but see interactive effects below), while broadleaf BA +2SD above average was

associated with an estimated 10% increase in white spruce annual radial growth (Table 3.2).
Without considering interactive effects, the climate conditions associated with the highest
estimated BAI were low mean VPD values in June-July in the year prior to ring growth,
followed by wet prior-year August conditions and low winter precipitation, low or high mean

May VPD, and current June-July VPDs near or slightly above average. Only winter precipitation
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and mean June-July VPD in year of ring formation showed no interactive effects with conifer

BA or solar radiation. Estimated BAI decreased with increasing winter precipitation (Table 3.2).
It may be that high snow cover is related to shorter growing seasons or growing seasons shifted
to later in the spring/summer when drought stress is greater. Growth response to current and
previous June-July VPD was non-linear. White spruce BAI was predicted to increase with

current year June-July VPD until an estimated 7.5 hPa, above which BAI decreased (Table 3.2,
Fig. 3.S5). In contrast, BAI was predicted to decrease strongly with increasing previous year

June-July VPD, but at VPD values above 9 hPa BAI no longer decreased with increasing VPD

(Fig. 3.2).
Increasing conifer BA was predicted to amplify the negative effects of previous August
drought and June-July VPDs on white spruce radial growth (Fig. 3.2A, Table 3.2). Specifically,
BAI increased from an estimated 300 mm2∕yr to over 400 mm2∕yr with increasing precipitation
levels in high conifer BA stands, while white spruce in open stands was only predicted to

increase BAI from an estimated 325 to 350 mm2∕yr under the same August precipitation gradient

(Fig. 3.2A). Similarly, white spruce growing in high conifer BA stands were more sensitive to
previous mean June-July VPD than trees in low conifer BA stands (Fig. 3.2B).

Current year May precipitation was positively associated with BAI in high potential solar

radiation (south-facing slopes with no sun-obstructing topography) sites, but negatively

associated with BAI in low solar radiation sites. In years with dry May conditions, BAI varied an
estimated 75 mm2∕yr depending on site potential solar radiation receipts, while in wet May
conditions estimated radial growth was nearly uniform across the range of site solar radiation
levels (Fig. 3.2C). White spruce growth in low solar radiation sites was predicted to benefit the

most from high mean May VPD, while white spruce in high solar radiation sites reduced BAI in
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years with high mean May VPD (Fig. 3.2D). White spruce in low solar radiation sites showed
the lowest estimated radial growth when May VPD was average, while growth was higher in

either cool (low VPD) or warm (high VPD) years. Counterintuitively, previous year August
precipitation benefited white spruce more in low rather than high solar radiation sites. It is
possible white spruce growth in high solar radiation sites ceases for the year before these trees
can benefit from August rainfall. Alternatively, August rainfall may run off and/or evaporates in
high solar radiation sites before it is available for next year's growth.

Relationship among climate-competition effects, site, Δ13C, iWUE and radial growth (subset of
DNPP tree sample)
Discrimination against 13C (Δ13C) in annual tree rings was predicted to decrease with increasing

current mean June-July VPD values and during mast years (Table 3.3, Fig. 3.3), but was not
influenced by estimated ring age (Table 3.S4). Stand competition (conifer BA) and site

(floodplain vs hillslope) had no direct influence on Δ13C levels; however, Δ13C was more
sensitive to mean June-July VPD in high versus low conifer BA stands and in hillslope versus

floodplain trees (Table 3.3, Fig. 3.3). Patterns in iWUE were the inverse of those for Δ13C (Table

3.3).

The two-year BAI mean (mean of current and subsequent year BAI) was predicted to

decrease with increasing current mean June-July VPD and with mast year (Table 3.3). Unlike the
larger DNPP sample, radial growth in this subset was directly and negatively related to conifer
BA and showed no variation in response to summer VPD across gradients of conifer BA or site

location. The average two-year BAI mean from the floodplain trees was an estimated 50% larger
than the hillslope trees. For context, the mean BAI from the six floodplain and hillslope plots

was 311% and 184% larger than the mean BAI from the entire DNPP sample, respectively.
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These were both relatively productive areas, with the floodplain site being the most productive in
the DNPP sample (Fig. 3.S1). The relationship between the two-year BAI mean and Δ13C was

not significant, though there were some apparent trends. These same trends, though in the

inverse, were significant in the relationship between 2-year BAI mean and iWUE. The 2-year
BAI mean generally decreased with increasing iWUE, but this negative trend was amplified by

stand competition and strongly dependent on site location (Fig. 3.3C-D). While trees in the
hillslope site significantly decreased growth with increasing iWUE, trees in the floodplain site

showed only minor growth decreases with increasing iWUE and only at the highest stand

competition levels. At low stand competition levels, floodplain trees actually increased growth
with increasing iWUE (Fig. 3.3C).

Discussion
We found that white spruce climate-growth response was contingent on stand BA and site

moisture characteristics. High competition (stand BA) and high potential solar radiation
intensified the negative BAI response to warm and dry early to mid-summer and dry late summer

conditions. The results of our carbon isotope analysis supported the hypothesis that moisture
limitation is the mechanism for reduced growth in warm dry years, particularly in high

competition stands and in the drier portions of the landscape. Discrimination against 13C
diminished with high June-July VPD and this response was amplified in trees on south-facing
hillslopes and in high BA stands, in keeping with our hypothesis. In productive locations where

competition for water may not be limiting, however, we report evidence that growth is positively
related to increased iWUE. Finally, during mast years, we found decreased radial growth,

reduced 13C discrimination, and increased intrinsic water use efficiency. Our findings
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demonstrate the significant role of temporally variable and confounded factors, such as forest
structure and climate, on the observed climate response of white spruce in interior Alaska.

We found tree growth was interactively influenced by factors related to succession (moss
depth and conifer BA), tree aging, and climate. This confounded and interacting nature of
climate change and other directionally changing factors on tree growth has several implications.

First, disentangling growth trends related to successional processes and tree aging from growth
trends related to climate change requires a sampling design that encompasses a wide range of

tree ages and sizes growing in similar sites (Bowman et al., 2013) and analysis procedures that
account for the influence of succession or tree aging on growth (e.g. utilizing appropriate
detrending methods or including age-related growth curves and succession-related factors in
growth models). Our findings that growth declined with increasing moss depth and showed

greater declines in high conifer BA than low conifer BA stands in warm, dry summers, suggest

that if factors related to succession and tree age are not accounted for, the result will likely be

declining spruce radial growth rates over time and it will not be possible to discern whether this
is due to climate changes, succession, tree aging, or some combination thereof. This accords with
the finding that detrending methods influence the apparent growth trends in white and black

spruce (Sullivan et al., 2016, 2017). It is important to note that we did not explicitly examine
trends over time in this paper but found that site factors that do change over time significantly

influence white spruce climate growth responses.
Another implication of interacting climate and succession factors is that sampling

location is an important consideration when drawing inferences from the results of tree ring

studies. We found that white spruce in high conifer BA stands showed a more negative growth
response and decreased Δ13C to June-July VPD than white spruce in more open stands. Thus,
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studies conducted in mature, closed-canopy forests in interior Alaska may find more pronounced
white spruce growth responses to increasing summer drought than white spruce in young, open

canopy forests (e.g. Barber et al., 2000).
An important implication of the interactive effect of climate and stand BA is that the

maximum density of mature forests in interior Alaska may be reduced, such that a “fully

stocked” forest in a warmer and drier future could have a lower BA than in the past. If this were
the case, we would expect to see an increase in white spruce mortality in high BA stands

associated with warm, dry climate conditions. There is mixed evidence that this reduction in
stand BA is currently occurring. For example, Trugman et al. (2017) found white spruce

mortality in interior Alaska was associated with high spring temperatures and to a lesser extent,
July moisture availability, and competition, but found no evidence of increased mortality

between 1994 and 2013. It may be that this was too short a time period to detect change in

mortality rates. Indeed, longer term studies from Canada have found increased mortality rates for
white spruce and other boreal tree species resulting from competition (Luo & Chen, 2015; Zhang

et al., 2015) and drought (Peng et al., 2011). The inconsistent or uncertain evidence of increased
white spruce mortality may indicate that other factors are countering the negative impacts of

increasing summer drought and successional processes such as shifting foliage to root ratios,
and/or increasing atmospheric CO2 (Angert et al., 2005; Sullivan et al., 2017). It may also be that
long term, competition-induced increases in tree mortality in high basal area stands associated

with warm, dry conditions help counter the negative impacts of a warming climate in these

locations.
We show that trees in high BA sites are more sensitive to climate than those growing in
more open stands. The greater climate sensitivity of trees in mature, high competition sites may
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increase vulnerability to disease and insect induced mortality (Mcdowell et al., 2008; Anderegg

et al., 2015; Csank et al., 2016; Cahoon et al., 2018) and reduce resilience to disturbance
(Johnstone et al., 2010b) relative to trees in younger, less drought-stressed stands.
Mast years, years with high cone and seed production, are recorded as relatively narrow

rings in white spruce tree ring series (Juday et al., 2003). A novel and noteworthy result of our
work is that mast years are recorded as particularly low Δ13C and high iWUE values in white

spruce tree rings in DNPP. Similarly, current year shoots in Fagus crenata showed 13C
enrichment during fruiting (Han et al., 2016). Reduced radial growth during mast years is likely
due to a shift towards reproduction at the expense of stem growth. It is possible the reduced Δ13C
and increased iWUE during mast years is a result of increased photosynthesis and/or greater

stomatal closure resulting from the high demand for photosynthate and water required for cone
and seed maturation. This pattern could also result from a shift in the timing of resource

allocation, with reproductive effort occurring early in summer when water is more available and
wood production occurring later when temperatures are higher and drought stress is greater.

There is some evidence from temperate trees that nutrients for cone and seed production come
from multi-year accumulated reserves, but that carbon comes from current year photosynthesis
(Han & Kabeya, 2017). That both radial growth and Δ13C are reduced in the mast year supports
the idea that current year's carbon, and not stored carbon is being redirected from radial growth
to reproduction. Given that masting events in white spruce are climatically driven (Krebs et al.,

2012; Roland et al., 2014) and exert a tax on white spruce radial growth, there may likely be

future interactions or tradeoffs between growth and reproduction which may play out differently
across the landscape (Roland et al., 2014).
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Despite the very different site conditions (floodplain vs hillslope) and a large gradient in

conifer BA across the subset plots, the mean Δ13C and iWUE were not significantly different
between the floodplain and hillslope trees and across conifer BA levels (Table 3.3). This finding

is consistent with the set point theory of homeostatic gas exchange (Whitehead et al., 1984;
McDowell et al., 2006; Brooks & Mitchell, 2011). Under this theory, the floodplain and hillslope
trees in high and low conifer BA stands may have adjusted their architecture (e.g., leaf size,
sapwood porosity, root development) to maximize photosynthesis while minimizing risks of

cavitation (Tyree & Sperry, 1988; McDowell et al., 2006; Fernández-de-Uña et al., 2016) to
ultimately achieve a homeostatic level of Δ13C and iWUE. However, during hot, dry summers
Δ13C decreased and iWUE increased in trees in high competition sites relative to low

competition and in hillslope relative to floodplain, suggesting the former trees operate on a much
thinner safety margin (lower soil water potential) and close their stomata more quickly during

warm dry periods than the latter trees. The ability of white spruce to maintain a constant ratio
between water loss and photosynthetic gain across these disparate site conditions highlights the

phenotypic plasticity of these trees in the face of incrementally changing conditions; however,
the greater sensitivity of both growth and Δ13C of the trees on high competition, south-facing

slopes points to potential future break points in this plasticity.
In water limited environments, increasing summer drought is expected to lead to stomatal
closure, resulting in decreased Δ13C and reduced transpiration relative to photosynthesis, and

thus increased iWUE. Prolonged stomatal closure during drought conditions reduces carbon
uptake (Mcdowell etal., 2008; Sala etal., 2012; Sevanto et al., 2014). Given this, we expected
to see reduced BAI with decreasing Δ13C and increasing iWUE. In general, we found these

expected patterns, with one exception: floodplain trees in open stands increased growth with
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increasing iWUE. This finding suggests these trees may have increased iWUE as a result of
increased photosynthesis rather than decreased stomatal conductance. This highlights the need to
interpret iWUE in concert with growth patterns and not to assume it is metric of drought stress.

We emphasize these results are from a very small subset of trees from a productive floodplain
and cannot be extrapolated to the full landscape. Rather, these findings point to the highly
dynamic mosaic of tree growth responses to climate and importance of stand competition and

landscape position in mediating climate-growth responses.

We found a positive association between BAI and broadleaf BA. This is likely driven by
the site conditions associated with broadleaf species in DNPP that are also conducive to white

spruce productivity: deep active layers (Alaska birch), south-facing slopes (aspen), and river
terraces (balsam poplar; Roland et al., 2013). Further, soil temperatures and nutrient cycling may

be higher in areas with high broadleaf BA (Chapin et al., 2006). In broadleaf dominated forest

stands, high radiation input during spring thaws the ground earlier than in conifer dominated
stands (Chapin et al., 2006) and leaf litter inhibits moss development, keeping soils warmer than

in areas with thick living mats (Roland et al., 2016). Broadleaf trees, however, take up
considerably more soil water than coniferous trees (Young-Robertson et al., 2016), and thus,

could have a significant impact on white spruce climate growth relationship. Indeed, Cortini et

al. (2012) found this to be the case in mixedwood forests in western Canada. Because
broadleaved trees constitute a small fraction of the DNPP forest mosaic, we were unable to test
the effect of broadleaf BA on white spruce growth response to climate. This should be a focus of

future work in study areas with greater broadleaf presence and representation in different site
conditions than found DNPP.
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It is not surprising that we found that large diameter trees showed higher annual BAI than
small diameter trees. It is worth noting, however, that tree DBH had an effect size two to forty
times larger than the climate and interaction variables. Similarly, ring age also had a nearly two
to twenty-five-fold larger effect than climate and interaction variables. Our model results are

consistent with the finding that mass growth rate increases with individual tree size (Stephenson

et al., 2014; Foster et al., 2016) and that tree size and age have larger impacts on tree

productivity within a region than climate (Foster et al., 2016). The strong positive influence of

tree size on growth underscores the need to interpret climate-growth responses from within the
context of current forest physical structure. If predictions of forest productivity or carbon storage
were based only on dendroecological studies using dimensionless ring width indices to determine
climate-growth, the large and significant effect of current tree size and age would be lost

resulting in over-exaggerated climate effects on future productivity. There is likely some
interactive effect between climate and tree size as has been found with climate and tree age
(Szeicz & MacDonald, 1994; Carrer & Urbinati, 2011). We found including climate-DBH

interactive effects in our growth model improved the model fit (Table 3.S2), but for simplicity,
we only included interactions with the one variable in addition to conifer basal area that best
improved the model fit; thus climate-DBH interactions were not included in our final growth
model. Our understanding of white spruce growth in interior Alaska would benefit from an

explicit examination of climate and tree size interactions.
There are several limitations to our models of white spruce growth. First, our estimates of
growth are limited to stem growth. Thus, we are unable to determine if a change in radial growth

represents an overall change in productivity or a reallocation of carbon among stems, roots,
branch elongation or needles. We did, however, include reproductive effort into our growth,
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Δ13C, and iWUE models, which revealed significant trade-offs between radial growth and

reproduction as well as distinct Δ13C and iWUE patterns associated with masting. Second,
although our study design ensured a random sample of plot locations across the study area, at the

plot level our cored trees tended to be slightly larger than the average tree within the plot (Fig.

3.S2) indicating a tree-size bias. This bias may have led to an underestimated competition effect

in our model, assuming larger trees are less negatively affected by competition with smaller trees
and perhaps to an overestimated climate effect, assuming larger trees are more drought sensitive

than smaller trees (Bennett et al., 2015). Finally, we did not core dead trees, so our sample may

be affected by ‘modern sample bias'. However, because we limited the timeframe of our study to
30 years and our sample includes a large range in tree ages from a random placement of plots,
with relatively few dead trees, our sample should be relatively robust and buffered from some of

the biases associated with sampling only living trees.

In summary, we found stand BA mediates the influence of climate on the annual radial
growth of white spruce in DNPP, amplifying the negative effect of previous summer VPD and

moderating the positive influence of previous August rainfall. Our carbon isotope analysis

suggests the mechanism behind these modified climate-growth responses may be increased

competition for moisture in high basal area stands and dry sites. We also found that large
reproductive events (mast years) both reduce radial growth and strongly decrease Δ13C (and
increase iWUE) of white spruce trees, suggesting trade-offs between growth and reproduction
for current year's photosynthate. Our finding that high BA stands show greater sensitivity and

negative growth responses to warming climate conditions than open stands may ultimately
portend lower white spruce stand densities and increased vulnerability to insects and disease in

future interior Alaska mature forests. Our findings also point to the need for studies examining
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growth trends to address the confounded nature of climate change and other directionally

changing factors that influence tree growth (succession, tree aging, atmospheric CO2). Overall,
our results suggest highly dynamic individual tree growth responses to future climate change that

are dependent on both landscape position and stand competition and likely to result in feedbacks
on future forest structure.
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Figures

Figure 3.1. Map showing the location of sampled white spruce from mini-girids in the Denali
National Park and Preserve study area.
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Figure 3.2. Estimated white spruce annual basal area increment (BAI, mm2/yr) as a function of
live conifer basal area and previous year precipitation sum in August (a) and mean vapor
pressure deficit in June-July (VPD; b) as well as a function of potential solar radiation and
current May precipitation sums (c) and mean May vapor pressure deficit (d). Solar radiation, live
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conifer basal area and climate values span the range observed within the sample. Model
covariates not shown were held at mean values and a non-mast year is assumed.

Figure 3.3. Estimated Δ13C as a function of live conifer basal area and current year mean JuneJuly vapor pressure deficit (VPD; a, b), and estimated 2-year mean BAI as a function of live
conifer basal area and intrinsic water-use efficiency (iWUE; c, d) at the floodplain (a, c) and
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south-facing hillslope site (b, d). Model covariates not shown were held at mean values and a
non-mast year is assumed.

Tables
Table 3.1. Characteristics of covariates used in models of white spruce radial growth for the
entire DNPP sample (for characteristics of subset trees used in δ13C analysis see Table 3.S1).
Mean std. dev
Variable
Competition factors:
11.9
Conifer basal area (m2∕ha)
11.0
3.2
6.9
Broadleaf basal area (m2∕ha)
Shrub cover above 1.5m (%)
17.3
22.8
Drought stress/site moisture factors:
9.0
7.8
Slope angle (degrees)
Potential solar radiation (KWH∕m2†) 680.4 66.0
Live mat depth (cm)
4.2
3.3
14.0
7.6
Soil organic mat (SOL; cm)
22.7
9.7
Tree size (DBH, cm)
Factors known to influence P. glauca growth in DNPP:
NA
NA
Lithology (5 classes)
Growing season shallow frozen soil NA
NA
(GsSFS; binary)
Spruce mast year (binary)
NA
NA
116
57.4
Minimum age at time of coring
Climate factors:
182.9 67.8
Precip/snow Oct-Apr (mm)
5.5
1.1
VPD May* (hPa)
26.2
12.3
Precip. May (mm)
6.6
1.4
VPD Jun-Jul* (hPa)
152.6 58.7
Precip. Jun- Jul (mm)
4.0
1.2
VPD Aug* (hPa)
76.5
27.8
Precip. Aug (mm)

Min Max
Climate interaction tested?
0
66
Yes
0
35
No
0
88
Yes
1
486
0
1
5

36
839
21
30
54

Yes
Yes
Yes
Yes
Yes

NA
NA

NA
NA

No
No

NA
20

NA
343

57
2.3
6
2.3
51
1.1
20

No
No
Prev . and/or current year?
430
Current
10.1
Current
64
Current
11.8
Previous & current
419
Previous & current
8.9
Previous
172
Previous

Notes: Whether the site or tree covariate's interactive effect with climate was tested is indicated as well as
whether the climate variable used was for the year current with and/or previous to the year of ring
formation. †Solar radiation units are sum of kilowatt hours per square meter. *Quadratic terms evaluated
in competing models.
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Table 3.2. Standardized coefficient estimates for significant relationships between logtransformed white spruce BAI and covariates in final selected model.

Intercept
Age proxy
Age proxy2

5.799
-0.126
-0.043

Lower
95% limit
5.740
-0.155
-0.060

Age proxy3

0.017
0.047
0.224
-0.037
-0.039
-0.058
0.332
-0.088
-0.030
-0.015
0.016
0.017
-0.014
-0.071
0.021
0.010
0.028
-0.013
-0.005
0.009
-0.008
-0.011
0.010

0.011
0.007
0.188
-0.072
-0.067
-0.086
0.185
-0.101
-0.036
-0.022
0.012
0.008
-0.018
-0.081
0.016
0.004
0.022
-0.021
-0.009
0.004
-0.013
-0.019
0.005

Covariates and interactions

Broadleaf BA
DBH
Plot slope
Potential solar radiation
LiveMat_cm
Eolian lithology
Mast Yr
Precip/snow current Oct-Apr
VPD current May
VPD current May2
VPD current Jun-Jul
VPD current Jun-Jul2
VPD previous Jun-Jul
VPD previous Jun-Jul2
Precip previous Jun-Jul
Precip previous Aug
VPD cur. May x Solar rad.
VPD cur. May2 x Solar rad.
Precip. Cur. May x Solar rad.
Precip. Prev. Aug x Solar rad.
Conifer BAxVPD prev.Jun-Jul
Conifer BA x precip prev. Aug

Estimate

Upper
95% limit
5.858
-0.096
-0.026
0.023
0.086
0.260
-0.001
-0.010
-0.031
0.478
-0.074
-0.024
-0.009
0.019
0.027
-0.010
-0.061
0.025
0.016
0.033
-0.006
-0.001
0.014
-0.003
-0.004
0.016

Notes: Covariates were scaled to have a mean of zero and a standard deviation of 1; thus, effects are
relative. The marginal and conditional R2 for the model were 0.15 and 0.92, respectively. N = 357 trees
and 10,347 growth rings.
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Table 3.3. Standardized coefficient estimates for models.
Δ13C
model
16.487 *
Intercept
-0.301*
Mast Year
-0.455*
VPD current Jun-Jul
Conifer BA
0.205
-0.066
Site
Conifer BAxVPD curr.Jun-Jul -0.160*
0.301*
Site x VPD curr. Jun-Jul
Δ13C t
NA
Site x Δ13Ct
NA
Conifer BA x Δ13Ct
NA
Marginal R2/Conditional R2
0.14/0.47

Covariates and interactions

iWUE
model
105.47*
2.694*
4.395*
-2.038
1.085
1.629*
-3.222*
NA
NA
NA
0.40/0.63

2-yr BAI
model
7.261*
-0.084*
-0.091*
-0.180*
0.685*
-0.007
0.041
NA
NA
NA
0.22/0.90

2-yr BAI
~ Δ13C
7.3*
-0.066*
NA
-0.14*
0.375*
NA
NA
0.035
-0.04
0.019
0.21/0.81

2-yr BAI
~ iWUE
7.33*
-0.064*
NA
-0.139*
0.382*
NA
NA
-0.059*
0.090*
-0.032*
0.21/0.83

Notes: The first three models share the same covariates, with the first estimating Δ13C, the second
estimating iWUE, and the third estimating log-transformed white spruce BAI (average of current and
subsequent growth years). The fourth and fifth models estimate the relationship between two-year BAI
average and Δ13C and iWUE, respectively. Covariates were scaled to have a mean of zero and a standard
deviation of 1. NA indicates the covariate was not in the model. Each model has tree as a random effect.
BAI models additionally have a cubic ring age term that is not shown (see Supporting Information Table
S4) and an autoregressive term (AR1) by individual tree as a random effect. N = 12 trees, 360 growth
rings and 247 Δ13C and iWUE measurements. Estimates for “Site” are for the floodplain trees relative to
the hillslope trees. *Estimate significant (upper and lower 95% confidence intervals do not overlap zero).
†Covariate is iWUE for 2-yr BAI~iWUE model and x Δ13C for the 2-yr BAI~ Δ13C model.
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Appendix
3.1 Supplementary tables and figures

Table 3.S1. Characteristics of the subset of plots and trees used in the Δ13C analysis.
Variable

Conifer basal area (m2/ha)
Slope angle (degrees)
Elevation (m)
Potential solar rad.†(KWH/m2)
VPD current Jun-Jul (hPa)
Tree DBH (cm)
Minimum age at time of coring
Expressed population signal
(EPS)

Floodplain
Mean
SD
31.1
23.0
2.8
2.1
224
15.9
646.7
14.3
8.9
0.9
41.1
1.2
145.5
29.1
0.86
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Range
5.5-66.3
1-7
193-237
628-664
6.6-10.9
39.8-43.3
91-171

Hillslope
Mean
14.8
15.5
382
727.5
7.0
37.4
153.2
0.88

SD
12.8
3.4
71.6
31.8
0.9
7.9
13.8

Range
0.9-36.8
12-21
298-496
675-756
4.6-8.7
23.9-44.5
126-164

Table 3.S2. Characteristics of the white spruce BAI candidate models from stage 1 and 2 of

model selection are shown below. Models in grey show the buildup of baseline variables to be
included in the “base 1” model (stage 1). The 88 competing models from stage 2 of model
selection are shown below in black and selected model is in bold. All models include two

random effects: mini-grid and an autoregressive term (AR1) by individual tree.
ΔAICc

Stage 2

Stage

1

Model fixed effects

A
A+A2
A+A2+A3
A+A2+A3+MY
A+A2+A3+MY +DBH
A+A2+A3+MY +DBH +cBA +bBA
A+A2+A3+MY +DBH +CLIM
A+A2+A3+MY +DBH +CLIM +cBA +bBA
A+A2+A3+MY +DBH +CLIMxcBA +bBA = "base 1"
base 1 + CLIMxSR +Lith +LM +Slp +Shrub +GsSFS
base 1 + CLIMxSR +Lith +LM +Slp +GsSFS
base 1 + CLIMxSR +Lith +LM +Slp = “base 2”
base 1 + CLIMxSR +Lith +LM +Slp +SOL
base 1 + CLIMxSR + Lith+LM + Shrub
base 1 + CLIMxSR + Lith + LM
base 1 + CLIMxDBH+Lith+LM+GsSFS+SR+Slp
b+aSsheru1b+ CLIMxSR +Lith +LM +GsSFS
base 1 + CLIMxSR +Lith +LM +SOL
base 1 + CLIMxDBH +Lith +LM +GsSFS +SR +Slp
base 1 + CLIMxShrub +Lith +LM +SR +Slp
base 1 + CLIMxDBH +Lith +LM +Slp +SR
base 1 + CLIMxDBH +Lith +LM +GsSFS +SR
base 1 + CLIMxSR +LM +Shrub
base 1 + CLIMxShrub +Lith +LM +Slp
base 1 + CLIMxSR +LM
base 1 + CLIMxDBH +Lith +LM +Slp
base 1 + CLIMxShrub + Lith+LM +Slp +GsSFS
base 1 + CLIMxSR +LM +GsSFS
base 1 + CLIMxSR + LM + Slp
base 1 + CLIMxShrub + Lith+ LM + Slp + SOL
base 1 + CLIMxDBH + Lith + LM + Shrub
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df

Akaike
weights

1258.7
1255.4
1229.1
905.4
778.2
771.6
51.7
43.1
34.5
0.0
0.4

10340
10339
10338
10337
10336
10334
10323
10321
10312
10293
10295

0.00
0.22
0.18

1.2

10296

0.12

2.1
2.4
3.0
3.0
3.2
3.4
3.5
4.1
4.5
6.1
7.1
7.4
7.4
7.8
7.9
8.4
8.4
8.5
8.8

10295
10296
10297
10294
10296
10296
10295
10295
10296
10296
10300
10296
10301
10297
10295
10300
10300
10295
10297

0.08
0.07
0.05
0.05
0.04
0.04
0.04
0.03
0.02
0.01
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00

Table 3.S2, continued
base 1 + CLIMxDBH + LM + SR
base 1 + CLIMxDBH + Lith + LM
base 1 + CLIMxDBH + Lith + LM + GsSFS
base 1 + CLIMxShrub + Lith + LM
base 1 + CLIMxDBH + Lith + LM + SOL
base 1 + CLIMxSOL + Lith + LM +SR
base 1 + CLIMxSOL + Lith + LM +Shrub + Slp
base 1+ CLIMxShrub + LM + SR
base 1 + CLIMxSOL + Lith + LM +Slp
base 1 + CLIMxDBH + LM
base 1 + CLIMxDBH + LM + Slp
base 1 + CLIMxSOL + Lith + LM +Shrub
base 1 + CLIMxLM + Lith + SR + Slp + Shrub
base 1 + CLIMxSOL + Lith + LM
base 1 + CLIMxLM + Lith + SR + Slp + Shrub + GsSFS
base 1 + CLIMxSOL + Lith + LM +GsSFS
base 1 + CLIMxSR + Shrub
base 1 + CLIMxLM + Lith + SR + Slp + Shrub + SOL
base 1 + CLIMxSR + Lith + Slp
base 1 + Shrub + SR + LM + Lith
base 1 + CLIMxLM + Lith + SR + Slp
base 1 + CLIMxSR + Lith
base 1 + CLIMxShrub + LM
base 1 + CLIMxLM + Lith + SR + Shrub
base 1 + CLIMxLM + Lith + SR
base 1 + CLIMxSlp + Lith + LM + SR + GsSFS + Shrub
base 1 + CLIMxSlp + Lith + LM + SR + GsSFS
base 1 + CLIMxSR
base 1 + CLIMxSR + GsSFS
base 1 + CLIMxSOL + LM
base 1 + CLIMxSlp + Lith + LM + SR
base 1 + CLIMxShrub + Lith
base 1 + CLIMxSR + Slp
base 1 + CLIMxSlp + Lith + LM + SR + SOL
base 1 + CLIMxLM + Lith
base 1 + CLIMxSR + SOL
base 1 + CLIMxLM + SR
base 1 + CLIMxSlp + Lith + LM
base 1 + LM
base 1 + CLIMxShrub
base 1 + CLIMxShrub + Slp
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9.0
9.5
10.0
10.1
10.2
11.3
11.4
11.8
13.3
13.4
14.0
14.3
14.5
14.8
14.9
15.1
15.1
15.2
15.3
15.4
15.9
16.4
16.6
17.6
17.6
18.3
18.8
19.2
19.4
19.5
19.6
19.8
20.6
20.6
20.7
21.1
21.4
22.5
23.2
24.4
24.6

10301
10298
10297
10297
10297
10296
10295
10300
10296
10302
10301
10296
10295
10297
10294
10296
10301
10294
10297
10305
10296
10298
10301
10296
10297
10294
10295
10302
10301
10301
963.1
948.8
927.9
971.3
949.7
928.4
928.7
958.7
858.3
924.4
931.8

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Table 3.S2, continued
base 1 + CLIMxDBH
25.3
918.1
0 00
base 1 + CLIMxLM
25.5
925.5
0 00
base 1 + CLIMxLM + Shrub
25.7
933.0
0 00
base 1 + CLIMxLM + SOL
25.9
933.2
0 00
base 1 + CLIMxLM + Slp
26.0
933.3
0 00
26.1
933.4
0 00
base 1 + CLIMxShrub + SOL
26.8
934.0
0 00
base 1 + CLIMxLM + GsSFS
27.6
942.1
0 00
base 1 + CLIMxSlp + LM + Shrub
base 1 + CLIMxSlp + LM
28.5
935.8
0 00
29.2
936.5
0 00
base 1 + CLIMxSOL + Shrub
base 1 + CLIMxSOL + Lith
30.0
959.0
0 00
31.3
866.3
0 00
base 1 + Shrub
31.5
866.5
0 00
base 1 + SR
32.2
888.9
0 00
base 1 + Lith
32.3
932.4
0 00
base 1 + CLIMxSOL
33.4
940.6
0 00
base 1 + CLIMxSOL + Shrub
34.9
869.9
0 00
base 1 + GsSFS
35.4
942.7
0 00
base 1 + CLIMxSlp + Shrub
35.5
870.5
0 00
base 1 + Slp
36.4
871.4
0 00
base 1 + SOL
36.8
965.8
0 00
base 1 + CLIMxSlp + Lith
37.8
945.1
0 00
base 1 + CLIMxSlp + SR
40.4
940.4
0 00
base 1 + CLIMxSlp
40.5
947.8
0 00
base 1 + CLIMxSlp + GsSFS
A=ring age, MY=mast year binary category, DBH=tree diameter at 1.37m above ground, CLIM=all
climate variables, cBA=conifer BA, bBA=broadleaf BA, SR=solar radiation calculation, Lith=lithology
categories, LM = living mat depth, Slp=plot slope angle=percent cover of shrubs taller than 1.5m, GsSFS
= growing season shallow frozen soil binary category, SOL=soil organic layer depth.
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Table 3.S3. Characteristics of the candidate white spruce BAI models from stage 3 of model
selection are shown. Models with multiple subsets of the climate variable interactions in the

above selected model, “base 2” (Table S2) were competed. Of the 50 competing models, 20 with

the lowest AICc values are shown below. The final selected model is in bold, and all variables

shown (stage 3 of model selection), while the other models are in reference to the selected
model. All models include two random effects: mini-grid and an autoregressive term (AR1) by
individual tree.
Model fixed effects
base 2+PJunJulc+VJunJulpr 2*SR+ PJunJulc*SR
base 2+PJunJulc+PJunJulc*SR
base 2+ VJunJulpr2*SR
base 2=A+A2+A3+DBH+Slp+Lith+MY+LM+bBA+cBA+
VMayc+VMayc2+PMayc+VJunJulc+VJunJulc2+VJunJulpr+
VJunJulpr2+PJunJulpr+PAugpr+POctAprc+VMayc*SR+
VMayc2*SR+PMayc*SR+VJunJulpr*SR+PAugpr*SR+
VJunJulpr*cBA+PAugpr*cBA

Δ
AICc
0
0.1
0.6

df

Akaike
weight

10307
10308
10309

0.16
0.16
0.12

1.4

10310

0.08

Stage 3

1.8
10308
0.07
base 2+PJunJulc+VJunJulpr2*SR+PJunJulc*SR, no Slp
1.9
10309
0.06
base 2+PJunJulc+PJunJulc*SR, no Slp
1.9
10307
0.06
base 2+PJunJulc+PJunJulc*SR+VJunJulpr2*cBA
2.1
10309
0.06
base 2+PJunJulc
base 2+VJunJulpr2*SR+VJunJulpr2*cBA
2.6
10308
0.04
2.8
10311
0.04
base 2, no VJunJulpr*SR
3.3
10308
0.03
base 2+PJunJulc+PJunJulc*SR+PJunJulc*cBA, noVMayc2*SR
3.4
10309
0.03
base 2+PJunJulc+PJunJulc*SR, noVMayc2*SR
3.4
10311
0.03
base 2, no Slp
base 2+PJunJulc+VAugpr+PJunJulc*SR+PJunJulc*cBA,
4.7
10307
0.02
noVMayc2*SR
base 2, noVMayc2*SR
5.2
10311
0.01
5.9
10310
0.01
base 2+PJunJulc, noVMayc2*SR
base 2+PJunJulc+VAugpr+PJunJulc*SR+PJunJulc*cBA+
6.2
10306
0.01
PJunJulpr*cBA, noVMayc2*SR
base 2+PJunJulc+VAugpr+VAugpr2+PJunJulc*SR+
7.7
10305
0.00
PJunJulc*cBA+PJunJulpr*cBA, noVMayc2*SR
9.3
10315
0.00
base 2, no Lith, no Slp
base 2+PJunJulc+VAugpr+VAugpr 2+PJunJulc*SR+
9.6
10304
0.00
PJunJulc*cBA +PJunJulpr*cBA+VAugpr*cBA, noVMayc2*SR
A=ring age, MY=mast year category, DBH=tree diameter at 1.37m above ground, cBA=conifer BA,
bBA=broadleaf BA, SR=solar radiation calculation, Lith=lithology categories, LM = living mat depth,
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Slp=plot slope angle, the prefix V = mean vapor pressure deficit, the prefix P = precipitation sum. The
suffix c indicates current year while the suffix pr indicates previous year. Thus, VMayc = mean
temperature in the May during ring formation and PJunJulpr = precipitation sum during the Jun-Jul in the
year prior to ring formation.

Table 3.S4. Assessment of ring age terms in subset data for Δ 13C analysis. Model characteristics
of Δ 13C, iWUE and two-year BAI models with and without different age terms are shown.

Selected models are in bold. Random effects are not shown.

Model fixed effects
Δ13C models
VJunJul*site + VJunJul*cBA + MY
A+A2+A3+VJunJul*site + VJunJul*cBA + MY
A+VJunJul*site + VJunJul*cBA + MY
A+A2+VJunJul_c*site + VJunJul*cBA + MY
iWUE models
VJunJul*site + VJunJul*cBA + MY+LT
A+A2+A3+VJunJul*site + VJunJul*cBA + MY + LT
A+VJunJul*site + VJunJul*cBA + MY + LT
A+A2+VJunJul_c*site + VJunJul*cBA + MY + LT
2-yr BAI models
A+A2+A3+ VJunJul*site + VJunJul*cBA +MY
A+VJunJul*site + VJunJul*cBA +MY
A+A2+VJunJul*site + VJunJul*cBA +MY
VJunJul*site + VJunJul*cBA +MY
2-yr BAI ~Δ13C
A+A2+A3+ Δ13C *site + Δ13C *cBA +MY
A+A2+ Δ13C *site + Δ13C *cBA +MY
Δ13C *site + Δ13C *cBA +MY
A+ Δ13C *site + Δ13C *cBA +MY
2-yr BAI ~ iWUE
A+A2+A3+ iWUE *site + Δ13C *cBA +MY
A+A2+ iWUE *site + Δ13C *cBA +MY
Δ13C *site + iWUE *cBA +MY
A+ Δ13C *site + iWUE *cBA +MY

ΔAICc

df

Akaike
weight

0.00
0.25
0.48
1.59

238
235
237
236

0.32
0.28
0.25
0.14

0.00
2.64
3.06
3.78

237
234
236
235

0.61
0.16
0.13
0.09

0.00
5.31
6.65
9.28

346
348
347
349

0.90
0.06
0.03
0.01

0.00
2.83
5.61
7.12

233
234
236
235

0.75
0.18
0.05
0.02

0.00
1.03
5.31
7.20

233
234
236
235

0.59*
0.35
0.04
0.02

A=ring age, MY=mast year category, cBA=conifer BA, LT=linear term used in iWUE model, site =
floodplain or hillslope, VJulJul=vapor pressure deficit in year of ring formation.
* According to AICc values, this model was no better than the slightly more parsimonious model with a
quadratic age term; however,we used this slighly less parsimonious model to be consistent with the other
BAI models, which all had cubic age terms.
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Fig. 3.S1. Boxplot of Picea glauca basal area increment from 26 sites in Denali National Park
and Preserve. The floodplain and hillslope sites from which a subset of trees were selected are
the LW_MOOSE and KANTISH sites respectively. Extreme outlier growth years are not shown.
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Fig. 3.S2. Histogram of the differences between the mean dbh of Picea glauca cored at a
particular plot and the mean dbh of P. glauca > 5cm measured at that plot.
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Fig. 3.S3. Correlation matrix and scatterplots of all potential continuous site and tree model
covariates (top panel) and climate covariates averaged across all plot locations (bottom panel).
Covariate name descriptions can be found below Table S3.

115

Fig. 3.S4. Scaled residual plots of residuals from the full dataset BAI model showing the
violation of normality (left). Simulated residuals are generated (n=1000) from the fitted model
and conditional on the current random-effects estimates.
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Fig. 3.S5. Estimated annual basal area increment (BAI, mm2/yr) as a function of mean June-July
vapor pressure deficit during the year of ring formation. Mean June-July VPD values span the
range observed in the sample. Model covariates not shown were held at mean values and a non
mast year is assumed.
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Chapter 4 . Divergent responses to permafrost and precipitation reveal mechanisms for the
spatial variation of two sympatric spruce2F2F3
Abstract

The ranges of black and white spruce are largely sympatric, suggesting both species have similar
climate requirements; however, the two species are highly segregated across the landscape with

black spruce most common on nutrient poor sites with cold, poorly drained soils and white
spruce more common on productive sites with warmer, well drained soils. Because site
conditions influence tree climate-growth responses, it is difficult to compare white and black

spruce climate-growth responses as these responses are confounded by the differences in site
conditions in which the two species naturally occur. As the climate warms dramatically in

northern latitudes, it is critical to understand how a changing climate and associated changes in
permafrost and fire regimes will interact to shape future species composition and ecosystem

functioning in the boreal forest. In this study, we examined the climate-growth responses of
black and white spruce growing in the same sites to eliminate the confounding factor of site
conditions to facilitate our understanding of how these two species respond to climate. We

included standardized thaw depth of the active layer in our analysis as a representation of
permafrost, which is a key factor delineating these two species habitat preferences and is actively

warming and thawing as the climate warms. Our most important finding was that the climate
growth-responses of the two species, but especially white spruce, hinged on the thaw depth of
the active layer. Specifically, with increasing June-July temperatures white spruce radial growth

increased in areas with deep thaw or no near surface permafrost, but strongly decreased when

Nicklen, E.F., C.A. Roland, R.W. Ruess, T. Scharnweber, and M. Wilmking. 2021. Divergent responses to
permafrost and precipitation reveal mechanisms for the spatial variation of two sympatric spruce. Ecosphere 12(7):
e03622.10.002/ecs2.3622.
3
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growing in areas with near surface permafrost. Black spruce radial growth was less sensitive to

June-July temperature than white spruce but had a consistent and more positive response to
summer precipitation. These findings point to a primary mechanism potentially driving the
positioning of these two tree species within the landscapes of boreal interior Alaska and imply
widespread thawing of permafrost may foster expansion of white spruce in this region at the
expense of black spruce, but that in a wetter climate black spruce may gain competitive
advantage over white spruce in some landscape positions.

Introduction

In interior Alaska, black spruce (Picea mariana) and white spruce (Picea glauca) share a similar
geographic footprint but are largely spatially-segregated on the landscape (Viereck et al. 1993,
Roland et al. 2013). Black spruce trees most commonly occupy more acidic and nutrient poor
sites at lower elevations often on colder, more water-logged soils than white spruce. In contrast,

white spruce tends to occupy warmer, more productive areas as well as treeline locations. The
site conditions where the two species attain maximum live biomass, however, are very similar

and generally describe the areas where white spruce is most commonly found (Roland et al.

2013, 2019). That black spruce is less common where it appears to grow best, has been

interpreted as competitive exclusion of black spruce by the faster growing white spruce (McGill
2012, Roland et al. 2013). Black and white spruce geographic distributions largely overlap,
suggesting the two species have similar climate envelopes; however, black spruce extends

further south on the eastern edge of its distribution and white spruce extends further south along

the Rocky Mountains in the west. Because site conditions can strongly influence tree climate

growth responses (Drobyshev et al. 2010, Gewehr et al. 2014, Nicklen et al. 2016, Wright et al.

2018), it has been difficult to directly compare white and black spruce climate-growth responses
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as these responses are confounded by the differences in site conditions in which the two species

naturally occur.

The spatial distribution of these two species is linked to macroclimate, fire, and substrate
(Lloyd et al. 2005, 2007). While key life history characteristics such as black spruce's tolerance

of nutrient poor soils and partial dependence on fire for sexual reproduction and white spruce's

larger seed mass (Liu et al. 2013), and ability to capitalize on soil nutrients (Chapin 1986) to out
compete black spruce may be of primary importance in these species' current footprint on the

landscape, the two species' growth and reproductive responses to climate may also be an
important driver in their distribution patterns. Indeed, fossil and pollen evidence of past white

and black spruce population fluctuations indicate climate played an important role in the species
historical distributions and may point to potential differences in the two species' climate

preferences (Hu et al. 1998). The expansion of white spruce into northern and central Alaska
during the early to mid-Holocene, around 9,500 years before present (BP), occurred following an

increase in moisture, but still during a period when climate was drier (Hu et al. 1998), but not

necessarily warmer than present (Clegg et al. 2011). In the mid Holocene, around 5,500 to 7,000
years BP, black spruce replaced white spruce as the dominant forest species in central and
eastern Alaska (Anderson and Brubaker 1994, Tinner et al. 2006). This transition in species
dominance coincided with an increase in effective moisture (Hu et al. 1998). Thus, climate

patterns in the past seem to have been important drivers of white and black spruce abundance
and there is some indication that an increase in effective moisture was at least partially

responsible for the mid-Holocene shift from white spruce to black spruce dominance (Hu et al.

1998). Fire frequency increased during the late Holocene, generally following the increase in
effective moisture and the increase in black spruce abundance (Lynch et al. 2004, Hu et al. 2006,
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Lloyd et al. 2006, Tinner et al. 2006). It is speculated that the shift to a black spruce dominated

forest, a more flammable forest type than white spruce, was at least one of the causes of

increased fire frequency on the landscape during the cooler, wetter conditions of the late
Holocene (Hu et al. 1998, Brubaker et al. 2007, Higuera et al. 2009, Hoecker et al. 2020).
The climate of northern latitudes is warming much faster than the global average.

Alaska's mean annual temperature has warmed by about 2.1°C and precipitation increased by

17% between 1949 and 2016, though these increases vary regionally, and interior Alaska has
seen less dramatic change with a temperature increase of 1.9 °C and a precipitation increase of

7% (Wendler and Gordon 2017). Historically unprecedented warming is projected by the end of

the 21st century with continued increases in precipitation for all months of the year, but with

most pronounced increases September through January (Stewart et al. 2017, Wendler and
Gordon 2017). The impacts of increasing temperature and precipitation on black and white

spruce growth are still not well understood. In lowland areas of interior Alaska both black and
white spruce generally show negative climate-growth responses to increases in summer
temperature and positive climate-growth responses to increases in summer precipitation (Barber

et al. 2000, Beck et al. 2011, Lloyd et al. 2013, Walker and Johnstone 2014, Sullivan et al. 2017,

Cahoon et al. 2018), although these responses often (but not always; Walker & Johnstone 2014)
vary depending on site conditions (Lloyd & Fastie 2002; Wilmking et al. 2006; Wilmking &
Myers-Smith 2008; Johnstone et al. 2010; Nicklen et al. 2016; Wolken et al. 2016). While these
negative responses to higher summer temperatures could result in overall reduced growth of both
species as the climate warms, other factors, such as increasing precipitation, increasing CO2, or
shifting resource allocation within a tree may mitigate these negative effects. A few studies in
interior Alaska have examined climate-growth relationships and growth trends of both black and
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white spruce (Beck et al. 2011, Nicklen et al. 2016, Sullivan et al. 2016, 2017, Cahoon et al.

2018), but none have directly compared the two species growing in the same site conditions.
Results from these studies suggest the two species respond very similarly to climate, though

black spruce tends to show a different response to May weather conditions with a more positive
response to May precipitation (Sullivan et al. 2016, Cahoon et al. 2018) and a more negative
response to May temperature (Nicklen et al. 2016). Given that black spruce is considerably more
common than white spruce on sites with shallow active layer thickness, where hot, dry May
conditions may be most stressful to trees in shallow, frozen soil with little access to water, these

results may reflect site-mediated tree responses rather than differences in underlying species
based responses to climate.

As the climate warms, several indirect effects of warming will likely also influence the
future growth and distribution of the two species. Climate warming over the last half century, in
combination with sporadic years with deep snow, has led to an increase in permafrost
temperature (Osterkamp and Romanovsky 1999, Brown and Romanovsky 2008, Romanovsky et

al. 2010), which has led to a deepening of the active layer (Akerman and Johansson 2008). As
permafrost continues to degrade and active layers deepen across interior Alaska (Panda et al.

2014), edaphic conditions may facilitate increased white spruce growth relative to black spruce
and a transition to a white spruce dominated landscape may be likely (Wirth et al. 2008, Roland

et al. 2013). A shift from black to white spruce dominance, could reduce the flammability of the
landscape (Hu et al. 1998, Brubaker et al. 2007, Higuera et al. 2009, Hoecker et al. 2020) and
increase above-ground carbon stores. While the growth of the two species across landscapes of
varying active layer thickness may be a function of individualistic responses to site conditions, it

is also likely that there is an interactive role of site conditions and climate, such that the two
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species respond to climate differently in different site conditions. For instance, if black spruce is

a more shallowly rooting species than white spruce (Farrar 1995, Fryer 2014, Abrahamson
2015), then black spruce may experience greater drought stress than white spruce in areas with
deeper soils in dry years than in wet years, and as soils in some landscapes become drier with
continued climate warming. Other indirect climate effects will also influence the future

abundance and distribution of the two species. Most notably fire, which is a key driver of boreal
forest landscape pattern and processes, is expected to increase in frequency, extent, and severity
with continued climate warming (Balshi et al. 2009, Kasischke et al. 2010, Turetsky et al. 2011)

catalyzing a shift from spruce to broadleaf dominance in interior Alaska (Johnstone et al. 2010a,

Barrett et al. 2011). Our objective in this study was to directly assess the climate growth
responses of co-occurring white and black spruce trees. Our goal in examining growth dynamics
of black and white spruce trees growing in the same location was to eliminate the confounding
factor of differing site conditions between these two species and thus enable a direct comparison

of climate growth responses. We sought to determine whether white and black spruce, growing

in the same site conditions, respond similarly or differently to annual variations in weather
conditions. Given the large overlap of the species' current distributions and the apparent lack of

climate-growth differences between the two species reflected in the literature, we hypothesized
the two species would respond very similarly to climate conditions. However, given

paleontological evidence of shifting species dominance with increased effective moisture, we
expected black spruce to have a greater growth response to increased precipitation than white

spruce. We also sought to understand the role that thaw depth of the active layer may play in
these two species responses to weather conditions.
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Methods
Study area

Our study area was in interior Alaska, near the northwestern range limits of both black and white
spruce. Study sites were located within three national park and/or preserves: Yukon-Charley

National Preserve (YCNP), Denali National Park and Preserve (DNPP), and Wrangell-St. Elias
National Park and Preserve (WNPP), which collectively make up the National Park Service's

Central Alaska Network (CAKN; Fig. 4.1). Within these parks, we focused on areas where black
and white spruce co-occur, which, not surprisingly, tended to be areas intermediate to the two

species habitat preferences (Appendix 4.1, Fig. 4.S1).
Plot selection

We selected study sites from the Central Alaska Network (CAKN) long-term Vegetation
Monitoring plots that happened to have both black and white spruce cored. Of the nearly 900

CAKN vegetation monitoring plots with cored trees, only 101 had both black and white spruce
cored together. To bolster our sample, we selected an additional 32 “supplemental” plots

accessible from the Yukon River where both species were present (Fig. 4.1). Most of our plots
were in YCNP (n =115), but there were also 10 plots in DNPP and 8 in WNPP (Fig. 4.1). The

CAKN vegetation monitoring plots were established with a randomized two-stage systematic

grid sampling design. A 20-km grid was established over the park study areas with an intensified
10-km grid within a 6-km buffer of access routes (park roads, Yukon River). At each grid

intersection is a “mini-grid” of 25 plots (5 rows of 5 plots separated by 500 m); for further details
on CAKN vegetation monitoring study design see Roland et al. (2004, 2019).
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Plot and tree sampling
Our supplemental plots were sampled in the same manner as the CAKN vegetation monitoring

plots. Each plot in our study was circular and 16-m in diameter. At each plot, we recorded a suite

of topographic, edaphic and vegetation variables (Table 4.1). Relevant to this study, we recorded
elevation, slope, and aspect. We measured plot tree basal area (m2/ha). At four soil pits located in

cardinal directions 1-m outside the plot we recorded depth of the soil organic layer and soil
temperature (at 10 cm depths) and collected soil samples for pH, carbon, and nitrogen analysis.
At 16 locations within the plot, we recorded depth of thaw or other restrictive feature in 16

locations using a 130 cm soil probe. Because our sampling occurred between June 15th and
August 15th and the depth of thaw increases throughout summer, we standardized our probe

depth measurements to an estimated July 20th value following Swanson (2015). We employed
thaw depth standardization if the plot was determined to be underlain by shallow permafrost,
otherwise we did not adjust the probe depth measurement. Standardized thaw depth was the

mean of the four deepest standardized probe depths.

Most of our plots with shallow soil probe depth to a restrictive feature fit the definition of

shallow active layer thickness and had cold soils with permafrost as the restrictive feature. Two
plots with shallow probe depths actually had warm soils (~11 and 14 °C at 10 cm depth at the
time of sampling) with rock as the restrictive feature, but we categorized these as “shallow thaw

depths” as the rooting zone was limited. Plots with deeper probe depths typically did not have
permafrost or any restrictive feature within 1 m of the ground surface and were warmer. In

general, shallow probe depths were associated with cold, wet and, nutrient poor soils with low

pH and low above ground productivity while deeper soils were associated with warmer, drier,
and more nutrient rich soils with higher above ground productivity (Roland et al. 2013, 2019).
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We used twig pubescence, cone size, and cone location to distinguish between the two

species. There have been reports of hybridization between black and white spruce (Little and
Pauley 1958, Larsen 1965, Roche 1969, Dugle and Bols 1971), but none have been genetically
substantiated. Some of these putative hybrids, with careful morphological analysis (Parker and
McLachlan 1978) and with cytological markers (Nkongolo et al. 2005) have been shown to be

clearly one species or the other (Parker & McLachlan1978). The low incidence of natural
hybridization and the difficulty in producing artificial hybrids suggests there are strong barriers
to introgression for these species (OECD 2010) and that our sample likely contains no hybrids.

We cored paired black and white spruce trees growing within 50 m of each other at each
plot. At each long-term vegetation monitoring plot, black and white spruce trees were cored

outside the plot, but typically within 15 m of the plot perimeter. At the supplemental plots, trees
were cored within the plot and up to 28 m from plot center. We cored, measured, cross-dated,

and calculated basal area increment (BAI) on 310 black spruce and 318 white spruce from 133
plots (Table 4.2). We cored between 1 and 8 trees of both species at each of the plots. Plot

sampling occurred between mid-June and mid-August from 2004 and 2016. Cores were mounted
and sanded up to 2000 grit. Growth rings were measured to 0.001 mm using either Coorecorder,

Windendro, or sliding scale. Ring widths were visually cross-dated or cross-dated using
CDendro and cross-dating was validated with COFECHA.
Radial growth metrics

We calculated three metrics of growth. First, we calculated ring width indices using the signalfree regional multi-curve detrending procedure in the CRUST program (Melvin and Briffa
2014a, 2014b). In this detrending process tree ring series are grouped by mean ring width (>40

tree series per group) and the age-related curve for each group is fit and the ratio of the observed
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versus expected as a function of age is calculated. We used four ring-width dependent groups
following Sullivan et al. (2016) to account for different average growth rates of the trees (i.e.fast-

and slow growing trees). With the aim of retaining long-term climatic forcing signals within the

ring width data, we used the CRUST program to produce “signal free” indices, in which the raw

rings widths were repeatedly divided by the detrended chronology (up to 10 times) (Melvin and
Briffa 2008). We conducted the RCS signal-free multi-curve detrending on the two species
separately. After determining the age curves from the three study areas were similar (Appendix
4.1, Fig. 4.S2), and because most trees were from YCNP, we pooled trees from all parks by

species for this procedure. Hereafter the regional curve standardized ring width indices are
referred to as RCS rwi. Second, we detrended the ring widths with a 30-year flexible spline

(hereafter spline rwi) using the program dplR (Bunn et al. 2020) which eliminates most long

term trends and retains and emphasizes the inter-annual fluctuations. Finally, we used ring
widths and tree radius to calculate BAI, the estimated area of wood produced by each tree in

each year of growth using the outside in approach. We used the sum of the ring widths as the
radius unless the measured tree radius ((diameter at core/2) - average bark width) was greater

than ring width sum, in which case we used the measured radius as the radius. Cores with

missing outer rings were not used.

Climate variables

We considered eight growing season climate variables: mean air temperature and precipitation
sums from June-July and August of the previous growing season and from May and June-July
of the current growing season. The Scenarios Network for Alaska and Arctic Planning (SNAP)

provides these downscaled and spatially interpolated climate data (retrieved in 2019 from
https://www.snap.uaf.edu/tools/data-downloads; from CRU TS4.0) for the years 1906-2015. The
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climate data are estimates of historical monthly climatic variables for any given locale in Alaska

at 1-km resolution. SNAP downscaled monthly climate data for Alaska to a 1-km grid resolution
using PRISM (Parameter-elevation Relationships on Independent Slopes Model) which
integrates location, elevation, coastal proximity, topographic variables, vertical atmospheric
layer, and orographic effectiveness of the terrain (Daly et al., 2008). For each plot and each year
for which we had tree ring data, we extracted the mean monthly temperature (°C) and

precipitation sum (mm). We selected these data over station data because some of our study plots
were separated by hundreds of kilometers and nearby station data are limited. Further, the SNAP
climate data theoretically integrates lapse rate information, so that plots at different elevations

have associated climate data that, in theory, are more like what the tree experienced than if we
used distant station data.

Statistical analyses

We employed several methods to compare the two species' radial growth-climate responses: a
paired t-test at the plot level, a linear mixed effect model at the tree level, and a comparison of
growth over time. First, since our study design involved paired black and white spruce trees at
each plot, our data was suited for a two-tailed paired t-test to assess whether the two species

showed different climate-growth correlations. We averaged the spline detrended rwi by species
and year at each plot to make chronologies. We then calculated Spearman's rank correlation

coefficient for the relationship between growth and climate variables for both species at each

plot. We selected Spearman's correlation because relationship between growth and climate may
not be linear. We used eight growing season climate variables (Table 4.3) from 1902 to 2015,
such that we had correlation coefficients for both species at each of the 133 plots for each
climate variable of interest. We then ran a two-tailed paired t-test on the Fisher r to z transformed
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correlation values to assess whether the two species had significantly different climate-growth
correlation for each of the eight climate variables. We additionally calculated the climate-growth

correlations for the study area-wide black spruce and white spruce spline detrended chronologies
for comparison in the R package treeclim using “exact” bootstrapping (Zang and Biondi 2015).

Second, we ran linear mixed effect models of individual tree BAI growth that included
species and their interactions with climate variables and standardized thaw depth of the active
layer. Our primary interest in these models was whether the two species had different climate
growth responses. That is, did adding a species-climate variable interaction improve model fit?

We additionally tested whether the two species had different climate-growth responses across a

gradient of thaw depths of the active layer. That is, did adding a species-climate-thaw depth
interaction term further improve model fit? To avoid overfitting, we limited the climate variables

in the three-way interaction to only June-July climate variables, as these typically have the
largest effect on BAI. We assessed model fit with second order Akaike information criterion
(AICc; calculated with R package MuMIn version 1.43.15) where the selected model was the

most parsimonious model with an AICc value within two points of the lowest AICc value
(Burnham and Anderson 2002).

Model construction and assumption testing

We log-transformed BAI to attain a more normal distribution for the response variable. Our base

model included the same eight climate variables used in the correlation analysis and t-test, but
we additionally included nonlinear (quadratic) terms for Jun-Jul temperature and precipitation as

black and white spruce have been shown to have non-linear response to climate (Lloyd et al.
2013, Nicklen et al. 2016, Sullivan et al. 2017). Each model included a cambial diameter term
for each year of growth to account for the influence of size on climate-growth relationships and
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trends over time (Trouillier et al. 2019). We tested various age and size terms (Table 4.4) and
found the log of estimated cambial diameter at core height to be the best covariate to account for

influence of tree size on climate-growth relationship as measured by AICc and model weight

(Table 4.4). We calculated estimated cambial diameter as 2 x the running sum of ring widths for

each year of growth. When estimated rings to pith were available, we used these to estimate the
missing distance to pith (last ring width x number of missing rings) in cores where the pith was
missed. Each model also included three random effect terms: year, mini-grid, and an

autoregressive term with current year BAI dependent on previous year's BAI (AR1) by
individual tree. The year random effect was included to account for any temporal non
independence not explained by our climate variables. The mini-grid random effect addressed

spatial non-independence of our plots. The AR1 term by tree addressed the non-independence of

repeated measures within a tree as well as the strong autocorrelation found in tree radial growth.
Visual inspection of residual plots did not show obvious deviations from homoscedasticity,

normality, or temporal autocorrelation. Model covariates were considered interpretable if the
95% confidence intervals (estimate ± 1.96 × SE of estimate) around the estimate did not overlap
zero or were not within 0.001 of zero. We ran the models using the package lme4 1.1-14 (Bates
et al. 2015) in R version 3.4.2 (R Core Team 2017).

We additionally ran the selected BAI model with the three other radial growth metrics as

response variables: RCS rwi, a “pre-whitened” RCS rwi (RCSAR rwi), and spline rwi. Because
we used BAI, RCS rwi, and spline rwi in separate analyses we wanted to compare these metrics
to assess if their mixed effect model results were broadly similar or if there were differences

worth considering among growth metrics. Results of this analysis are presented in Appendix 4.2.
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Finally, we created study area wide chronologies of the two species ring width to
compare the species' growth over time. To make these chronologies we used the RCS rwi

averaged for each year for the two species. We additionally split these two species chronologies

by “deep” and “shallow” standardized thaw depths. Note that while standardized thaw depth was

a continuous variable in our mixed effect model, we used the mean thaw depth of our plots (57
cm) as the break point between the “shallow” and “deep” thaw depth groups (Table 4.2). We are

generally skeptical about interpreting growth trends over time because of co-variation in tree age,
size, and stand characteristics as well as inherent sampling bias in tree rings that affects growth
trends (Bowman et al. 2013, Duchesne et al. 2019). Our goal in this undertaking was not to
interpret trends over time, but to compare the growth of the two species that were sampled from

the sample plots over time and in deep and shallow soil conditions. These comparisons are

facilitated by the fact both species were cored at each of our plots and our samples of the two

species had very similar age distributions (Table 4.2). We also used the two species chronologies
to examine 30-year running climate-growth correlations over time using the treeclim package

(Zang and Biondi 2015) in R version 3.4.2 (R core team 2017). We examined the difference in
climate correlation between the two species over time. We used the same climate variables as

used in the t-tests and mixed-models, but because we are working with study area wide
chronologies, we also averaged the climate data from all the plots in our study.
Results

Paired T-Test
While the climate-growth correlation coefficients for the two species were largely very similar,
our paired t-test results showed a few differences. Specifically, black spruce growth showed a

positive response to previous year June-July precipitation sums, while white spruce growth
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showed little to no response (p-value < 0.0001; Table 4.3). White spruce growth showed a

marginally more positive response to mean current June-July temperature (paired t-test p-value =
0.02, Table 4.3). Otherwise, the two species had very similar climate-growth responses. Both

species had stronger radial growth responses to the summer conditions in the year prior to ring
formation than in the year of ring formation. Radial growth was negatively correlated with

previous mean June-July and August temperatures and current May temperatures for both
species, which were not statistically different (Table 4.3). Both species' radial growth was

positively correlated with precipitation in August of the previous year. Neither species growth
was correlated with May or June-July precipitation during the year of ring formation.
Mixed effects growth model

The two spruce species responded differently to certain climate conditions, as evidenced by the
significant improvement of model fits that included species-climate interaction terms over the
climate only models (Table 4.4). The largest difference in climate-growth responses between the

two species was black spruce's greater positive response to June-July precipitation as compared
to white spruce, which was also shown in our plot-level paired t-test. Black spruce BAI increased

by an estimated 28 mm2/yr whereas white spruce BAI increased only 6 mm2/yr with increasing
June-July precipitation over the observed range (Fig. 4.2A). This difference was most

pronounced in response to June-July precipitation sums from the year prior to ring formation

(Fig. 4.2A1). White spruce showed a greater negative response to mean June-July temperature in
the year prior to ring formation and a slightly more positive response to mean June-July
temperature in the year of ring formation than black spruce (Fig. 4.2B1 & 4.3B2), such that the

cumulative two-year effect of the highest observed June-July temperature reduced white spruce
BAI growth an estimated 22 mm2/yr but had nearly no effect on black spruce BAI (Fig. 4.2B).
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BAI responses to summer temperature and precipitation, however, were modified by thaw depth,

particularly for white spruce (see following paragraph). Black spruce reduced BAI growth by an
estimated 11 mm2/yr in the years following the hottest August mean temperatures relative to the
growth following the coolest mean August temperatures; however, white spruce showed no

significant BAI response to prior year mean August temperature. Black spruce BAI modestly
increased in response to increasing mean May temperature in the year of ring formation,

increasing growth an estimated 6 mm2/yr across the range of observed mean May temperature,
while white spruce showed no response to current year mean May temperature (Fig. 4.2D). Both

species decreased BAI growth with increasing May precipitation (not graphed, see Table 4.S1,
Fig. 4.S3.
Species climate-growth responses were mediated by permafrost (represented by thaw

depth). On deeper thaw depths, white spruce had an overall positive response to mean June-July
mean temperatures, increasing an estimated 21 mm2/yr with increasing temperature across the

observed range, but was relatively insensitive to June-July precipitation (Fig. 4.3A). However,
on shallow thaw depths, i.e., where permafrost is present close to the surface, white spruce had

the opposite response to mean June-July temperatures, decreasing an estimated 41 mm2/yr with

increasing temperature across the observed range (Fig. 4.3C). Like white spruce, black spruce

had a negative BAI growth response to June-July temperatures when growing on shallow thaw
depths (Fig. 4.3D), but not nearly as negative a response as white spruce (estimated 10 mm2/yr
decrease for black spruce vs 41 mm2/yr for white spruce over the range of June-July mean
temperatures). While black spruce was relatively insensitive to June-July temperatures on both

deep and shallow active layers, black spruce was more sensitive to precipitation than white
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spruce and this relative positive response to precipitation was consistent on both shallow and
deep active layers (Fig. 3B, D).
While black spruce in our sample clearly has smaller average DBH and BAI than white

spruce (Table 4.2), species was not a significant factor in the mixed effects models. We found
that the random effect for tree, the AR1 term by tree and the size term all contributed to

explaining this size variation among trees, such that if these terms were removed then the species
term did not overlap zero and confirmed that the estimated black spruce BAI is less than white

spruce BAI on average in our sample.

Growth over time
Examination of our study-area wide chronologies showed that the two species had very similar

growth patterns over time, but that the growth patterns differed depending on thaw depth (Fig.
4.4). While the detrended ring width indices are standardized so size differences are not
illustrated, white spruce consistently had greater BAI than black spruce (Table 4.2). The two

species chronologies fluctuated annually in similar patterns. The long-term patterns of the two
species were also similar, though after the late-1970s there was a change in which species had
higher mean RCS detrended ring widths. From the mid-1920s to mid-1940s, white spruce had a
higher mean RCS detrended ring width than black spruce (though the confidence intervals
largely overlap) but starting after 1980, black spruce had greater mean RCS detrended rwi than

white spruce (Fig. 4.4, 4.5B). This reversal pattern was similar in both shallow and deep active
layers, though the difference is greater in the trees growing on shallow active layers (Fig. 4.4).

Standardized thaw depth had a greater effect than species on the chronology patterns

(Fig. 4.4). Indeed, a correlation matrix of the four chronologies showed stronger correlations
between the two species growing in the same site type than within a species on different site
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types (Fig. 4.4). The chronologies of black and white spruce on shallow thaw depths both
showed a distinct peak in growth between the mid-1920s to mid-1940s and steady declines in

growth since the peak in the 1940s. Black and white spruce growing in areas with a deep thaw
layer also showed increasing growth between the mid-1920s to mid-1940s but did not show the

same declines in growth thereafter. Rather, these chronologies showed stable to potentially

increasing growth in recent decades (Fig. 4.4). Both species showed greater RCS rwi on shallow

rather than deep thaw depth during the 1925-1946 peak. This pattern was reversed after 1980,
when both species had greater RCS rwi on deep rather than shallow thaw depth (Fig. 4.4).
In examining the difference in the climate correlations over time between the two species

(Fig. 4.5.), we found that black spruce radial growth had a more negative correlation with mean
June-July temperatures than white spruce during the 1925 to 1955 time period (Fig. 4.5A), and a
less negative correlation with mean June-July temperatures between 1965 and 2004. These shifts

in relative correlation to June-July temperature correspond to the shifts in mean ring width size
between the two species (Fig 4.4, Fig. 4.5B).
Discussion
In this study, we compared black and white spruce climate-growth-responses and growth trends

for a set of trees that were growing together to eliminate the confounding factor of site

conditions. Additionally, we included thaw depth of the active layer as a representation of
permafrost, as a factor in our analyses. We examined the climate growth responses of co
occurring black and white spruce at the individual (mixed-effects models), plot (paired t-test) and

species level (chronology comparison). At each level, the two species showed very similar

patterns with a few key differences. Specifically, black spruce showed a more positive radial
growth response to June-July precipitation than white spruce. Both species showed different
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responses to June-July temperature across a gradient thaw depth. This difference was minimal

for black spruce, but strong for white spruce, which showed a positive response to June-July
temperatures on deep thaw depths and a strong negative response on shallow thaw depths.

Indeed, the chronologies of the two species also differed more by thaw depth than by species,

highlighting the importance of this factor in mediating how trees respond to climate in interior
Alaska (Fig. 4.4).
Overall, and at the plot-level in particular, we found low and weak climate-growth

correlations for both species (Table 4.3). The apparent weak climatic drivers are likely the result
of methodical choices. Our study was born out of a broad-visioned vegetation monitoring
program; consequently, we have fewer sampled trees per plot than a traditional dendroecological

study. Our plots were extracted from a set of monitoring plots placed in a systematic random
design across the landscape (Roland et al. 2019), and thus, fall in a wide spectrum of site

conditions contributing to considerable climate-growth variability (Nicklen et al. 2016). Further,

our study area covers a large spatial extent (Fig. 4.1) including varying climatic conditions.

These factors combined with possible inaccuracies and biases in spatially interpolated climate
data based on sparse station data, often with short time series, likely contributed to the low plot
level climate-growth correlations. It is worth noting that while our plot-level and overall
chronology climate-correlation are weaker than those found in more targeted dendroecological

studies (treeline or drought-sensitive areas), they apply to a wide range of conditions and
geography.

Differences in black and white spruce climate-growth responses
We found that black spruce had greater positive radial growth response to increasing June-July
precipitation than white spruce. We also found that black spruce was less sensitive to June-July
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temperature than white spruce (Figs. 4.2 & 4.3), which showed positive growth responses to

June-July temperature in deeply thawed areas, but negative responses in shallowly thawed areas.
There are multiple potential explanations for these observations. First, there is some evidence
that black spruce is a more shallowly rooting species than white spruce (Farrar 1995, Fryer 2014,

Abrahamson 2015). If this is true, then during dry summers when surface soil layers may be

more quickly depleted of moisture due to evapo-transpiration than the deeper soil layer, black

spruce may have less access to soil moisture than white spruce. Second, because our sample

includes plots with both species present, we cannot rule out the possibility the two species are
directly competing for water. White spruce is generally the faster growing species (Chapin 1986;
Table 4.2); thus, it is possible that white spruce may out-compete black spruce for soil water in
our study area.

Based on the mixed effect model of BAI, we suspect different mechanisms are at play on

deep versus shallow thaw depths that may explain the greater June-July temperature sensitivity
of white spruce compared to black spruce in these areas (Fig. 4.3). For deeply thawed sites, we

hypothesize that because deeper-rooted white spruce trees potentially have better access to soil

moisture (for reasons given above), warm summers do not adversely affect white spruce growth

in these areas but are positively associated with growth. Also, because of its higher potential
growth rate, white spruce may simply have a greater radial growth response to good growing
conditions than black spruce. However, in shallowly thawed areas, we hypothesize that black

spruce's tolerance of low nutrient availability, a condition common in areas with shallow thaw

depths, conveys an advantage in maintaining steady leaf nitrogen levels and associated
photosynthetic activity over white spruce during adverse growing conditions. For example, white

spruce has a relatively short needle lifespan, higher needle nitrogen, higher photosynthetic
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capacity, and a lower photosynthetic nitrogen use efficiency compared to black spruce (Kayama
et al. 2007). During (or following) a particularly hot summer, neither species may have the

ability to produce many high-quality needles, but this would more adversely affect white spruce

growth as this species is more reliant on new needles, while black spruce has a larger reserve of
older and more efficient needles (Kayama et al. 2007).
The role of thaw depth of the active layer on climate-growth responses and growth trends
Our results demonstrate a distinct discrepancy in the growth responses of white and black spruce

to summer warmth that is contingent upon edaphic conditions related to permafrost, which is

likely a primary mechanism causing differences in the distribution of these two coniferous tree

species throughout landscapes in boreal interior Alaska. Specifically, in lowland areas with the
warmest summer temperatures, white spruce responds more negatively to June-July warmth than
black spruce, negating the potential competitive advantage conferred on this species by its faster
intrinsic rate of growth. It is likely that areas with shallow thaw depths that occupy large parts of

interior basin lowlands represent poor quality white spruce habitat, leaving these areas available
for colonization by its more cold, waterlogged, nutrient poor soil-tolerant congener, black spruce.
Our results point to site conditions as having an important impact on a tree species
climate-growth responses and growth patterns over time. Our model results showed both species

had greater radial growth when growing on deeper thaw depths (Appendix 4.2, Table 4.S1, Fig.
4.S3), an expected result that agrees with other studies of forest productivity in interior Alaska

(Van Cleve et al. 1983, Viereck et al. 1993, Roland et al. 2013, 2019). The chronologies of black

and white spruce growing on deep and shallow thaw depths (Fig. 4.4) reinforce the significance
of thaw depth on growth patterns as there was strong synchrony between black and white spruce

growing in the same locations and considerably less synchrony within species growing in
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different locations. This finding highlights the need to compare species growing in the same site

conditions, and like other studies (Lloyd and Fastie 2002, Wilmking et al. 2006, Wilmking and
Myers-Smith 2008, Johnstone et al. 2010b, Nicklen et al. 2016, Wolken et al. 2016), points to the
important role that local site characteristics play in shaping tree species responses to climate

conditions.
We found that thaw depth played a pivotal role in the two species climate-growth
responses suggesting that the effect of climate warming on the two species radial growth hinges
on the degree of thaw depth. One important implication of this finding is that widespread

thawing of permafrost (Osterkamp and Romanovsky 1999, Osterkamp 2003, Romanovsky et al.

2010, Panda et al. 2014) may ultimately foster expansion of white spruce in this region at the
expense of black spruce as has been suggested (Wirth et al. 2008, Roland et al. 2013) due to a

relaxing of the growth constraints on white spruce imposed by conditions associated with a

shallow thaw depth. At first, this transition may be complicated by expansion of very wet areas
as thermokarst results in subsidence and formation of ponds and bogs (Jorgenson et al. 2001).

Over time, it seems likely that a widespread process of permafrost degradation will result in
improved drainage and warmer soils (Lloyd et al. 2003) region wide.
Fire is a key driver of ecosystem processes and function in the boreal forest. While our

study does not directly address this disturbance, fire is tied to climate (Balshi et al. 2009,
Kasischke et al. 2010, Turetsky et al. 2011, Hoecker et al. 2020), thaw depth (Brown et al. 2016,
Michaelides et al. 2019), and the flammability of vegetation cover (Rupp et al. 2002) and thus,

intimately tied to the future abundance and distribution of boreal forest tree species (Johnstone

et al. 2010a, Barrett et al. 2011, Roland et al. 2019). How the interactive effect of fire, a warming
climate, permafrost, and current forest cover will influence the growth and future abundance of
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white and black spruce is not clear. Black spruce is a fire adapted species, often requiring fire for
sexual reproductions; thus, increasing fire frequency associated with climate warming may
benefit black spruce at the landscape scale (Roland et al. 2019). However, our results, along with

others (Wirth et al. 2008, Roland et al. 2013), suggest that the synergistic negative effects of fire
and a warming climate on shallow permafrost (Gibson et al. 2018), may create site conditions
more suitable for white spruce or deciduous species establishment and growth. Further, increased
fire severity is associated with greater deciduous-dominated successional trajectories and may

lead to more deciduous trees on the landscape (Johnstone and Chapin 2006, Johnstone et al.

2010a, 2016, Barrett et al. 2011), though not necessarily at the expense of white and black spruce
prevalence at the landscape scale (Roland et al. 2019). Also at play is the influence of species

composition on fire, with black spruce dominated landscapes promoting more frequent and
widespread fires than other forest types (Rupp et al. 2002), which in turn may encourage black
spruce regeneration, but not if the fires are too severe, which promotes both permafrost
degradation (Gibson et al. 2018) and deciduous species establishment and persistence (Johnstone

et al. 2010a, Shenoy et al. 2011).

Species differences in growth over time
The chronology patterns of the two species show that black spruce has had greater relative

growth than white spruce in recent decades (Figs. 4.4 & 4.5), while white spruce had greater
growth than black spruce during a 1920s to 1940s growth peak. The modest shift in relative
growth rates of the two species could have multiple explanations. First, incremental changes in
site conditions over time may explain the “flip” in species growth rates. Over time, successional

changes such as deepening moss layers and increasing needle litterfall relative to herbaceous
litter lead to thicker organic mats and reduced evapotranspiration and cooler soils, which slow
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mineralization rates and reduce available soil nutrients (Van Cleve et al. 1983). These conditions

would generally depress white spruce growth relative to black spruce growth. Thus, successional
changes alone may account for the “flip” in species relative growth. This accords with proposed
successional pathways of the dominant interior Alaska forest types (Viereck et al. 1993), but not

with long term monitoring of succession in interior Alaska, which has not documented white
spruce stands transitioning into black spruce (Hollingsworth et al. 2010). Indeed, under the

successional change scenario we would expect a more gradual shift in divergent growth trends
than observed. The more sudden shift observed around 1980 suggests a climatic influence on

growth, rather than a purely successional influence and indeed this shift coincides with a well-

documented increase in Alaska mean annual temperature in the late 1970s (Bieniek et al. 2014,
Markon et al. 2018). Second, the two species growth responses to changing climate conditions

may be at play and likely interact with the changing site conditions. Our model results show
white spruce trees had a more negative response to June-July temperatures than black spruce
when growing on shallow thaw depths (Fig 4.3). Thus, with warming summer temperatures and

potentially thinning thaw depths with successional processes, our model predicts greater relative
radial growth for black spruce. In accordance with model results, our temporal analysis of

climate-growth correlations showed a shift starting around 1965 in which white spruce shows a
more negative response to mean June-July temperatures than black spruce (Fig. 4.5A). Following

this shift in relative climate correlations, the relative growth of the black spruce chronology
equals and then exceeds white spruce relative growth (Fig. 4.5B). Given that summer

temperatures and potentially precipitation have risen throughout the study period (Wendler et al.

2017), it is possible that white spruce growth was more negatively affected by the increasing
summer temperatures during this period than black spruce and black spruce growth was
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potentially positively affected by increasing June-July rainfall during this period (Fig. 4.5),
contributing to the “flip” species growth rates.

The other time period where the chronologies show modestly diverging patterns also

coincides with a relatively warm time frame in Alaska, the 1920s to mid-1940s (Bieniek et al.

2014, Markon et al. 2018). This mid-to-early century growth peak has been noted in other

interior Alaska tree ring studies (Sullivan et al. 2016, Cahoon et al. 2018). Surprisingly, we
found the trees on shallow thaw depths, particularly white spruce, showed relatively greater
growth during this period compared to trees on deeply thawed sites. One explanation for this is
that the synergistic effect of both early successional soil conditions in the 1920s-early 1940s (that

is, warmer and more deeply thawed soils associated with an earlier successional stage relative to
current conditions) and a warmer climate resulted in a growth release in this time period in the
“shallow” TD sites and for the faster growing white spruce.
Hindering our interpretations of growth and climate-growth correlations over time is that

we do not know how thaw depth has changed over time in our plots. Successional processes
likely have acted to thin thaw depths (Van Cleve et al. 1993), but climate warming has likely

contributed to deepening (Akerman and Johansson 2008, Panda et al. 2014). Increases in
precipitation also deepen thaw depths (Douglas et al. 2020). We also do not know how

documented climatic shifts, which have been linked with non-stationarity in spruce climate
growth responses (Ohse et al. 2012) may have interactively affected climate, tree growth, and

thaw depth.
The differences in climate-growth responses that we found between black and white

spruce at least partly accord with pollen and fossil evidence from the Holocene. We found black
spruce grows better with increased summer precipitation, just as the expansion and dominance of
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black spruce in the mid-Holocene was associated with increased effective moisture (Hu et al.
1998, 2006, Lynch et al. 2004, Lloyd et al. 2006, Tinner et al. 2006). The current distribution of
the two species also accords with our findings. Black spruce extends further south on the east

coast of North America, where summers are wetter and white spruce extends further south than

black spruce in western North America where summers are more arid. These observations
suggest how precipitation changes in tandem with temperature may have important
consequences for future trajectories of forest change in Alaska. Looking forward, in a much

warmer and potentially wetter climate (Sun et al. 2015, Wendler et al. 2017), it is possible that

black spruce may show greater relative radial growth than white spruce in certain landscape

positions.
Study limitations
The primary goal and contribution of our study is the direct comparison black and white spruce

growing together across a gradient of site conditions and wide geographic area. The limitation to

this approach is that we exclude areas where only black or only white spruce occurs. It is likely
the climate-growth responses of the species differ in these areas relative to areas where both co
occur, at least in part, due to the role of site conditions in mediating climate-growth responses of

both spruce species in interior Alaska (Nicklen et al. 2016). Areas where the two species did not
co-occur, and thus, where we cannot draw inference, were primarily white spruce habitat at

higher elevations or on productive floodplains--areas with high soil temperature and pH, and thin

organic mats (Fig. 4.S1). Sites conditions where only black spruce occurred were much rarer
than the site conditions where only white spruce occurred (Fig. 4.S1).
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Conclusions

Our most important finding was that climate growth-responses of the two dominant conifers in

interior Alaska, but especially white spruce, hinges on thaw depth, which is deepening as the
climate warms. This finding points to a primary mechanism behind the major differences in the

distribution of these two coniferous tree species across landscapes in interior Alaska and implies
that widespread thawing of permafrost may foster some expansion of white spruce in this region

at the expense of black spruce. However, black spruce had a more positive radial growth
response to increased summer precipitation than white spruce, and white spruce radial growth

was more sensitive to warmer June-July temperature. Thus, future changes in precipitation
patterns will likely exert important influences on relative rates of growth in these two species,
and in some landscape positions black spruce may gain competitive advantage over white spruce

in a wetter climate. Our findings highlight the need for greater understanding of how projected
climate changes will impact precipitation and deepening of the active layer across interior

Alaska.
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Figures

Figure 4.1. Map showing the study region and locations for plots where both black (BS) and
white spruce (WS) were cored, both the Central Alaska Network vegetation monitoring plots and
the supplemental plots. The map additionally shows Central Alaska Network monitoring plots
were only black or white spruce were cored.
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Figure 4.2. Basal area increment (BAI) response of black (orange line) and white spruce (blue
line) to A) June-July precipitation sums and B) mean June-July temperatures in the year of and
prior to ring formation as well as to C) mean August temperature in the year prior to ring
formation, and D) mean May temperature in the year of ring formation. Shaded bands are 95%
confidence intervals. *The BAI response to June-July precipitation and temperature is the
response to the cumulative effect of previous year and current year June-July weather conditions.
The BAI responses to precipitation and temperature in the year prior to (A1, B1) and concurrent
with (A2, B2) growth year are shown in A1,2 and B1,2.
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Figure 4.3. Basal area increment (BAI) response to the cumulative effect of previous year and
current year June-July mean temperature and precipitation sums for white spruce (left; A,C) and
black spruce (right; B,C) on deep active layers (130 cm depth, A,B) and shallow active layers
(30 cm depth, C,D). Color gradient corresponds to estimated BAI response, with deeper red
representing lower BAI and lighter yellow representing higher BAI.
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Figure 4.4. Four-curve RCS detrended ring width chronologies for black (BS) and white spruce
(WS; orange and blue lines respectively) growing in areas with deep or shallow thaw depths
(dotted and solid lines respectively) with 95% CI. Thaw depths greater than average (57 cm)
were considered “deep” and depths less than average depth were considered “shallow”. Numbers
of trees contributing to chronologies ranged from 128 to 208 black spruce and 118 to 187 white
spruce on shallow active layer plots and 32 to 102 black spruce and 39 to 131 white spruce on
deep active layer plots. The table insert shows a correlation matrix for the four chronologies.
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Figure 4.5. Heatmap showing the difference in climate correlations over time between black
spruce and white spruce. We computed 30-year running climate correlations for the black and
white spruce chronologies using the program treeclim in R. We used the 30-yr flexible spline
detrended ring widths and study area-wide mean climate data. This heatmap shows the difference
(black spruce minus white spruce) between the two species' running climate correlations. Cells
are blue (negative) if white spruce had a higher (more positive or less negative) correlation
coefficient value than black spruce and cells are orange if black spruce had a more positive or
less negative correlation coefficient than white spruce. B. Line graph showing the difference in
black and white spruce RCS chronologies over time (BS - WS mean RCS rwi), with a red
dashed line at y = 0 for visual interpretation.
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Tables
Table 4.1. Plot characteristics.

Description
Mean Min Max
Variable
Units
m
491
203
1046
Elevation
Elevation at plot center
13
0.5
45
Slope
degrees Slope angle
pH
pH
5.38
3.56 7.18
Reaction of the soil sample
15
2
Soil organic layer (SOL) cm
Depth of soil organic layer
30 t
18
Thaw depth of the active cm
Mean of four deepest soil probe 57
135 t
layer (TD)
depths standardized to Jul 20th
m2/ha
8.26
0
43.17
Conifer Basal area
Basal area of conifers trees
2.58
0
34.75
Broadleaf Basal area
m2∕ha
Basal area of broadleaf trees
† Our ruler for measuring SOL was 30 cm and our soil probe for measuring thaw depth of the
active layers was 130 cm, so there were likely deeper SOL and thaw depths, but our
measurements were limited.

151

Table 4.2. Characteristics of sampled black and white spruce trees and raw ring width series overall, and for trees on plots with
shallow (<57 cm) and deep (>57 cm) midsummer thaw depths (TD).

Black spruce
White spruce
All
All
Tree characteristic
Shallow TD
Deep TD
Shallow TD
Deep TD
116
122 (36, 332)
101 (30, 262)
123
133 (24,344)
106 (28, 334)
Ring count
DBH (cm)
12.2
12.2 (4.5, 25.2) 13.1 (5.2, 37.1)
16.6 17.1 (5.7, 39.0) 17.5 (5.5, 41.8)
BAI (mm2/yr)
142
126 (0, 1481)
178 (0, 2710)
279
252 (0, 3009)
322 (0, 3198)
0.60 (0.03, 5.87) 0.69 0.61 (0, 5.65)
0.82 (0, 4.84)
Ring width (mm/yr) 0.503 0.47 (0, 3.42)
310
208
102
318
187
131
Tree count
Notes: BAI, basal area increment; DBH, diameter at breast height. Ring count is used as an age proxy. The mean or total is shown for
all categories, and the minimum and maximum where possible are shown in parenthesis (min, max).
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Table 4.3. Climate-growth correlations were assessed for both species by plot and by study area.
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PIMA mean plot
PIMA
PIGL
PIGL mean plot
Paired t
corr. coefficient
corr. coefficient
chronology
chronology
test
(lower CI, upper CI) corr. coeff. (lower CI, upper CI) corr. coeff.
Climate variable
P-value
-0.14 (-0.16, -0.12)
-0.26*
-0.12 (-0.14, -0.10)
-0.23*
0.169
Mean prev. Jun-Jul temp.
0.12 (0.10, 0.13)
0.23*
0.07 (0.05, 0.09)
< 0.0001
Sum prev. Jun-Jul precip.
0.18
-0.09 (-0.11, -0.07)
-0.17
-0.08 (-0.10, -0.06)
0.594
Mean prev. Aug temp.
-0.13
0.10 (0.08, 0.12)
0.16
0.09 (0.07, 0.11)
0.16
0.525
Sum prev. Aug precip.
-0.12 (-0.14, -0.10)
-0.25*
-0.12 (-0.14, -0.10)
0.686
Mean current May temp.
-0.25*
0.00 (-0.02, 0.01)
0.02
-0.02 (-0.03, 0.00)
0.210
Sum current May precip.
-0.01
0.01 (0.00, 0.03)
0.03
0.04 (0.02, 0.06)
0.020
Mean curr. Jun-Jul temp.
0.12
-0.04
0.00 (-0.02, 0.02)
-0.06
0.451
Sum curr. Jun-Jul precip.
0.01 (-0.01, 0.03)
Notes: The mean climate-growth correlation coefficients from all plots and for both species with upper and lower confidence intervals
(CI) are reported (n=133 plots). If the CI overlapped zero, we interpreted the correlation coefficient to be nonsignificant. Also shown
are the climate-growth correlation coefficients for the overall white and black spruce chronologies; asterisks indicate significance.
The paired t test assessed whether the correlation coefficients found at each plot for the two species were significantly different. All
correlation coefficients shown and used in paired t tests were transformed using Fisher's Z. All cli-mate correlations were conducted
using the 30-yr spline detrended ring width indices.

Table 4.4.Two sets of model comparisons.

Model
ΔAICc Akaike weight
A + DBH+ CLIM2
136.9
0.000
A + A2 + DBH+ CLIM2
52.7
0.000
log(A) + DBH+ CLIM2
64.7
0.000
Test age and size terms
CD + CLIM2
273.5
0.000
CD + CD2 + CLIM2
62.9
0.000
1.000
logCD + CLIM2
0.0
145.7
0.000
Test species-climate
logCD + CLIM2
logCD
+
CLIM
2
x
SPP
55.8
0.000
and species-climate-soil depth
1.000
terms
logCD + CLIM2 x SPP x AL
0.0
Notes: A, estimated ring age for each year of growth for each tree; AICc, Akaike's information
criterion, corrected for sample sizes; CD, estimated cambial diameter for each year of growth for
each tree; dbh, diameter at breast height; CLIM2, all climate variables including quadratic terms
for June-July climate variables. The first set compares models with different age and size terms.
The second set includes the best model from the first set and tests whether including species
climate interaction terms and species-climate-soil depth interaction terms improves the base
climate.
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Appendices
Appendix 4.1. Supplementary figures

Figure 4.S1. Ellipse plots showing site environmental gradients for plots with both white and
black spruce cored (magenta triangles, e.g., the trees in our study sample), plots with both white
and black spruce present, but where both species were not cored (black circles), plots with only
white spruce present (green plus), and plots with only black spruce present (blue x). Ellipses are
drawn at the 0.95 confidence level.
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Figure 4.S2. Raw ring widths plotted against estimated minimum ring age (ring count plus
estimated for black (A) and white spruce (B) in the three different parks Yukon-Charley National
Preserve (YCNP, n = 289 BS, 285 WS), Denali National Park and Preserve (DNPP, n = 13 BS,
15 WS), and Wrangell-St. Elias National Park and Preserve (WNPP, n = 8 BS, 18 WS). Age
curves are cut at 250 ring age, though the oldest estimated ring ages were 331 for BS in DNPP
and 344 for WS in YCNP.
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Appendix 4.2. Comparison of detrending methods on model estimates

Comparison of mixed effect models with four different metrics of growth as the response
variable: basal area increment (BAI), four-age curve RCS detrended ring widths (RCS), pre
whitened four-age curve RCS detrended ring widths (RCSAR), and 30 year flexible spline

detrended ring widths (spline).
We ran nearly the same model with four different dependent variables. The BAI model included

a size term (the log of the estimated cambial diameter during the ring growth year). This was not
included in the models using RCS or spline detrended ring widths as the detrending process
should remove size and age effects. The BAI, RCS, and spline models included an

autoregressive (AR1) random effect term of previous year's growth by tree to account for strong

autocorrelation in tree rings. The AR RCS ring width indices had autoregressive modelling
applied during the detrending process, so we did not include an autoregressive random effect in

this model. To achieve a more normal distribution, we square root transformed the RCS and

RCSAR rwi and log transformed the spline rwi and BAI.

All four metrics of radial growth had very similar responses to climate (Fig S1), climate x
species, and climate x species x thaw depth terms. All models showed either the same direction
of effect or no effect for each model covariate. The RCSAR rwi model had the fewest significant
responses, followed by the spline rwi model. Specifically, these two models had fewer

significant responses to terms with Jun-Jul precipitation. The BAI and RCS rwi were nearly
identical, though BAI showed a positive response to current May temp. x Species and June-July
precip. x Species). RCSAR and spline detrended rwi showed a negative response to some Jun-Jul

precipitation terms, but BAI did not.
Overall, the three radial growth metrics showed very similar responses to covariates, suggesting

using any of these growth metrics will result in similar, but not identical conclusions.
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Table 4.S1. Direction of significant responses to model covariates for three different metrics of
radial growth. No symbol means the covariate was not significant in that model. The prefix “T”

and “P” stand for temperature and precipitation respectively and the suffix “c” and “pr” stand for

current year and previous year respectively. Thus, PMayc translates to “current May
precipitation”. If the climate variable term ends in 2, it is the quadratic term. “TD” is the thaw
depth of the active layer.

Covariate
Log(est. diameter for each growth yr)
curr.May precip.
prev.Jun-Jul temp.
prev.Jun-Jul temp.2
curr.Jun -Jul temp.
curr.Jun-Jul temp.2
prev.Jun-Jul precip.
prev.Jun-Jul precip.2
curr.Jun-Jul precip2
Thaw depth of the active layer (TD)
curr.May temp. x Species
prev.Jun-Jul temp. x Species
curr.Jun-Jul temp. x Species
prev.Jun-Jul precip. x Species
prev.Jun-Jul precip.2 x Species
curr.Jun-Jul precip. x Species
prev.Aug temp. x Species
prev.Aug precip. x Species
prev.Jun-Jul temp. x TD
curr.Jun-Jul temp. x TD
curr.Jun-Jul precip. x TD
curr.Jun-Jul precip.2 x TD
prev.Jun-Jul temp. x Species x TD
curr.Jun-Jul temp. x Species x TD
curr.Jun-Jul temp.2 x Species x TD

BAI
+
+
+
-

+
+
+
+
+
+
-

RCSAR
not incl.
+
+
-

+
+
-

+
+

+
+

-

+
-

+
-

+

+

+

+

+
-

+
-

-

166

Spline
not incl.
+
+
-

RCS
not incl.
+
+
+
+

+

Figure 4.S3. Forest plot of the estimates for the four models run with different dependent
variables. Estimates that were significant in at least one model are shown for all models. Model
covariates were considered significant if the 95% confidence intervals (estimate ± 1.96 × SE of
estimate) around the estimate did not overlap zero or were not within 0.001 of zero. The prefix
“T” and “P” stand for temperature and precipitation respectively and the suffix “c” and “pr”
stand for current year and previous year respectively. Thus, PMayc translates to “current May
precipitation”. If the climate variable term ends in 2, it is the quadratic term. “TD” is the thaw
depth of the active layer. The term for “estimated diameter in each growth year” used in the BAI
model is not shown here.
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Chapter 5 . Conclusions

I used tree-ring data collected in an unbiased, systematic sampling design over a 1.28

million ha study area in DNPP to quantify the relationship between annual radial growth and
climate variables in the two most common tree species in interior Alaska. In Chapter 2, I showed

that site-specific variables, namely near-surface permafrost, slope angle, and elevation, modified
the magnitude, shape, and, in some cases, the direction of growth response to climatic conditions

for both black and white spruce. While I was not able to identify an optimum mean June -August
temperature for white spruce in the study area, likely because the majority of the growing

seasons were below the optimum temperature threshold for white spruce growth, I did identify
an optimum temperature range between 9.0 and 14.8°C, contingent on slope angle, for black
spruce. With a predicted warming of 3°C in DNPP in the next half century, these results indicate

that both black and white spruce will decrease growth in areas underlain by shallow permafrost.
Decreased growth in these areas may be due to shallow root systems perched above frozen

ground that dry out during warm, dry summers (Dang and Lieffers 1989, McGuire et al. 2010,

Walker et al. 2015) Near surface permafrost in DNPP, however, is expected to thaw to a large
degree, in the next several decades (Panda et al. 2014). As permafrost thaws, the rooting zone

becomes deeper and warmer (Osterkamp and Romanovsky 1999) which is associated with
higher rates of nutrient cycling (Chapin et al. 1979, Van Cleve et al. 1981, 1993), promoting
forest productivity and permitting positive growth responses to warming temperature, assuming

no other growth limiting factors. As nearly a quarter of the study area is currently underlain with
near-surface permafrost, this represents a large area for potential increased forest productivity. In

areas without near-surface permafrost, black spruce may increase radial growth on flat terrain
with modest warming, but decrease on steep slopes, while white spruce growth may increase at
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all elevations, but especially at high elevations during very warm summers. Because annual stem

productivity of both spruce species does not respond uniformly to variation in climate, but
instead responds to interacting topographic, edaphic, and climatic gradients, future shifts in these

species' distributions in response to a changing climate in interior Alaska will likely be

conditional on variation in site factors operating at local scales. However, long-term, spatially
extensive monitoring of boreal tree species mortality, and recruitment are also needed to fully
understand any distribution shifts.
In Chapter 3, I built on the findings from Chapter 2 and delved further into the role of

competition and site moisture controls over white spruce growth in DNPP. I showed that stand

BA mediates the effect of weather conditions on the annual radial growth of white spruce,
intensifying both the negative influence of previous summer VPD and the positive influence of

previous August rainfall. The carbon isotope analysis in a subset of trees suggests the mechanism

driving these modified growth responses to weather conditions may be increased competition for

moisture in high basal area stands and/or dry sites. In productive locations where competition for
water may not be limiting, however, I reported evidence that radial growth was positively related
to increased intrinsic water use efficiency (iWUE), indicating that in these landscape positions

photosynthesis rather than competition for water may influence 13C discrimination. I also found
that large reproductive events (mast years) both reduced radial growth and strongly decreased

13C discrimination (and increase iWUE), suggesting trade-offs between growth and reproduction
for current year's photosynthate. That white spruce in high BA stands showed greater sensitivity
to warming climate conditions than trees in open stands may ultimately portend lower white

spruce stand densities and increased vulnerability to insects and disease in future interior Alaska
mature forests. Overall, these results suggest highly dynamic individualistic tree growth
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responses to future climate change that depend on both landscape position and stand competition
and are likely to result in feedbacks on future forest structure. These findings highlight the need

for studies focused on untangling the confounded roles of climate change and other directionally
changing factors that influence tree growth (e.g., succession, tree aging, atmospheric CO2).
In Chapter 4, I compared black and white spruce weather-growth responses and growth

trends for a set of trees that were growing together to eliminate the confounding factor of
site conditions. Because of the importance of permafrost in delineating the footprint of these two

species on the landscape, I included standardized thaw depth of the active layer as a factor in the
analyses. I demonstrated that the climate-growth responses of the two dominant conifers in

interior Alaska, but especially white spruce, hinge on thaw depth, which is deepening as the
climate warms. This result points to a likely mechanism driving the differences in the

distribution of these two coniferous tree species across landscapes in interior Alaska and implies,
like the results from Chapter 2, that widespread thawing of permafrost may facilitate expansion

of white spruce in this region at the expense of black spruce. However, increasing summer

precipitation had a more positive effect on black spruce radial growth than white spruce. Thus,
changes in future precipitation levels will likely impact the relative rates of growth in these two
species, and in some landscape positions, black spruce may gain competitive advantage over
white spruce in a wetter climate. These results underscore the need for greater understanding of

how projected climate changes will impact precipitation and thawing permafrost across interior
Alaska. Further expanding this work to include deciduous tree species in interior Alaska, Alaska

birch (Betula neoalaskana) and trembling aspen (Populus tremuloides), would help in

assembling a more comprehensive picture of tree species responses to climate in interior Alaska.
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This dissertation suggests several directions for future work. One of the pervasive
limitations of tree ring studies, including mine presented here, is that they show only one metric

of growth. This is problematic for understanding whole tree growth response to climate

conditions. In Chapter 3 I added to evidence of carbon partitioning from white spruce stem
growth to reproduction during mast years (Juday et al. 2003), but there is very little known about

how naturally growing trees annually regulate relative growth allocation to roots and
mycorrhizae versus shoots. Fine roots alone constitute over half of stand net primary productive

in black spruce stands (Ruess et al. 2003), suggesting this a major component of tree growth
missing from tree ring studies. Evidence from black spruce ecosystems show that aboveground

net primary productivity and total belowground carbon flux can be negatively correlated, with

aboveground net primary productivity increasing and belowground carbon flux decreasing with
growing-degrees days (Vogel et al. 2008). Optimal partitioning theory assumes that plants invest
more in root growth when water is limiting (Nikolova et al. 2011, Pretzsch et al. 2012), while

allometric partitioning theory assumes stem and root biomass scale isometrically with respect to
each other (Niklas and Enquist 2002) regardless of environment. If the former is operating within

boreal forest trees, then we may be considerably underestimating tree biomass produced in a

warmer climate and in dry topographic positions. The estimation of whether or how the annual
root-shoot carbon partitioning of boreal tree species changes with climate variation across a

range of site types could be an important component to understanding tree biomass response to
future climate conditions.

Warming may have different, and potentially opposing effects, on growth depending on
the season in which it occurs. For example, I found contrasting influences of weather conditions

in the year of ring formation for black spruce, with warm May conditions having a negative
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effect on radial growth, but warm summers having a positive effect. Considering the seasonally

contrasting influences of climate changes on growth could help to explain the discrepancy
observed between growth trends and climate-growth responses to summer temperatures. Many

studies from interior Alaska and western Canada have found negative growth responses to warm

summer conditions (Barber et al. 2000, Juday and Alix 2012, Walker and Johnstone 2014,
Girardin et al. 2016). With a warming climate, this suggests trees should show declining growth

trends, but this isn't always the case (Sullivan et al. 2017, Hember et al. 2019). It may be that
quantifying the contrasting influences of seasonality on radial growth will help resolve some of

the discrepancy between growth trends and climate-growth responses, though other factors such
as atmospheric CO2 fertilization (Angert et al. 2005, Wu et al. 2014), thawing permafrost and

edaphic transformations (Lloyd et al. 2003, Wilmking and Myers-Smith 2008, Wirth et al. 2008,
Roland et al. 2013), and shifting forest structure and composition (Zhang et al. 2015, Ford et al.

2017, Wright et al. 2018) may also be at play. The varying influence of seasonality on radial
growth is likely to be expressed differently across a variable landscape because of differences in
phenology. Future work that examines radial growth phenology could provide insight about the
effect of spring warming or longer growing seasons at the landscape scale.
Finally, the prominent role that permafrost plays in regulating black and white spruce
radial growth response to climate is clear. Because permafrost is actively thawing and active

layers deepening across vast areas in interior Alaska with climate, my studies along with others
(Wirth et al. 2008, Roland et al. 2013) point to potentially large changes in radial growth of

white and black spruce and shifting competitive dynamics between the two species. In Chapter 4,

I was limited in my ability to interpret fluctuation growth over time in black and white spruce in
part because I did not know how thaw depth had changed over time. Future studies that link
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annually resolved growth fluctuations to historical thaw depth measurements could fill this gap
and help clarify the role of thaw depth and soil on boreal forest productivity.
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